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ABSTRACT 

Background. The record number of wildfires in the United States in recent years has led to an 
increased focus on developing tools to accurately forecast their impacts at high spatial and temporal 
resolutions. Aims. The Warn-on-Forecast System for Smoke (WoFS-Smoke) was developed to 
improve these forecasts using wildfire properties retrieved from satellites to generate smoke plumes 
in the system. Methods. The WoFS is a regional domain ensemble data assimilation and forecasting 
system built around the concept of creating short-term (0–6 h) forecasts of high impact weather. 
This work extends WoFS-Smoke by ingesting data from the GOES-16 satellite at 15-min intervals to 
sample the rapidly changing conditions associated with wildfires. Key results. Comparison of 
experiments with and without GOES-16 data show that ingesting high temporal frequency data 
allows for wildfires to be initiated in the model earlier, leading to improved smoke forecasts during 
their early phases. Decreasing smoke plume intensity associated with weakening fires was also better 
forecast. Conclusions. The results were consistent for a large fire near Boulder, Colorado and a 
multi-fire event in Texas, Oklahoma, and Arkansas, indicating a broad applicability of this system. 
Implications. The development of WoFS-Smoke using geostationary satellite data allows for a 
significant advancement in smoke forecasting and its downstream impacts such as reductions in air 
quality, visibility, and potentially properties of severe convection.  

Keywords: ensemble data assimilation, fire weather, GOES-R, NWP, probabilistic forecasting, 
smoke forecasting, weather radar, wildfire. 

Introduction 

In the past decade, the frequency of high impact wildfires in the western United States 
has increased significantly due to changes in climate coupled with an increasing popula-
tion in fire prone regions (e.g. Holden et al. 2018; Halofsky et al. 2020). Examples of 
recent high impact wildfires include the 2018 Camp Fire in California, the 2021 Marshall 
Fire in Colorado, and the 2021 Caldor Fire in California, each burning thousands of acres 
of land, causing millions of dollars in damages and leading to the injury and deaths of 
multiple people (Chow et al. 2022; Troy et al. 2022). Wildfires also loft large amounts of 
pollution into the atmosphere, which negatively impacts downstream air quality that 
further risks human health (e.g. Jaffe et al. 2020; Xu et al. 2020). Lofted smoke aerosols 
can reach into the mid and upper troposphere and be transported hundreds of kilometres 
from their source (Lareau et al. 2015, 2018; Lareau and Clements 2016). The presence of 
these aerosols in the atmosphere, which include large amounts of black carbon, impacts 
the surrounding environment through blocking solar radiation reaching the surface 
(e.g. Robock 1988, 1991) and acting as cloud condensation nuclei (CCN) (e.g. Twomey 
1974; Fromm et al. 2005, 2006, 2010, 2016). These impacts can occur over timescales 
from minutes to days. Many forecast systems have been developed that focus on fore-
casting smoke on daily time scales, but few systems exist that focus on the 0–6 h period. 
However, this is being remedied with the development of convection allowing models 
(CAMs) that include the necessary modifications to inject and transport smoke with 
forecasting its impact on the surrounding environment. 
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The High-Resolution Rapid Refresh for Smoke (HRRR- 
Smoke) is a CAM with a 3-km grid spacing and is 
cycled hourly over a Continental United States (CONUS) 
domain that includes a smoke aerosol forecasting ability 
(Benjamin et al. 2016; Ahmadov et al. 2017; Dowell et al. 
2022; James et al. 2022). While HRRR-Smoke has been an 
important smoke forecasting tool, it does have several limi-
tations. Since it currently only uses fire information 
retrieved from polar orbiting satellites, wildfires that 
develop and evolve quickly may not be sampled until sev-
eral hours after the fact (O’Neill et al. 2021; Chow et al. 
2022). The next generation HRRR model known as the 
Rapid Refresh Forecast System (RRFS) is planned to include 
fire information from geostationary satellites, but the 
cycling interval remains only hourly. The HRRR and RRFS 
are both deterministic systems that do not take into account 
the uncertainties involved in retrieving wildfire properties 
from satellites and plume injection algorithms. To address 
these limitations, this work develops an ensemble-based 
smoke forecasting system that ingests wildfire information 
at sub-hourly intervals and produces a set of potential fore-
casts accounting for the measurement and model uncertain-
ties present in the system. 

The development of the Warn-on-Forecast System for 
Smoke (WoFS-Smoke) created a system focused on the 
0–6 h forecast period with an emphasis on smoke forecasts 
from new and rapid evolving wildfires (Jones et al. 2022a,  
2022b). WoFS-Smoke is an ensemble data assimilation and 
forecasting system based on WoFS, which was originally 
designed to generate probabilistic forecasts of severe con-
vection (Wheatley et al. 2015; Jones et al. 2016, 2020;  
Skinner et al. 2018). Unique features include the assimila-
tion of radar, geostationary satellite, and conventional 
observations at 15 min intervals over a limited-area model 
domain with a grid spacing of 3 km. Probabilistic forecast 
output is generated in real-time at 5 min intervals out to a 
period of 3 h or 6 h. The initial version of WoFS-Smoke was 
an extension of HRRR-Smoke and retained the low-temporal 
resolution fire radiative power (FRP) retrievals from polar 
orbiting satellites used to initiate smoke plumes (Jones et al. 
2022a). However, the ensemble approach allowed for 
uncertainties in these retrievals to be taken into account 
through random perturbations applied to FRP for each mem-
ber. New probabilistic forecast products such as the proba-
bility of total column smoke greater than a specific value 
and synthetic satellite imagery of smoke were created for 
the system. However, the limitation of the low-temporal 
resolution FRP retrievals remained. 

This research further extends WoFS-Smoke by replacing 
the FRP retrievals from polar orbiting satellites with those 
from the GOES-16 satellite. Retrievals from GOES-16 are 
available every 5 min allowing for the sampling of newly 
initiated fires and those whose characteristics change 
rapidly as a function of time. This new version of WoFS- 
Smoke uses these data to update fire characteristics in the 

model at each 15-min cycling interval. This work will com-
pare smoke forecasts from the original version of WoFS- 
Smoke with the new version that includes the geostationary 
data to determine how including these data improve overall 
smoke aerosol forecasts. 

Fire power retrievals and smoke plume 
injection 

Fire properties are retrieved from GOES-16 data using a 
modified version of the Wildfire Automated Biomass 
Burning Algorithm (WF_ABBA) first developed for polar 
orbiting and the previous generation of geostationary instru-
ments and updated to use data from the Advanced Baseline 
Imager (ABI) (Prins and Menzel 1992, 1994; Prins et al. 
1998; Csiszar et al. 2014; Giglio et al. 2018) onboard 
GOES-16. Wildfires generate intense heat plumes that are 
detectable as elevated brightness temperatures in the short-
wave 3.9-μm channel included in several recent polar and 
geostationary orbiting imagers (Dozier 1981; Weaver et al. 
1995, 2004). The WF_ABBA primarily uses the 3.9-μm with 
the 11.2-μm longwave infra-red channel to identify active 
fires and determine their sub-pixel fire properties using a 
dynamic multi-spectral thresholding contextual algorithm. 
Day time visible (0.64 μm) channel data are used to aid in 
cloud classification. Sub-pixel wildfire characteristics are 
retrieved using a two-step process. The first step analyses 
all pixels and subsets those that satisfy 3.9 and 11.2 μm 
channel thresholds for potential fires. Initial quality control 
screening for false and cloud contaminated retrievals is also 
conducted in this step. For pixels that meet these require-
ments, sub-pixel estimates of fire size, temperature, and 
power are derived using the Dozier (1981) technique. The 
second step loops through the potential fire pixels and 
classifies the fire type and retrieval confidence level. 
Finally, a temporal filter is applied at this stage to check 
for temporal continuity in the retrieval compared to previ-
ous times. The final retrieved properties written into the 
level 2 (L2) Fire Detection and Characterisation (FDC) prod-
uct include FRP, sub-pixel fire size (FS) and fire temperature 
(FT) for each full-size pixel. Retrieval uncertainties for these 
products can be on the order of 50% (Giglio and Kendall 
2001) and are also impacted by cloud cover and thick smoke 
plumes over active fires. 

Retrievals over a CONUS domain are generated at 5 min 
intervals with a nominal resolution of 2 km at nadir with a 
4 km2 area. However, pixel size increases as a function of 
viewing zenith angle (VZA) resulting in a pixel area of 
~10 km2 when VZA exceeds 65°. The larger pixels may 
contain more wildfires than corresponding nadir pixels 
resulting in a high bias in the FRP retrieval (Li et al. 
2019). Li et al. (2019) suggested that an adjustment to 
FRP would be necessary when VZA > 50° when comparing 
previous generation GOES retrievals. However, their 
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comparisons using more recent ABI data indicates that the 
adjustment is smaller than previously estimated (Li et al. 
2022). Tests with and without this adjustment were per-
formed in this work, and no significant difference in smoke 
forecasts was observed for these cases. Thus, it is not used for 
the forecast output discussed below. The MODIS instruments 
onboard the Terra and Aqua polar orbiting satellites and the 
VIIRS instruments onboard the NOAA-20 and Suomi NPP 
polar orbiting satellites generally have a finer resolution due 
to observing at much smaller distances (~800 km vs 
36,500 km). They are also more sensitive to smaller, cooler 
wildfires that are undetectable using the ABI. Overall, GOES- 
ABI FRP retrievals have been shown to have a low bias 
compared to corresponding MODIS and VIIRS data (Li et al. 
2019, 2022). To account for this bias, the adjustment scheme 
described by Li et al. (2019, 2022) is applied to the raw GOES- 
ABI FRP retrievals. The adjustment is made using a linear 
function with correction coefficients previously created using 
co-located data that are a function of land-surface type. This 
will reduce the impact of observation biases when comparing 
WoFS-Smoke forecasts that use polar orbiting or geostationary 
retrievals. 

FRP can be directly linked to the amount of material being 
burned, which in turn is related to the amount of aerosols 
injected into the atmosphere (Kaufman et al. 1998a, 1998b;  
Wooster et al. 2005; Roberts et al. 2005; Freitas et al. 2006, 
2007, 2010). GOES-R FRP retrievals are mapped onto the 
3-km WoFS grid with biomass burning emissions at each 
grid point estimated using the parametrisation scheme devel-
oped by Freitas et al. (2007). The Freitas method uses a 1D 
entrainment plume model that ingests model data and fire 
radiative energy calculated from FRP retrievals at each grid 
point. Smoke emission parameters are a function of land- 
surface type including forest, woody savanna, or grasslands. 
Using these data, vertical velocity within the 1D column is 
estimated. This estimate takes into account latent heat release 
from condensed moisture and the entrainment of the pre- 
existing environment in the upward moving parcel. The 
derived vertical velocity profile is used to define the plume 
injection heights, which are used to place smoke aerosols in 
the model analysis. Once smoke is present in the system, it is 
allowed to evolve with the surrounding atmospheric environ-
ment that is forecast. In this system, the buoyant updraft 
estimated within the 1D column is not transitioned into 
WRF. Thus, the vertical transport of aerosols near the fire 
and the potential development of pyro-cumulus (pyro-Cu) is 
not well forecast. 

WoFS-Smoke 

The WoFS is an ensemble-based data assimilation and fore-
casting system that generates frequent probabilistic forecasts 
of high impact weather events (Wheatley et al. 2015; Jones 
et al. 2016; Skinner et al. 2018; Yussouf and Knopfmeier 

2019; Jones et al. 2020, 2022a, 2022b). The version of the 
system used here has a regional domain approximately 
900 × 900 km in size centred around the area where high 
impact weather is expected for a particular day. In real time 
operation, WoFS is initialised in the mid-morning from initial 
conditions provided by the 36-member HRRR ensemble 
system generated by the Global Systems Laboratory (GSL). 
Hourly boundary conditions are derived from a subset of 
HRRR ensemble forecasts prior to 2022 and from perturbed 
Global Ensemble Forecast System (GEFS) forecasts starting in 
2022. Horizontal grid-spacing for the WoFS is 3 km using 51 
vertical levels and with a model top of ~20 hPa. 

Conventional (temperature, humidity, wind, pressure), 
Doppler radar radial velocity, Multi Radar–Multi Sensor 
(MRMS) reflectivity, and satellite (GOES-R cloud water path 
and water vapour channel radiance) data are assimilated at 
15 min intervals using the ensemble Kalman filter (EnKF) 
approach combined with the forward operators within the 
community Gridpoint Statistical Interpolation (GSI) software 
(Whitaker et al. 2008; Kleist et al. 2009; Hu et al. 2018). 
Currently (2023), WoFS uses the Advanced Weather Research 
and Forecasting model (WRF-ARW) ver. 3.9.1, similar to the 
version used by GSL for the HRRR ensemble (Skamarock et al. 
2008; Powers et al. 2017). WoFS-Smoke extends WoFS by 
including 2.5 μm diameter particulate matter (PM2.5) as a 
prognostic variable. Hereafter, PM2.5 aerosols are referred to 
as ‘smoke’ and are assumed to be only generated from wild-
fires detected by satellite data. No chemical interactions are 
allowed and other aerosol types are not included in this 
system. Radiation feedback is included as part of the Rapid 
Radiative Transfer Model for Global Climate Models (GCMs) 
(Iacono et al. 2004) allowing the environmental impacts from 
solar radiation being blocked by smoke to be taken into 
account. However, the cloud microphysics scheme (NSSL 
double-moment) is not linked to smoke aerosol concentra-
tions at this time (Mansell et al. 2010). 

At each 15 min data assimilation cycle, the average FRP 
from the previous 15 min (three retrieval intervals) is calcu-
lated and ingested into the new version of WoFS-Smoke. For 
active wildfires, the new FRP updates the previous FRP at a 
particular grid point. If the wildfire decreases in intensity 
such that FRP retrievals are not made over a 15 min period, 
then the previous FRP is updated with a value of zero. Thus, 
no additional smoke aerosols are injected into the atmo-
sphere from dead wildfires. This feature is made possible 
by the consistent time-series of data generated from the 
GOES satellites. When using only data from polar-orbiting 
instruments, wildfires may not be sampled for a period of 
hours, making fire decay rely on empirical functions related 
to diurnal cycles and precipitation. The new system config-
uration also has the important advantage of injecting smoke 
into the model from fires that are only 15 min old. In the 
existing system, it might take several hours before a wildfire 
is first sampled by a polar-orbiting instrument. We do not 
combine retrievals from the GOES ABI and polar-orbiting 
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instruments in the same system. When a wildfire is sampled 
simultaneously by both platforms, the resulting grid-point 
FRP estimate could be over-sampled to ones ±15 min 
around it. Blended products are possible, as shown by  
Li et al. (2022), and such a product is being utilised in the 
latest version of the RRFS. However, these products cur-
rently lack the temporal resolution and latency requirements 
for a WoFS-like system. The minimum and maximum thresh-
olds used for FRP retrievals in the system are 10 and 
5000 MW, respectively. The former represents the value 
below which significant amounts of smoke would not be 
generated and the latter is the maximum value allowed in 
the plume height model being used here. Corresponding 
retrieved areal coverages range from <0.01 to >2 km2. 

Uncertainties in the FRP retrievals are partially taken into 
account through applying random perturbations on the order 
of ±10% to FRP prior to it being ingested into each ensemble 
member. As a result, each member will contain somewhat 
different wildfire characteristics that leads to different smoke 
plume properties. Further ensemble spread is generated by 
applying random perturbations on the order of 5% to the 
deterministic HRRR-Smoke forecasts used to generate the 
smoke initial and boundary conditions for each ensemble 
member. These perturbations are a layer of random noise 
that is applied to allow somewhat different smoke conditions 
to be present in each ensemble member at each cycling inter-
val. If the deterministic HRRR-Smoke output was used as-is, it 
would significantly inhibit the ensemble spread of later smoke 
forecasts. Overall, these features allow for the probabilistic 
smoke forecasts to encompass a range of potential solutions 
that lie within the realistic envelope of uncertainties. 

Two sets of experiments are created for each case. One 
contains only FRP retrievals from polar orbiting satellites as 
in the HRRR model and the initial version of WoFS-Smoke 
(Jones et al. 2022a), which is labelled ‘PSMK’. The second 
set replaces these retrievals with GOES-16 FRP retrievals 
and is labelled ‘GSMK’. Available conventional, radar, and 
satellite observations are assimilated. Smoke and dust 
plumes are masked in the satellite data and are not assimi-
lated. Radar reflectivity associated with smoke and debris 
plumes are also not assimilated due to the lack of a suitable 
forward operator. However, corresponding radial velocity 
data is being assimilated since particle velocities are still a 
valid measurement no matter the type of particle being 
sampled. Verification will be conducted by comparing fore-
cast model output with satellite and radar observations as 
described by Jones et al. (2022b). 

Case study examples 

Marshall fire, 30 December 2021 

One example of a rapidly evolving extreme wildfire event 
occurred on 30–31 December 2021 near Boulder, Colorado 

(CO) known as the Marshall Fire. Existing drought condi-
tions resulting from a long period of above normal tempera-
tures and lower than normal precipitation led to 
anomalously dry grasslands in the area. On this day, 
observed relative humidity was ~15% in this area, which 
was coupled with very strong downslope flows with winds 
gusting in excess of 50 m s−1 producing the ideal environ-
ment for rapid wildfire spread (Fovell et al. 2022). The fire 
was first reported around 18:00 hours UTC and rapidly 
intensified with thick smoke blown eastward thereafter. By 
20:00 hours UTC, the fire was already causing widespread 
property damage in the Boulder area. The fire continued 
into the night time hours and slowly weakened due to a 
decrease in the downslope winds and fire mitigation efforts. 
The first evidence of this fire from satellite data occurred at 
~18:45 hours UTC with FRP retrievals from GOES-16 being 
made and smoke becoming evident in the corresponding 
visible imagery (Fig. 1). Fig. 1 shows GOES-16 visible 
(0.47 μm) imagery at 30 min intervals from 18:45 hours 
UTC until 22:30 hours UTC over the area of the fire and 
corresponding smoke plume. The first evidence of the smoke 
plume is evident at 18:45 hours UTC, but no FRP retrievals 
had been made (Fig. 1a). By 19:00 hours UTC, FRP retrievals 
are present with the initial area of smoke and perhaps a 
small area of pyro-Cu (Fig. 1b). Smoke spreads rapidly 
eastward in the next hour and is evident ~50 km down-
stream from the wildfire by 20:00 hours UTC (Fig. 1d). The 
fire continues to inject smoke into the atmosphere for the 
next several hours, resulting in the smoke plume expanding 
further eastward and growing wider. Throughout this 
period, several wave-like features are evident in the smoke 
plume, potentially due to mountain waves in the downslope 
winds. By 22:30 hours UTC, the smoke plume extends over 
150 km downstream of the fire, which is still ongoing 
(Fig. 1i). Smoke continues to be transported further down-
stream after 22:30 hours UTC reaching into western Kansas 
(KS) and Nebraska (NE) by 00:00 hours UTC (not shown). 

During this period, the characteristics of the fire and the 
amount of smoke injected at any particular time varies 
significantly. Fig. 2a shows the spatial distribution of FRP 
retrievals from GOES-16, Suomi NPP, NOAA-20, and Aqua 
satellites between 18:00 hours and 03:00 hours UTC on 
30–31 December. The MODIS and VIIRS retrievals are essen-
tially co-located, but also cover a limited time window 
(19:20–21:20 hours UTC). Also evident is the higher resolu-
tion of the polar-orbiting instruments compared to the ABI 
onboard GOES-16. GOES-16 FRP retrievals also appear to 
extend further north-west of the other retrievals. The 
observed location of these retrievals may be due to spatial 
errors introduced from satellite viewing angles >50° as is 
the case here. Further evidence for this is that the opposite 
location bias was observed for GOES-17 data, which indi-
cates that future work might need to include a viewing angle 
adjustment in geolocation that would differ from the inten-
sity adjustment described by (Li et al. 2019, 2022). 
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Otherwise, observed smoke and fire properties from GOES- 
17 data were very similar to those from GOES-16, so the 
latter was selected for testing in WoFS-Smoke. 

The time series of accumulated FRP at 5 min intervals for 
these retrievals show the rapid increase in fire intensity from 
its first detection at 18:45 hours UTC through approximately 
21:00 hours UTC (Fig. 2b). FRP retrievals decrease in inten-
sity between 22:00 hours and 23:00 hours UTC before 
increasing again between 23:00 hours and 00:00 hours 
UTC. After 00:00 hours UTC, overall fire intensity decreases 
substantially by 01:30 hours UTC and continues at minimal 

levels thereafter. The intensity anomaly between 22:00 
hours and 23:00 hours UTC is also present on GOES-17 
data, so it is likely not a viewing angle artefact or terrain. 
However, blockage of the fire by thick smoke and/or pyro- 
Cu in this period cannot be ruled out. The fire was only 
sampled four times from polar orbiting sensors in this period 
and no temporal trends in fire characteristics can be inferred 
from them. 

Ensemble mean total column smoke forecasts from both 
WoFS-Smoke experiments valid at 22:00 hours UTC show 
the large impact of increasing the frequency of ingesting 

(a) 18:45 UTC (b)  19:00 UTC (c) 19:30 UTC

(d) 20:00 UTC (e)  20:30 UTC (f )  21:00 UTC

(g)  21:30 UTC (h) 22:00 UTC (i ) 22:30 UTC

Fig. 1. GOES-16 visible (0.47 μm) imagery between 18:45 hours and 22:30 hours UTC 30 December 2021 showing the 
evolution of the fire and smoke plume between 1845 UTC to 2230 UTC (a–i). Coloured circles indicate the location of GOES-16 
FRP retrievals at each time. Circle size is a representation of the fire size retrieval, though does not correspond to actual fire size.   
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FRP data (Fig. 3). Forecast initiation times from 19:00, 
hours 19:30 hours, 20:00 hours, and 21:00 hours UTC are 
compared to show how the forecast changes as more 
FRP data are used. For PSMK, ensemble mean smoke 
>5 mg m−2 was not forecast prior to initiation times of 
20:00 hours UTC as no FRP retrievals were present in the 
system. For the 20:00 hours and 21:00 hours UTC initiation 
times, the smoke plume is much better forecast by PSMK, 
primarily due to the retrievals from the S-NPP overpass at 
19:25 hours UTC and NOAA-20 and Aqua overpasses at 
20:10 hours and 20:20 hours UTC (Fig. 2b). 

The advantage of ingesting GOES-16 FRP retrievals is 
clearly evident with GSMK forecasting the 22:00 hours UTC 
smoke plume from forecast initiation times as early as 
19:00 hours UTC. The fire at 19:00 hours UTC is still small; 
thus, the forecast smoke is under-forecasted (Fig. 3b). By 
19:30 hours UTC, the fire has grown in intensity and an 
additional two cycles of ingesting FRP results in a very 
large smoke plume being forecast by 22:00 hours UTC, 
which is broadly consistent with visible imagery at this 
time (Figs 1h, 3d). The 20:00 hours and 21:00 hours UTC 
forecasts from GSMK are generally similar to those from 
PSMK, with a couple of exceptions (Fig. 3e–h). The smoke 
plume in GSMK extends a little further east, which is consist-
ent with observations. The width of the ensemble smoke 
plume is somewhat greater, which is a reflection of addi-
tional spread in GSMK due to more variations for ingested 
FRP and the surrounding environment. Overall, the similar-
ity of the forecasts after 20:00 hours UTC indicates that the 
FRP retrievals at similar times from polar-orbiting satellites 
and GOES-16 are consistent and being treated equally by the 
model. Recall that GSMK does not include the polar-orbiting 
retrievals since they would duplicate the GOES-16 data. For 
forecasts initiated after 00:00 hours UTC, differences 
increase again as the FRP data in PSMK becomes less repre-
sentative of observations (not shown). 

(a)

Boulder

(b)

0
18:00

GOES-16 VIIRS-SNPP VIIRS-NOAA MODIS-TERRA MODIS-AQUA

19:00 20:00 21:00 22:00 23:00
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2

3G
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4
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Fig. 2. Fire radiative power retrievals from the Terra, Aqua, S-NPP, NOAA-20 and GOES-16 satellites between 
18:00 hours and 03:00 hours UTC on 30–31 December 2021. GOES-16 retrievals are plotted at their native 
resolution of 2 km, with data from the other sensors having a finer resolution (a). The right column shows the sum 
(in GW) for all retrievals within a 5 min window from each satellite in this domain over the same time period (b).   
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Quantitative comparison of these forecasts is difficult, 
but radar data can provide some information on the 3D 
plume characteristics from its observations of lofted debris 
which are large enough to be detected from weather radars.  
Melnikov et al. (2009), Jones and Christopher (2009); Jones 
et al. (2009, 2010a, 2010b); Zrnic et al. (2020) provide an 
in-depth analysis of the radar characteristics of wildfire 
related debris plumes. In summary, precipitation radars 
are sensitive to particles of debris lofted into the atmosphere 
with the smoke aerosols. Since debris particles are larger 
and heavier than aerosols, they should fall out of the atmo-
sphere quicker. Thus, radar observations can provide a 
lower bound for the expected smoke aerosol distribution 
and maximum height. Fig. 4 shows a west-east cross- 
section of MRMS radar reflectivity 1 km above ground 
level (AGL) along the plume at 22:00 hours. Reflectivity 
from debris is evident over 4 km above the surface (6 km 
above sea level) and extends >100 km downstream from 
the source fire. The greatest reflectivity (>30 dBZ) occurs 
nearest the fire and in the lowest 1 km above the surface 
(Fig. 4b). As debris fall out of the atmosphere, reflectivity 
decreases significantly further east. One interesting feature 
apparent from reflectivity observations is the wave-like 
nature of the plume also evident in the visible imagery. 
Corresponding cross-sections of forecast smoke valid at 
22:00 hours from an initiation time of 21:00 hours UTC 
show the presence of smoke within much of the same region 
as radar detected debris, but the details are somewhat 
different (Fig. 4c–f). Maximum smoke concentrations are 
located at the surface, and at ~0.5 km above the surface. 
The latter corresponds to the injection height derived from 
the Freitas algorithm at this time. Overall forecast smoke 
heights are actually lower than the corresponding debris 
detections from radar. Since debris is much larger and hea-
vier than smoke aerosols, it would be expected that smoke 

would be lofted higher into the atmosphere. The under- 
estimation of smoke height has been observed in previous 
WoFS-Smoke studies (Jones et al. 2022a, 2022b), and is due 
in part to the lack of buoyant updrafts originating from the 
fires being included in the model analysis. Work is ongoing 
to add this capability to future versions of the system as the 
underlying code base does support this capability to some 
extent. The wave features also present in observations do 
not appear to be forecast. Differences between PSMK and 
GSMK forecast smoke are relatively small at this time with 
only small variations evident since fire information in both 
is relatively current. 

Texas, Oklahoma, and Arkansas fires, 17 
March 2022 

The second case selected for testing occurred on 17 March 
2022 and consisted of many fires in Texas (TX), Oklahoma 
(OK), and Arkansas (AR) in a complex meteorological envir-
onment. During the day, an eastward moving dryline was 
present in southern OK and throughout TX behind, which 
were strong westerly winds and ahead of which thunder-
storm development was occurring (Fig. 5). Further east, 
strong southerly winds were present over AR, providing an 
opportunity for fire growth despite being in a moist envir-
onment. GOES-16 visible (0.47 μm) imagery at 19:00 hours 
UTC shows several smoke plumes in eastern OK and western 
AR associated with multiple FRP retrievals (‘A’, Fig. 6a). 
These plumes spread from south to north corresponding to 
the southerly low-level flow ahead of the approaching storm 
system. Western OK is covered by a large area of mid-to- 
upper level clouds with portions of central TX. Behind the 
dryline, only one major fire is present at the western edge of 
the forecast domain (‘B’). This fire was not detected at 
18:30 hours UTC (not shown) and has yet to generate a 
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(a) 19:00 UTC (b) 20:00 UTC

(c) 21:00 UTC (d) 22:00 UTC

(e) 23:00 UTC (f ) 00:00 UTC

Fig. 6. GOES-16 visible (0.47 μm) imagery between 19:00 hours and 00:00 hours UTC on 17–18 March 2022 
(a–f) showing the evolution of fires in TX, OK, and AR at hourly intervals. Coloured dots indicate the location of 
GOES-16 FRP retrievals at each time. Yellow ovals indicate the location of an orphan smoke plume in AR. Areas 
of clouds, storms, and dust are present in the domain in addition to smoke.    
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large smoke plume at 19:00 UTC. By 20:00 hours UTC, the 
number of wildfires has increased in both western AR and 
west-central TX (Fig. 6b). The smoke plume associated with 
the southern central TX fire is now evident with an addi-
tional fire initiating further north in the past hour. Wildfire 
development continues to occur in TX, with more FRP detec-
tions by 21:00 hours UTC (Fig. 6c). One fire complex in 
particular is located in Eastland County, corresponding to 
many FRP retrievals >400 MW (‘C’, Fig. 6d). The smoke 
plumes from the existing fires are also spreading rapidly 
eastward with the prevailing wind and mixed with a large 
area of dust. Development of cumulus clouds ahead of the 
dryline is also occurring at this time. In contrast to the increas-
ing wildfire trend in TX, fires in AR appear to decrease in 
intensity in this period. Fewer FRP retrievals are being made 
and several orphan smoke plumes are evident in northern AR 
(yellow ovals, Fig. 6c, d). By 22:00 hours UTC, the Eastland 
County wildfire is the dominant feature in the domain, with a 
smoke plume that extends northeastward until reaching the 
dryline, where it mixes with the developing thunderstorms. 
These trends continue at 23:00 hours and 00:00 hours UTC on 
18 March, with the Eastland County wildfire remaining large 
and its smoke plume interacting with storms to the north and 
east. The wildfires in AR and their smoke plumes are much 
less evident by 00:00 hours UTC (Fig. 6f). 

Locations of all FRP retrievals between 18:00 hours and 
03:00 hours UTC on 17–18 March 2022 show many fires 
occurring in eastern OK and western AR in this period 
(Fig. 7a). Several detected fires do not generate obvious 
smoke plumes on the satellite imagery, which could be a 
combination of small fire size, cloud interference, and geo- 
location uncertainties. Fewer, but overall larger, fires are 
present in several locations in west-central TX with the 
highest concentration of retrievals occurring in Eastland 
County. In this figure, all MODIS and VIIRS retrievals are 

plotted over GOES-16 retrievals, which indicates the 
Eastland County fire is not detected from the polar orbiting 
instruments. The time series of FRP retrievals show over-
passes between 18:00 hours and 18:45 hours UTC (Terra and 
SNPP) and between 19:30 hours and 20:30 hours UTC 
(Aqua, SNPP, and NOAA-20) (Fig. 7b). The first retrievals 
associated with the Eastland County fire were made at 
20:45 hours UTC after the all the polar-orbiting overpasses 
of the afternoon had occurred. Thus, this fire is poorly 
analysed in the baseline HRRR or WoFS-Smoke system, 
potentially resulting in large smoke forecast errors. A very 
weak smoke plume was forecast in the baseline system from 
a FRP retrieval present the previous afternoon. Overall FRP 
increases from 18:00 hours to 20:30 hours UTC, and varies 
thereafter as fires increase and decrease in intensity within 
various parts of the domain. The overall trend is positive, 
which is primarily driven by the Eastland County fire after 
22:00 hours UTC. 

WoFS-Smoke forecasts initiated at 18:00 hours, 19:00 
hours, 20:00 hours, and 21:00 hours UTC and valid at 
22:00 hours UTC highlight several large differences between 
PSMK and GSMK. At 18:00 hours UTC, polar orbiting data 
had yet to fully sample the ongoing AR fires, and could not 
be ingested into the system at this time (Fig. 8a). Thus, little 
smoke is forecast in AR by 22:00 hours UTC. Conversely, 
several small smoke plumes are forecast in central OK, some 
of which are initiated from FRP retrievals many hours old. A 
few smoke plumes were forecast in central TX with the 
largest corresponding to the MODIS retrievals from the 
Terra satellite at 18:00 hours UTC. However, this fire also 
dissipates quickly and is no longer detected at 19:00 hours 
UTC (Fig. 6a). A small smoke plume is also forecast in 
Eastland County, but this is a remnant from a fire occurring 
the previous day. Many of the smoke plumes from the 
18:00 hours UTC PSMK forecasts were not observed on 
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corresponding visible imagery indicating significant poten-
tial for improvement. The corresponding 18:00 hours UTC 
forecast from GSMK valid at 22:00 hours UTC generates 
more smoke in AR, and less overall in TX. A very small 
smoke plume in west-central TX is also present, but not as 
strong as in the PSMK experiment. At 19:00 hours UTC, 
additional VIIRS and MODIS data allowed PSMK to generate 
smoke in AR and for a new large fire in west-central TX 
(Fig. 8c). GSMK also forecasts smoke from these fires well, 
though there are differences in the plume characteristics 
(Fig. 8d). However, both experiments fail to forecast 
smoke plumes from several TX fires that are ongoing by 
22:00 hours UTC. This is not unexpected since most of 
them had not initiated at the time of forecast initiation 
between 18:00 hours and 19:00 hours UTC. 

By 20:00 hours UTC, the number of fires in TX has 
increased and both polar orbiting and GOES-16 satellites 

sample these fires well (Fig. 8e, f). PSMK also still forecasts 
the AR plumes. In OK, PSMK also forecasts smoke associated 
with many small fires. The higher resolution of the VIIRS 
instrument allows for some of the smaller fires to be 
detected, which were not seen from GOES-16. GSMK does 
forecast some very small smoke plumes in eastern OK, the 
coverage of which does seem more consistent with observa-
tions at 22:00 hours UTC. However, significant cloud cover 
does complicate assessing overall model skill for the OK 
smoke plumes. In TX, both experiments forecast large 
smoke plumes associated with two fires that initiated after 
19:00 hours UTC in west-central TX. The initial TX plume 
from the 18:00-hours and 19:00 hours UTC PSMK forecasts 
remains despite the fire weakening and the smoke dispers-
ing by 20:00 hours UTC. Forecasts initiated at 21:00 hours 
UTC show similar results. The excess smoke in OK is still 
being forecast by PSMK with the extra fire in TX (Fig. 8g). 
GSMK forecasts larger smoke plumes associated with the TX 
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fires as they increase in intensity after 20:00 hours UTC 
(Fig. 8h). 

Similar results are present for forecasts valid at 23:00 hours 
UTC (Fig. 9a–h). Smoke plumes generally extend further 
north and east by 23:00 hours UTC, which is consistent with 
observations. PSMK still forecasts several areas of smoke over 
OK at 23:00 hours UTC, which are not present in GSMK. The 
1-h forecast initialised at 22:00 hours UTC shows the impact 
of ingesting FRP retrievals associated with the Eastland 
County fire occurring after 21:00 hours UTC (Fig. 9g, h). 
Note the new forecast smoke plumes associated with this 
fire in GSMK, which becomes the largest source of smoke at 
later times. Additionally, fire intensity has decreased with one 
of the central TX fires, resulting in its forecast smoke plume 
decreasing in size and amount. Another difference is the 
weakening of the AR smoke plumes, also reflection of the 
decreasing intensity of the fires as seen by GOES-16. The use 
of GOES-16 data for this event allowed for wildfires to be 
initiated where none were observed with polar-orbiting sen-
sors and correctly analysed their changing properties, low-
ering the amount of injected smoke as fires weaken. 

Characteristics of the Eastland County wildfire are further 
analysed by generating cross-sections of radar and forecast 
smoke through the smoke plume. The goal is to assess the 
differences between PSMK and GSMK and whether or not the 
latter correctly forecasts the 3D structure of the smoke 
plume. At 23:30 hours UTC, a large debris plume is evident 
in reflectivity extending from the main (X) fire to the north- 
east (Fig. 10a). The south-north cross section of reflectivity 
shows a deep column of lofted debris extending over 7 km 
AGL and ~15 km in width (Fig. 10b). Remaining debris 
associated with a decaying fire further south (Y) are also 
observed. The corresponding smoke forecasts valid at 
23:30 hours UTC and initialised at 23:00 hours UTC show 
that PSMK did not analyse either of these fires (Fig. 10f). 
Only the smoke layer ~5 km above the surface from existing 
fire further west is present (Fig. 10d). Conversely, GSMK 
does analyse these fires and forecasts their smoke plumes 
(Fig. 10e). The cross-section of forecast smoke predicts the 
maximum concentration near the surface, which decreases as 
a function of height (Fig. 10b). Overall, smoke height is still 
being under-estimated when compared to the radar observa-
tions. However, the south-north tilt in the vertical profile 
that was observed is reasonably well forecast by GSMK. 

Conclusions 

This research has shown that ingesting GOES-16 FRP 
retrievals into WoFS-Smoke provides several opportunities 
for the improvement of short-term wildfire smoke forecasts. 
The previous version of WoFS-Smoke as well as the cur-
rently (2023) operational HRRR model only ingest data 
from polar-orbiting satellites, limiting the opportunities to 
sample rapidly evolving wildfires. Comparing WoFS-Smoke 

experiments with only polar orbiting (PSMK) and GOES-16 
(GSMK) data showed that the latter was able to initiate fires 
sooner in the model, leading to better early forecasts of the 
resulting smoke plumes. For example, the GSMK was able to 
analyse and forecast smoke associated with the Marshall 
Fire in CO on 30 December 2021, 1 h before PSMK. For 
the 17 March 2022 event, many differences were observed. 
First, GSMK initiated ongoing fires in AR sooner and better 
captured their weakening later in the period. Second, only 
GSMK was able to forecast smoke associated with a large fire 
in Eastland County, TX since it formed just after the over-
passes of the polar-orbiting sensors. For forecast times when 
both polar-orbiting and GOES-16 satellite retrievals were 
less than 1 hourold, the forecasts were similar. This provides 
confidence that the observation pre-processing and bias 
adjustments applied to the GOES-16 data are performing 
well. Future work will further assess data quality assump-
tions and revisit the use of merged satellite products as they 
continue to develop. The higher spatial resolution data from 
MODIS and VIIRS still provides an ability to sample the very 
small, but still intense fires not always observable from the 
GOES ABI. 

While ingesting GOES-16 data into WoFS-Smoke results 
in many improvements to smoke forecasts, further work is 
required to fully take advantage of these data. In particular, 
the next step for WoFS-Smoke is to couple the fire properties 
to the model dynamics in order to analyse and forecast 
buoyant updrafts associated with strong wildfires. Both 
PSMK and GSMK had difficulty in lofting smoke high 
enough in the atmosphere when compared against radar 
observations of co-located debris. Adding this information 
to the system is likely to significantly improve smoke plume 
height forecasts. Finally, a full coupling between the cloud 
microphysics scheme and smoke aerosol concentrations is 
desired. With these, it would be possible to forecast features 
such as pyro-Cu. With high temporal resolution data availa-
ble from geostationary orbiting satellites, it will be possible 
in the near future to fully explore the potential of the WoFS- 
Smoke model. 
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