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Abstract

In August 2017, a smoke plume from wildfires in British Columbia and the Northwest Territories recirculated and persisted

over northern Canada for over two weeks. We compared a full-factorial set of NASA Goddard Institute for Space Studies

ModelE simulations of the plume to satellite retrievals of aerosol optical depth and carbon monoxide, finding that ModelE

performance was dependent on the model configuration, and more so on the choice of injection height approach, aerosol scheme

and biomass burning emissions estimates than to the choice of horizontal winds for nudging. In particular, ModelE simulations

with free-tropospheric smoke injection, a mass-based aerosol scheme and high fire NOx emissions led to unrealistically high

aerosol optical depth. Using paired simulations with fire emissions excluded, we estimated that for 16 days over an 850 000 km2

region, the smoke decreased planetary boundary layer heights by between 253 m and 547 m, decreased downward shortwave

radiation by between 52 Wm-2 and 172 Wm-2, and decreased surface temperature by between 1.5 oC and 4.9 oC, the latter

spanning an independent estimate from operational weather forecasts of a 3.7 oC cooling. The strongest surface climate effects

were for ModelE configurations with more detailed aerosol microphysics that led to a stronger first indirect effect.
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Key points 14 

• We captured the overall pattern and magnitude of a large 2017 smoke plume over Canada 15 

with the NASA GISS ModelE. 16 

• Higher NOx emissions, free-tropospheric smoke release and mass-based aerosols led to 17 

unrealistically high aerosol optical depth. 18 

• Over an 850 000 km2 region, we estimated a 16-day surface cooling of between 1.5 oC 19 

and 4.9 oC. 20 

Abstract 21 

In August 2017, a smoke plume from wildfires in British Columbia and the Northwest 22 

Territories recirculated and persisted over northern Canada for over two weeks. We compared a 23 

full-factorial set of NASA Goddard Institute for Space Studies ModelE simulations of the plume 24 

to satellite retrievals of aerosol optical depth and carbon monoxide, finding that ModelE 25 

performance was dependent on the model configuration, and more so on the choice of injection 26 

height approach, aerosol scheme and biomass burning emissions estimates than to the choice of 27 

horizontal winds for nudging. In particular, ModelE simulations with free-tropospheric smoke 28 

injection, a mass-based aerosol scheme and high fire NOx emissions led to unrealistically high 29 

aerosol optical depth. Using paired simulations with fire emissions excluded, we estimated that 30 
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for 16 days over an 850 000 km2 region, the smoke decreased planetary boundary layer heights 31 

by between 253 m and 547 m, decreased downward shortwave radiation by between 52 Wm-2 32 

and 172 Wm-2, and decreased surface temperature by between 1.5 oC and 4.9 oC, the latter 33 

spanning an independent estimate from operational weather forecasts of a 3.7 oC cooling. The 34 

strongest surface climate effects were for ModelE configurations with more detailed aerosol 35 

microphysics that led to a stronger first indirect effect. 36 

 37 

Plain Language Summary 38 

Smoke from biomass burning is known to have effects on surface weather. We used the NASA 39 

GISS ModelE to estimate these effects for a large 2017 smoke plume over northern Canada that 40 

persisted for two weeks. We first found that the height of the smoke release at the source was the 41 

most important factor influencing agreement between ModelE and satellite retrievals of aerosols 42 

and carbon monoxide, and that specific, plausible configurations of the model led to 43 

unrealistically high aerosol amounts. By comparing simulations with and without fire, we 44 

estimated a 16-day cooling over a 850 000 km2 region of between 1.5 oC and 4.9 oC, depending 45 

on the model configuration.  46 

1. Introduction 47 

The stratospheric smoke plume from Pacific Northwest Event (PNE) wildfires on August 12 and 48 

13 2017 has been studied observationally for its source strength, injection altitude, lifetime, and 49 

dynamical effects (Peterson et al., 2018; Torres et al., 2020; Fromm et al., 2021; Lestrelin et al., 50 

2021) and with models to determine the role of ‘self-lofting’ in its ascent (Yu et al., 2019) and its 51 

radiative impacts (Das et al., 2021). At about the same time there was also high fire danger and 52 

extensive fire southeast of Great Slave Lake in Northwest Territories (NWT) of Canada (Figure 53 

1) which contributed to the persistent smoke plume (Figure 2) in an otherwise fairly clean 54 

environment. Wizenberg et al. (in press) considered both the PNE and NWT emissions at 55 

different altitudes in their comparison of chemical transport model simulations to satellite and 56 

ground-based trace gas retrievals. 57 

 58 

This is a useful natural experiment to evaluate a model against satellite data and to estimate the 59 

regional effects of smoke on surface climate. Our study follows basic model-observation 60 



3 

 

comparisons for, for example, smoke events in Russia (Huijnen et al., 2012; Palacios-Peña  et al., 61 

2018; Toll et al., 2015) and North America (Mallet et al., 2017; Lu and Sokolik; Carter et al., 62 

2020). The effects of smoke on surface climate have been examined using discrepancies between 63 

operational weather forecasts and observations (Wexler, 1950; Robock, 1988, 1991; Mitchell et 64 

al., 2006; Jones et al., 2022) or with models comparing experiments with and without smoke or 65 

its radiative effects (Westphal and Toon, 1991; Toll et al., 2015; Walter et al., 2016; Kochanski 66 

et al., 2019). By absorbing and scattering incoming shortwave radiation, wildfire smoke can 67 

directly and indirectly reduce the amount of radiation reaching the surface, leading to warming 68 

of the smoke layer, cooling at the surface, reductions in PBL height, and reductions in horizontal 69 

wind speeds. 70 

 71 

To evaluate different configurations of the model or understand model uncertainty, modeling 72 

studies involve one-at-a-time sensitivity tests for different injection height approaches (Toll et 73 

al., 2015; Wizenberg et al., in press), aerosol configurations (Forkel et al., 2015; Palacios-Peña  74 

et al., 2018; Konovalov et al., 2020), convective transport (Palacios-Peña  et al., 2020) or smoke 75 

emissions (Pan et al., 2020; Carter et al., 2020; Lu and Sokolik, 2013), but to the best of our 76 

knowledge, not simultaneously. Carter et al. (2020), for example, compared model simulations 77 

with different biomass burning emissions estimates, but also mention errors in model optics, 78 

background aerosols or clouds in satellite retrievals as other possible sources of discrepancy 79 

between their model and satellite data.  80 

 81 

The goals of this study were to 1) evaluate the sensitivity of model-satellite agreement for this 82 

smoke plume to plausible model configurations of aerosols, emissions, injection height, and 83 

transport, identifying any interactions between them using structured experimental design and 84 

analysis, and 2) estimate the range of smoke effects at the surface during the event. We also 85 

compare estimates of the smoke plume effects on surface temperature to an estimate from an 86 

operational weather forecast model.  87 
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2. Data and methods 88 

2.1. ModelE experiments 89 

We used the NASA GISS-E2.1-AMIP in CMIP6, referred to throughout as ModelE. The 90 

physical parameterizations and satellite era climatology are described in Kelley et al. (2020) and 91 

the transient historical simulation (1850 – 2014) in Miller et al. (2014).  The horizontal and 92 

vertical resolution of the atmospheric component of ModelE is 2o in latitude by 2.5o in longitude 93 

with 40 vertical layers extending from the surface to 0.1 hPa near the stratopause. The model was 94 

run in AMIP mode with prescribed sea surface temperature (SST) and sea ice fraction during the 95 

historical period (Rayner et al., 2003). Horizontal winds are nudged to reanalysis to better 96 

capture the observed transport of the smoke plume.  97 

 98 

Aerosols and ozone are calculated prognostically using either the One-Moment Aerosol (OMA) 99 

or the aerosol microphysical model MATRIX (Multiconfiguration Aerosol TRacker of mIXing 100 

state) (Bauer et al., 2020). Both aerosol schemes are coupled to the tropospheric chemistry 101 

scheme which includes inorganic chemistry of Ox, NOx, HOx, CO, and organic chemistry of CH4 102 

and higher hydrocarbons using the CBM4 scheme (Gery et al., 1989). 103 

  104 

MATRIX (Bauer et al., 2008; Bauer et al., 2010; Bauer and Menon, 2012), is an aerosol 105 

microphysics scheme based on the quadrature method of moments. MATRIX represents new 106 

particle formation with a binary scheme (Vehkamaki et al., 2002), gas-particle mass transfer, 107 

aerosol-phase chemistry, condensational growth, and coagulation within and between particle 108 

populations. MATRIX is able to explicitly simulate the mixing state of aerosols (Bauer et al., 109 

2013). The amount of water in aerosol is calculated with the aerosol thermodynamics module 110 

EQSAM (Metzger et al., 2002), using the phase state of an ammonia-sulfate-nitrate-water 111 

inorganic aerosol in thermodynamic equilibrium for metastable aerosols. As such, hygroscopic 112 

swelling of aerosol is represented and does not need to be recalculated during the radiative 113 

calculations. Secondary organic aerosol (SOA) is parameterized as a source of non-volatile 114 

aerosol emitted directly from vegetation. A 10% yield from monoterpene emissions is assumed, 115 

which is added to the non-volatile organic aerosol fraction in the model and remains 116 

indistinguishable from organic aerosols from other sources. 117 
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 118 

OMA (Bauer et al., 2020; Bauer et al., 2007a; Bauer et al., 2007b; Bauer and Koch, 2005; Koch 119 

et al., 2006; Miller et al., 2006; Tsigaridis et al., 2013), is a mass-based scheme in which aerosols 120 

are externally mixed and (except for sea salt and dust) assumed to have a prescribed constant size 121 

distribution. The following aerosol components are treated in this version: sulfate, nitrate, 122 

ammonium, carbonaceous aerosols (black carbon and organic carbon, including the NOx-123 

dependent formation of SOA from isoprene and terpenes) (Tsigaridis and Kanakidou, 2007), 124 

methanesulfonic acid formation from dimethyl sulfide, dust (including heterogeneous gas uptake 125 

on dust surfaces) (Bauer and Koch, 2005) and sea salt. SOA is formed from isoprene and terpene 126 

oxidation. Terpene emissions have a seasonal but not interannual variability and do not respond 127 

to climate, while isoprene emissions are calculated prognostically (Guenther et al., 1993), 128 

increasing in a warmer climate (Tsigaridis and Kanakidou, 2018) and impacting SOA. Aerosol 129 

hydration in OMA is calculated in the radiation code (Tang and Munkelwitz, 1994). The aerosol 130 

number concentrations that impact clouds are obtained from the aerosol mass (Menon and 131 

Rotstayn, 2006). All aerosol species can activate clouds, including dust in case it is coated with 132 

inorganic coatings. 133 

 134 

The interactive composition runs, either using MATRIX or OMA, include aerosol-cloud effects, 135 

but that only affect cloud optical depth of stratiform and convective clouds. As such we only 136 

considered the first (Twomey) indirect effect (Twomey, 1977), and intrinsically via radiation 137 

feedbacks semi-direct effects. Anthropogenic fluxes come from the Community Emissions Data 138 

System inventory (Hoesly et al., 2018) and sea salt, dimethyl sulfide, isoprene and dust emission 139 

fluxes are calculated interactively. All other forcings, such as solar, volcanic (prescribed as 140 

stratospheric AOD and aerosol size) and land-use follow the CMIP6 protocol (Eyring et al., 141 

2016). 142 

 143 

We considered structural model configuration options for aerosols, biomass burning emissions, 144 

injection heights and nudging winds, the choice of which could affect the model’s agreement 145 

with satellite data and the effects of smoke.  We call these options factors, each with two levels, 146 

adopting experimental design language. The experiments are listed in Table 1. For the aerosol 147 

scheme, we compared OMA to MATRIX. For biomass burning emissions, we compared daily 148 
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Global Fire Emissions Database (GFED4s) (Van Der Werf et al., 2017) to the Global Fire 149 

Assimilation System (GFASv1.2) (Kaiser et al., 2012) estimates. Either product led to better 150 

simulated GEOS-Chem aerosol optical depth (AOD) compared to Moderate Resolution Imaging 151 

Spectroradiometer (MODIS) retrievals over North America for 2012 and 2014 compared to other 152 

similar emissions products (Carter et al., 2020). In the absence of MODIS Collection 5 burned 153 

area for 2017, the GFED4s estimates are a ‘beta’ version using 2017 MODIS active fire 154 

detections and the historical relationship between active fires and burned area. No scaling factors 155 

have been applied to either of GFAS or GFED emissions.  156 

 157 

For injection height, we compared the standard ModelE approach of distributing smoke 158 

emissions evenly through the planetary boundary layer to prescribed but variable daily-mean 159 

injection heights from offline estimates from GFAS that account for the effects of fire radiative 160 

power on plume buoyancy (Remy et al., 2017). The latter approach allows for the release of 161 

smoke into the free troposphere for higher intensity fires. Wizenberg et al. (in press) used the 162 

GFAS ‘mean altitude of maximum injection’ for their GEOS-Chem simulations as a baseline 163 

against which other injection heights were tested. We instead used the GFAS ‘altitude of plume 164 

top’ parameter which tended to be higher in altitude. For nudging of 6-hourly horizontal winds, 165 

we compared National Center for Environmental Prediction (NCEP) (Kalnay et al., 1996) to 166 

Modern-Era Retrospective Reanalysis 2 (MERRA2) (Gelaro et al., 2017) reanalysis fields. 167 

  168 

We used a full-factorial experimental design (Sexton et al., 2003; Montgomery, 2013) with 24 = 169 

16 simulations to test all combinations  of the four factors with two levels each. In Table 1, the 170 

four-letter AEIW code at the end of each experiment label indicates the factor levels: (O)MA or 171 

(M)ATRIX aerosols, GFA(S) or GFE(D) biomass burning emissions, (P)BL or (V)ARIABLE 172 

injection height, and (M)ERRA2 or (N)CEP winds. 173 

2.2. Satellite retrievals 174 

We evaluated ModelE against L2 AOD retrievals from MODIS instruments on board Terra and 175 

Aqua and L2 carbon monoxide (CO) retrievals from the Measurements of Pollution in the 176 

Troposphere (MOPITT) instrument on board Terra and the Atmospheric Infrared Sounder 177 

(AIRS) instrument on board Aqua. Level 3 (L3) satellite sounder temperature retrievals from 178 
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instruments on Suomi National Polar-orbiting Partnership (S-NPP) are used for understanding 179 

impact on atmospheric thermal structure. 180 

 181 

Moderate Resolution Imaging Spectroradiometer (MODIS) sensors measure radiance in 36 182 

spectral bands ranging from 0.41 to 14.2 μm over swaths of 2,300 km (2-day global coverage). 183 

We use MODIS AOD at 550nm obtained by merging Dark Target and Deep Blue retrievals 184 

(Sayer et al., 2014) from the from 10x10 km Collection 6.1 L2 gridded products MOD04_L2 and 185 

MYD04_L2 (Hubanks et al., 2019). MOPITT is a gas-correlation instrument that provides 186 

synoptic coverage of CO concentrations every 3 days, with a footprint size of 22 km at the nadir. 187 

Its thermal infrared and near infrared retrieved v7 CO data (Deeter et al., 2017) provide 188 

sensitivities in the lower troposphere in addition to the maximum sensitivity in the middle 189 

troposphere from thermal infrared-only retrievals. AIRS is a 2,300-channel infrared grating 190 

spectrometer in a sun-synchronous orbit with northward equator crossing time of 1:30 PM. AIRS 191 

CO is retrieved with horizontal resolution of 45 km at nadir, in a swath of width 30 field-of-192 

views or about 1,600 km. This orbit gives global coverage in the tropics every 2 days. The 193 

retrieval uses a cloud clearing methodology providing CO with sensitivity that peaks around 500 194 

hPa, with ∼0.8–1.2 degrees of freedom of signal for 50–70% of scenes. More sampling and 195 

higher information content are obtained in clear scenes (Warner et al., 2013). 196 

 197 

L3 temperature profile retrievals (~45 km horizontal spatial resolution, on standard pressure 198 

levels) from the Community Long-term Infrared Microwave Combined Atmospheric Processing 199 

System algorithm (Smith and Barnet, 2019, 2020) applied to the S-NPP Cross-track Infrared and 200 

Microwave Sounding Suite (CrIMSS) platform (with nearly identical orbital characteristics as 201 

Aqua/AIRS) are used for quantifying domain mean thermal structures temporally and spatially 202 

co-located with the main plume. Smith and Barnet (2020) provide extensive discussion on 203 

uncertainty, with the cloud clearing approach and use of microwave radiances in the retrieval 204 

ensuring that temperature retrievals above the lowest portion of the boundary layer are robust to 205 

contamination by the plume and potential clouds. 206 

  207 

The L2 satellite data were compared to instrument-equivalent hourly ModelE fields. This 208 

involved orbital collocation, masking model fields according to retrieval quality, and coarsening 209 
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the satellite retrievals to the 2o x 2.5o ModelE grid. For MODIS and AIRS, model fields were 210 

collocated to 5 and 6-minute L2 scenes respectively and interpolated to the 10km pixel level. 211 

Individual, interpolated model pixels were masked out where retrievals were unsuccessful due to 212 

clouds or thick smoke being flagged as clouds. ModelE AOD values greater than 5.0 were set to 213 

5.0, the maximum possible MODIS retrieval value. The satellite CO profile retrievals are the 214 

optimal estimates of the species concentrations combining information from the measured nadir 215 

radiances and the a priori knowledge of the profiles. The retrieval system operator therefore 216 

needs to be applied to the model CO profiles for proper comparisons to the satellite CO profile 217 

retrievals explained in detail by Luo et al. (submitted) for satellite data applications. For AIRS, 218 

application of the averaging kernel involves a trapezoidal component as part of the convolution 219 

(McMillan et al., 2011; Kopacz et al., 2010). CO was analyzed in the mid-troposphere between 220 

300 and 600 hPa, where both MOPITT and AIRS retrievals both have their greatest sensitivity. 221 

The bias, RMSE and spatial pattern correlation over 50N-80N, 140W to 30W between each 222 

model ensemble member and the satellite data was calculated, similar to Pere et al. (2014) during 223 

the main plume period of August 12-27 to evaluate model-satellite agreement. The temporal 224 

evolution of the modeled AOD and CO under the most persistent part of the plume was 225 

compared to the satellite retrievals.  226 

 227 

The sensitivity of model-satellite agreement to the four factors and their interactions was 228 

estimated using a regression analysis of the factorial design: 229 

𝑌 = 𝑏! + 𝑏"𝐴 + 𝑏#𝐸 + 𝑏$𝐼 + 𝑏%𝑊 +	

+𝑏&𝐴𝐸 + 𝑏'𝐴𝐼 + 𝑏(𝐴𝑊 + 𝑏)𝐸𝐼 + 𝑏*𝐸𝑊 + 𝑏"!𝐼𝑊 + 	𝜀	
(1) 

where the response Y is the bias, RMSE or pattern correlation between model and satellite data. 230 

A (aerosols), E (emissions), I (injection height), and W (winds) are -1/1 variables. For aerosols 231 

(A:b1), OMA is coded as -1 and MATRIX is coded as 1. For emissions (E:b2) GFAS is coded as 232 

-1 and GFED is coded as 1. For injection height (I:b3), PBL is coded as -1 and VARIABLE is 233 

coded as 1. For winds (W:b4), NCEP is coded as -1 and MERRA2 is coded as 1. The coefficients 234 

b1-b4 are for the main effects, b5-b10 are for the 2-factor interactions, and 𝜀 is the residual error 235 

term. By interaction, we mean, for example, whether the relative performance of one aerosol 236 

module over the other depends on the choice of emissions. The strength and significance of the 237 

estimated coefficients indicate the influence of each main effect or interaction on different Y 238 



9 

 

response variables and the main effects are calculated as 2*bi. We refer to Montgomery (2013) 239 

for further details on the factorial design and analysis.  240 

2.3. Estimates of smoke effects on surface climate 241 

Each experiment in Table 1 was run with fire emissions over western North America removed. 242 

Smoke effects on short-wave downward solar radiation (SWDS), planetary boundary layer 243 

(PBL) height, 2m surface temperature and vertical temperature were estimated from the 244 

difference between each pair of fire and no-fire simulations over a smaller region in northern 245 

Canada where the observed plume, on average, had the highest CO and AOD concentrations 246 

over August 12-27. The regression model in (1) was also used to estimate the importance of each 247 

of the four factors on surface climate.  248 

 249 

As an independent comparison against the GCM results, we also examined forecast-observation 250 

discrepancies under the thickest part of plume, following the approach of Robock (1991) and 251 

Mitchell et al. (2006), and also accounting for any systematic forecast biases. We used 24-hour 252 

forecasts of daily maximum 2m temperature from the NOAA National Centers for 253 

Environmental Prediction Global Forecast System (GFS). Because fire and smoke are not 254 

included in GFS, the difference between the forecast and the observations provides an estimate, 255 

indirectly, of the smoke effects after accounting for the background forecast bias. Forecasts were 256 

compared to observations from 10 weather stations from the National Centers for Environmental 257 

Information (NCEI) Integrated Surface Database (ISD) (Smith et al., 2011). Station data was 258 

filtered using the ISD quality control codes and spatially interpolated to the GFS grid. Forecasts 259 

were compared to individual station data and to the regional average over land from the 260 

interpolated data. 261 

3. Results 262 

3.1. Emissions and satellite retrievals of plume 263 

Figure 3 shows the daily GFAS and GFED estimates for three representative constituents. GFAS 264 

and GFED emissions are similar for CO (Figure 3a), significantly different for NOx (Figure 3b), 265 

and somewhat different for black carbon (BC, Figure 3b). The bulk of the emissions for this 266 

episode were from August 13-15, in contrast to the 2010 Russian fire episode where emissions 267 
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persisted variably from mid-July through mid-August. In terms of total emissions amounts, 268 

Huijnen et al. (2012) estimated 12Tg CO emissions from an earlier version of GFAS for the 1-269 

month Russian smoke episode compared to 5.8 and 5.3 Tg from GFAS and GFED respectively 270 

for Aug 11-15 in Figure 3. The GFAS injection heights for the VARIABLE experiments in Table 271 

1 ranged from 3.5 km to 4.5 km during August 13-15, compared to average PBL heights of 1km 272 

for the experiments. 273 

 274 

Figure 4 shows the average MODIS AOD, and mid-tropospheric CO from MOPITT and AIRS 275 

over August 12 to August 27, with the number of days with valid retrievals for each product. 276 

MODIS AOD (Figure 4a) has prominent features over the western Canadian Arctic islands, over 277 

the southern Arctic northwest of Hudson’s Bay, and over the north Atlantic. Individual grid cells 278 

with high (>2) average AOD are based on a small number of retrievals (Figure 4b). The 279 

MOPITT CO enhancement (Figure 4c) extends from James Bay to the high Artic, with retrieval 280 

quality generally decreasing northward (Figure 4d), with individual high (> 300 ppb) CO grid 281 

cells calculated from few retrievals. There is higher MOPITT CO over the north Atlantic, but 282 

which is also based on fewer retrievals. The AIRS CO (Figure 4e) shows a similar pattern to the 283 

MOPITT CO but is smoother and lacks the enhancement in the high Arctic. The AIRS CO 284 

average is based on more retrievals over this period (Figure 4f) because of its spatial 285 

interpolation approach.  286 

 287 

For each satellite retrieval, the August 12-27 average reflects the initial high smoke 288 

concentration in southern Nunavut followed by the plume splitting around a center of low 289 

pressure over Baffin Bay on August 17. The southern plume segment traveled over the north 290 

Atlantic. The northern segment of the plume traveled northward over the Arctic Ocean and 291 

northern Greenland and was then recirculated southward from August 20 to 24 before dispersing 292 

over northern Ontario, like the recirculation of smoke during the 2010 episode in Russia (Witte 293 

et al., 2011; Pere et al., 2015; Pere et al., 2014). MOPITT CO on August 19 (not shown) closely 294 

matches the IASI column CO for that day from Wizenberg et al. (in press), with a CO 295 

enhancement stretching from northern Greenland southwestward around a center of low pressure 296 

to Hudson’s Bay and a second enhancement off the southern tip of Greenland.   297 
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3.2. Model-satellite comparison 298 

Figure 5 shows the difference between the ModelE and MODIS AOD in Figure 4a for the 16 299 

simulations in Table 1. The bias, RMSE and pattern correlation between ModelE AOD and the 300 

MODIS AOD over the large magenta box are listed in each panel caption and summarized in 301 

Table 2. The retrieval quality in Figure 4b is accounted for in the comparisons through the 302 

masking step in estimating the instrument-equivalent model fields.   303 

 304 

All simulations show a mix of regional positive and negative AOD biases in ModelE, with most 305 

having an overall negative bias over the whole domain and the Arctic islands, and each having a 306 

negative bias over the north Atlantic plume segment. Over the persistent part of the plume 307 

northwest of Hudson’s Bay shown by the small blue box, there are mostly positive biases of 308 

different magnitudes. The strong positive biases for experiments 05_OSVM (Figure 5e) and 309 

13_OSVN (Figure 5m) extend over the Arctic islands and contribute to those experiments having 310 

RMSE (0.48 and 0.52 respectively) well outside of the range (0.32-0.39) of other experiments 311 

(Table 2). As an indication of the magnitude of the smoke plume, experiments where biomass 312 

burning over western North America were removed had AOD biases ranging from -0.37 to -0.32, 313 

and RMSE of 0.54 to 0.57. The pattern correlation ranged from -0.04 to 0.15, compared to 314 

between 0.61 and 0.75 for experiments with smoke emissions. 315 

 316 

Figure 6 shows the difference between the ModelE and MOPITT CO in Figure 4b. Like the 317 

AOD, the model CO has a mix of regional positive and negative biases. The strongest biases are 318 

positive for experiments 5-8 (Figure 6e-h) extending from Hudson’s Bay to northwest 319 

Greenland, and secondarily for experiments 13-16 (Figure 6m-h), which had in common variable 320 

injection heights. For experiments with smoke released through the PBL (Figure 6a-d & m-p), 321 

the biases over the main plume region were generally weaker and negative. Figure 7 shows the 322 

difference between the ModelE and AIRS CO in Figure 4c. The Model has similar but smoother 323 

and weaker biases relative to AIRS CO compared to MOPITT CO. 324 

 325 

Figure 8 shows the time-evolution of the modeled AOD and CO over the main persistent plume 326 

region for each experiment and the satellite retrievals. All ModelE AOD peaks between values of 327 

1.6 and 3.6 one day earlier than the MODIS AOD peak of 2.3 on August 15, capturing to varying 328 
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degrees a secondary MODIS increase to 1.7 on August 17 and decreasing steadily afterward 329 

(Figure 8a). The exceptions are the 05_OSVM and 13_OSVN experiments which for August 17-330 

24 are a twice as high as MODIS AOD. There was a similar, smaller AOD enhancement for 331 

these experiments August 5-6. The modeled CO also peaks earlier than the MOPITT peak of 254 332 

ppbv (Figure 8b) for configurations with variable injection heights and generally remains flat for 333 

simulations with PBL release. Most configurations overestimate CO during the secondary 334 

MOPITT peak of 193 ppbv on August 21. Comparisons to AIRS were similar (Figure 8c). 335 

Across all experiments, there was no obvious ‘best’ model configuration. 336 

3.3. Contributions of aerosols, emissions, injection height and winds to model-satellite 337 

comparisons  338 

The regression estimates for Model vs. MODIS AOD are shown in Table 3. These quantify the 339 

influence of each factor on the model-satellite agreement metrics in Table 2, and the 2nd order 340 

interactions between each factor; we focus on the regression estimates for the bias. The choice of 341 

aerosols, emissions, and injection height significantly affected model the bias, whereas the 342 

choice of nudging winds did not. The AOD model bias is more negative for MATRIX relative to 343 

OMA (b1=-0.036), which is equal to half the difference between the average AOD bias in Table 344 

2 across all OMA experiments (-0.003) and the average bias across all MATRIX experiments (-345 

0.074). Although the choice of aerosol module had a significant effect on the bias, it did not have 346 

a significant effect on the RMSE. For the emissions, the model AOD bias decreased for GFED 347 

relative to GFAS (b2=-0.054), which represents an increase in magnitude, but decreased the 348 

RMSE marginally. The injection height choice had a slightly greater effect on the bias 349 

(b3=0.056) and RMSE compared to the emissions, with variable injection heights having a higher 350 

bias and RMSE compared to PBL injection. The choice of winds only had a significant effect on 351 

the spatial pattern correlation (b4=-0.037), which was lower for NCEP compared to MERRA2, 352 

and also interacted with injection height (b10=0.011). 353 

 354 

The interaction effect between aerosols and emissions (b5= 0.032) was smaller than the 355 

emissions or injection height main effects, but comparable in magnitude to the main aerosol 356 

module effect. This can be interpreted using the interaction plots in Figure 9, described in detail 357 

in Montgomery (2013). In each panel, significant interactions are present when the slopes of the 358 
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two lines are different. For the aerosol-emissions interaction in the first row and second column, 359 

the model AOD bias is insensitive to the emissions when MATRIX aerosols are used 360 

(Aerosols=M, green dotted line), but for OMA aerosols (Aerosols=O), the AOD bias is 361 

significantly higher for GFAS (Emissions=S) compared to GFED (Emissions=D). These 362 

estimates are strongly influenced by the high bias of experiments 05_OSVM and 13_OSVN 363 

(Table 2) which had OMA aerosols, GFAS emissions, and variable injection heights. There was 364 

also a significant interaction effect between emissions and injection height (b8= -0.018), but as 365 

can be seen in the interaction plot, it was weaker. This contrasts with the interactions between 366 

winds and the other three factors, where the slopes for all interactions are similar.  367 

 368 

The bias between MOPITT and model CO (Table 4) was significantly influenced by injection 369 

height (b3=5.5) and to a lesser degree by winds (b3=-1.3). For the coding of PBL=-1, and 370 

VARIABLE=1, the interpretation is that variable injection heights had a bias of 11.0 (=2*b3) 371 

ppbv higher than for smoke released into the PBL. This quantifies in a more objective sense the 372 

groupings in Table 2 and Figure 6, which showed a group of lower bias (and RMSE) simulations 373 

with PBL release (01-04, 09-12) and higher bias simulations (05-08, 13-16) with variable 374 

injection. There were no significant interactions between the factors, and the main wind effect, 375 

while significant, was relatively small. The bias between AIRS CO and model CO (Table 5) was 376 

also influenced by injection height (b3=4.3), and to lesser degrees by the aerosol scheme 377 

(b1=2.8), emissions (b2=-0.8) and winds (b4=-0.7). There was also a significant but small 378 

interaction between aerosol scheme and injection height (b6=2.6). 379 

3.4. Smoke effects on surface climate 380 

3.4.1. ModelE  381 

The daily maximum solar downward shortwave radiation at surface (SWDS) across ensemble 382 

members with difference between fire and no-fire experiments is shown in Figure 10. This is 383 

over the ~850,000 km2 land area in the blue box in the maps. From July 1 to August 11 there are 384 

two MERRA2 and NCEP groups in the experiments, but otherwise little variation in downward 385 

shortwave at the surface (Figure 10a). There is considerable variation across simulations from 386 

August 12-27 when the plume is present (Figure 8). Figure 10b shows the difference between the 387 

experiments with fire and without fire for each experiment, which isolates smoke effects. During 388 
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the main plume period, there is a wide range of effects of smoke across members. On August 389 

14th, for example, the effects of the smoke ranged from -122 Wm-2 for 11_ODPN to -357 Wm-2 390 

for 14_MSVN.  391 

 392 

The daily maximum planetary boundary layer heights across ensemble members are shown in 393 

Figure 11. There is more variability in PBL height prior to the smoke plume (Figure 11a) 394 

compared to incoming solar radiation, with higher PBLs for the MERRA2-nudged winds than 395 

the NCEP-nudged winds. Decreases in PBL between fire and no-fire experiments (Figure 11b) 396 

ranged from 600m to 1200m on August 14th. The daily maximum surface temperature across 397 

ensemble members is shown in Figure 12. There was a similar MERRA2/NCEP grouping of 398 

experiments prior to the smoke plume arriving on August 12 (Figure 12a), caused by the 399 

differences in the large-scale circulation and transport imposed by the nudging and any 400 

consequent responses from the subgrid parameterizations. The effects of the smoke on surface 401 

temperature (Figure 12b) had a spread comparable to that in the SWDS. On August 14th the 402 

smoke effects on daily maximum surface temperature ranged from -4 oC for experiments 403 

03_ODPM and #11 with OMA aerosols, GFED emissions and PBL injection to -11oC for 404 

14_MSVN with MATRIX aerosols, GFAS emissions and variable injection heights. 405 

Figure 13 shows the change in the vertical temperature profile over the same region and period. 406 

The grouping of experiments with the strongest temperature decreases at the surface in Figure 407 

12b corresponds to the strongest warming in the mid troposphere between 200 and 600 hPa. 408 

These had MATRIX aerosols and variable injection heights and of these, the experiments with 409 

GFAS emissions (06_MSVM, 14_MSVN) had the strongest vertical temperature response.  410 

 411 

Table 6 summarizes average surface climate effects over August 12-27 for each experiment. 412 

Excluding experiments 05_OSVM and 13_OSVN which had outlying AOD bias and RMSE, the 413 

time-averaged smoke effect on SWDS ranged from -53 Wm-2 to -172 Wm-2, on PBL height 414 

ranged from -253 m to -547 m, and on surface temperature from -1.4 oC to -4.9 oC. The variation 415 

in smoke effects on SWDS could explain 95% of the variation in surface temperature effects and 416 

94% in PBL effects. 417 

 418 
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Table 7 shows the regression estimates of the factor effects on SWDS, PBL and surface 419 

temperature changes in Table 6. The effect of smoke on SWDS was most strongly affected by 420 

the choice of aerosol scheme (b1=-28.6), where MATRIX aerosols, on average, reduced the 421 

SWDS by 57.1 Wm-2 (=2*b1) more than OMA. The choice of injection height (b3=-15.5) and 422 

emissions (b2 = 9.3) also had effects, with variable injection heights reduced SWDS by 31 Wm-2 423 

more than PBL release, and GFAS by 18.6 Wm-2 less than GFED. The choice of nudging winds 424 

did not have a significant effect on its own but did interact with the choice of injection height, 425 

although the effect (b10=-4.5) was small compared to the main effects. The effect of smoke on 426 

the PBL height was also most strongly affected by the choice of aerosols (b1=-70.6), and next by 427 

the injection height (b3=-47.8) and emissions (b2=22.4). Similarly, the effect of smoke on the 428 

surface temperature was most strongly affected by the choice of aerosols (b1=-0.75), and next by 429 

the injection height (b3=-0.6) and emissions (b2=-0.309). In summary, SWDS, PBL height and 430 

surface temperature were affected by, in decreasing order, the choice of aerosol scheme, the 431 

injection height approach, and the emissions, and were strongest for MATRIX aerosols, GFAS 432 

emissions and variable injection heights.   433 

3.4.2. GFS forecasts and temperature observations 434 

The daily maximum surface temperature for 10 surface weather stations and 24-hour GFS 435 

forecasts are shown in Figure 14. During the mid-August smoke plume period shown by the grey 436 

shading, the forecasts over Bathurst Inlet, Baker Lake, Arviat, Whale Cove Airport, Rankin Inlet, 437 

Chesterfield Inlet and perhaps Wager Bay appear to show a warm forecast bias outside of the 438 

background forecast discrepancies. The discrepancies must be accounted for in any quantitative 439 

estimate of smoke effects and are estimated during the July 1 to August 11 pre-plume period. 440 

These are summarized in Table 8, along with the bias during the plume period. The effect of the 441 

smoke is estimated as the difference between the two periods. Averaged over August 12-27, the 442 

smoke effect ranges from -2.0 oC at Coral Harbour on Southampton Island to -5.8 oC at Whale 443 

Cove Airport. The estimated smoke effects are mapped in Figure 15. 444 

 445 

Figure 16 shows the daily GFS-estimated bias in forecast temperature and the ModelE fire – no-446 

fire difference across 14 ‘permissible’ experiments (all but 05_OSVM and 13_OSVN) for July 447 

and August 2017. Pre-plume, the GFS forecast had an average bias of -1.5 oC in daily maximum 448 
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temperature relative to the weather station temperatures interpolated to the GFS grid. The bias 449 

was 2.2 oC over August 12-27 (and significant according to a t-test), with forecasts being too 450 

warm because they do not account for the smoke and its surface cooling effects. This suggests an 451 

average GFS-estimated smoke effect of -3.7 oC, which reached a minimum of -6.4 oC on August 452 

15. The average ModelE fire – no-fire temperature difference averaged over the permissible 453 

ensemble subset is shown by the magenta line. Over August 12-27, the average temperature 454 

effect over this subset was -3.0 oC, which reached a minimum of -6.8 oC on August 14. The 455 

ModelE temperature decrease leads that estimated from GFS by a day, which is consistent with 456 

the earlier peak in modeled AOD across most ensemble members compared to MODIS (Figure 457 

8a).  458 

 459 

Figure 17 shows the temperature anomalies for CrIMSS and radiosonde profiles at Baker Lake, 460 

listed station #3 in Table 8, which has some missing data in mid-July. For both datasets, the July-461 

August 2017 average profile has been subtracted from the daily CrIMSS profiles and the 12-462 

hourly sonde profiles. There is a unique positive tropospheric temperature anomaly in the 463 

CrIMSS profile from August 12-17 and more weakly from August 24-27 with corresponding 464 

negative temperature anomalies at the tropopause (Figure 17a). Part of this feature is driven by 465 

the background meteorology (i.e. a heat dome), but the overall pattern is consistent with the 466 

vertical temperature changes in ModelE (Figure 13) that are due only to smoke effects. The same 467 

features appear in the Baker Lake radiosonde profile (Figure 17b), but more clearly than the 468 

CrIMSS profiles which have limited vertical resolution, particularly an issue for resolving the 469 

temperature structure in the lower troposphere and boundary layer. The negative anomaly from 470 

the surface to 900 hPa in the sonde profile is consistent with the estimated 2m surface cooling 471 

estimated at Baker Lake (Table 8) and appears only weakly in the CrIMSS profile owing to its 472 

limited sensitivity near the surface. Overall, with ModelE and observed surface temperature data 473 

suggesting cooling at the surface, and the model, radiosonde and satellite soundings suggesting 474 

warming in the free troposphere, there is a resultant increase in tropospheric stability, which, 475 

superposed on an existing heat dome, would inhibit tropospheric overturning and convective 476 

processes (and precipitation).   477 
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4. Discussion  478 

The agreement between ModelE simulations of the smoke plume and satellite data were 479 

dependent on which configuration of the model was used, as were the estimated effects of smoke 480 

on surface climate. The use of prescribed, variable injection heights increased the model AOD 481 

relative to MODIS. This was also the case for model CO relative to MOPITT and AIRS because 482 

of longer smoke lifetimes in the free troposphere compared to releasing smoke through the 483 

boundary layer, although this could be sensitive to our comparison over the mid-free troposphere 484 

where the MOPITT and AIRS have the most sensitivity.  485 

 486 

MATRIX aerosols led to lower AOD, as did GFED emissions, but there was a significant 487 

interaction effect between the choice of aerosols and emissions. When MATRIX is used, GFAS 488 

and GFED had comparable biases. When OMA is used, GFAS had higher positive biases than 489 

GFED, driven by the two outlying experiments (05_OSVM and 13_OSVN) with variable 490 

injection heights. Modeled CO was insensitive to the choice of emissions because GFAS and 491 

GFED CO were so similar for this case (Figure 3a). Compared to MERRA2, nudging with 492 

NCEP winds decreased CO relative to MOPITT and AIRS, but overall, the impact of the choice 493 

of winds was small compared to the other three factors. Evaluation against the satellite data was 494 

more useful in identifying simulations with lower agreement, particularly 05_OSVM and 495 

13_OSVN (OMA aerosols, GFAS emissions and variable injection heights) than in identifying a 496 

single ‘best’ model configuration.  497 

4.1. Explaining the large positive AOD bias for outlier simulations and large surface 498 

effects for MATRIX 499 

To explain the large difference in AOD in 05_OSVM and 13_OSVN compared to all other 500 

experiments, we looked at the difference in chemical composition in the smoke plume in 501 

experiments 01_OSPM, 02_MSPM, 05_OSVM and 06_MSVM, using the average August 2017 502 

speciated AOD available as model output. In the OMA model, when GFAS emissions are 503 

emitted through the PBL, the AOD plume in 01_OSPM is attributed to 67% organic aerosol, 504 

16% ammonium-nitrate, 8% sulfate and 7% black carbon, and the remaining 2% are attributed to 505 

dust and sea salt. In the variable injection height experiment (05_OSVM) that is otherwise 506 

configured the same, the overall AOD increases, and so do all individual chemical components, 507 
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but in addition the relative contribution by chemical species changes as well. Most strikingly, 508 

ammonium-nitrate contributions increase to 26%, while the other three components' relative 509 

contribution decrease, to 59% organic aerosol, 6% sulfate and 6% black carbon.  510 

 511 

Overall, this behavior is not surprising considering that higher altitude emissions lead to longer 512 

lifetimes of aerosol species and their gaseous precursors, as dry and wet removal processes are 513 

less effective if particles are higher above the surface and above clouds. In addition to removal, 514 

aerosol chemical production of secondary aerosol is impacted as well. In experiment 05_OSVM 515 

ammonium nitrate is especially sensitive to emission height and higher NOx emission, a 516 

precursor for nitrate aerosol, from the GFAS inventory and strongly impacts nitrate formation. 517 

 518 

In contrast to the OMA model, the MATRIX model shows less sensitivity to differences in 519 

emissions and injection height. In 02_MSPM, AOD is attributed to 81% organic aerosol, 11% 520 

sulfate, 4% ammonium-nitrate and 3% black carbon. In experiment 06_MSVM the overall AOD 521 

increases as well, but the individual breakdown in components changes much less compared to 522 

OMA. The ammonium-nitrates contribution increases to 8%, and organic aerosols are reduced to 523 

78%. Thus there is an overall much-reduced response in nitrate AOD as well as overall 524 

contribution to AOD. 525 

 526 

MATRIX and OMA differ greatly from each other, and details about the schemes as well as 527 

performance are discussed in Bauer et al. (2020). But relevant mechanisms behind the different 528 

behaviors could be rooted in the fact that overall sulfate loads in MATRIX are higher compared 529 

to OMA, which leads to less nitrate production rates in MATRIX, due to less availability of 530 

ammonia. Another important difference between the models is that OMA considers primary as 531 

well as secondary production of organic aerosols, and as such aerosol production might be more 532 

sensitive to emission height due to the temperature dependence of the vapor pressure of the semi-533 

volatile SOA gaseous precursors. In MATRIX all organic aerosol is treated as primary, including 534 

SOA (Section 2.1). MATRIX is a microphysical aerosol model in which the optical properties of 535 

aerosols depend on the simulated aerosol sizes and mixing states, while OMA's AOD calculation 536 

only depends on the simulated masses of the aerosol species and hydration.  537 

 538 
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In addition to OMA and variable injection heights, the anomalously high AOD for experiments 539 

05_OSVM and 13_OSVN was also because of higher NOx emissions for GFAS. The higher NOx 540 

emissions for GFAS than GFED compared to other constituents, in turn, are mainly because of 541 

the different emissions factors used in each. For boreal forests, the NOx emissions factor is 3.4 542 

g/kg for GFAS (Kaiser et al., 2012) and 0.9 g/kg for GFED (Van Der Werf et al., 2017), 543 

compared to CO emissions factors of 106 g/kg for GFAS and 127 g/kg for GFED. Inspection of 544 

the CO and NOx emission on August 14 southeast of Great Slave Lake (not shown) suggests 545 

contributions from peat burning in GFAS that are absent in GFED, which would further increase 546 

the difference between GFAS and GFED NOx emissions and offset the lower CO emissions 547 

factor for GFAS compared to GFED. 548 

 549 

The two outlying 05_OSVM and 13_OSVN experiments did not have anomalous surface climate 550 

effects despite their higher AOD. In terms of surface effects, the more apparent grouping of 551 

experiments all had MATRIX aerosols and variable injection heights, despite not having 552 

anomalously high AOD. We attribute this to indirect effects. Figure 18 shows the daily effects of 553 

smoke on maximum cloud optical depth over the small plume region. The experiments 554 

06_MSVM, 08_MDVM, 14_MSVN, 16_MDVN with the greatest fire-no fire difference in cloud 555 

optical depth (Figure 17b) correspond to those with the greatest decrease in SWDS (Figure 10b) 556 

and surface temperature (Figure 12b). This suggests a stronger first indirect effect for MATRIX 557 

compared to OMA when higher injection heights contributed to longer aerosol lifetimes, greater 558 

aging, increase in the number of CCN, and a stronger first indirect effect. 559 

4.2. ModelE biases in atmospheric composition compared to other studies 560 

We found a mix of positive and negative biases spatially and temporally compared to satellite 561 

AOD and CO that depended on the ModelE configuration. This contrasts with other studies at 562 

mid and high latitudes, where smoke-related model biases are mostly low, sometimes high, but 563 

typically biased in the same direction, and which tend to focus on a narrower set of model 564 

configurations. For the same 2017 event, Wizenberg et al. (in press) found a strong dependence 565 

on modeled CO to both injection height and the observations used for comparison. Their default 566 

injection closer to the surface led to a strong low bias downwind compared to satellite and 567 

ground-based retrievals, whereas an injection height of 5km for the NWT fires led to the best 568 
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agreement with IASI column CO over Ellesmere Island, and a 10km injection height led to the 569 

best agreement with ground-based column CO retrievals, noting that the 10km injection height 570 

was possibly compensating for transport errors.   571 

 572 

The best-studied event is the 2010 smoke episode over Russia. Huijnen et al.’s (2012) 573 

experiment with an earlier version of GFAS and without assimilation of trace gas retrievals had 574 

an overall high negative bias in column CO compared to MOPITT over 3 weeks, particularly 575 

over the source region. These were attributed to missing emissions and other model deficiencies. 576 

AOD for this experiment agreed well with retrieved AERONET values at Moscow after scaling 577 

up direct aerosol emissions by a factor of three. Using a different chemical transport model but 578 

the same GFAS emissions as Huijnen et al. (2012) and FRP-driven injection heights, simulated 579 

AOD over eastern Europe was biased low relative to MODIS AOD and AERONET AOD at 580 

Moscow (Pere et al., 2015), but qualitatively high compared to POLDER AOD (Pere et al., 581 

2014), with discrepancies attributed to transport errors. Toll et al. (2015) found underestimated 582 

model AOD relative to MODIS downwind of the source region for a single time step using a 583 

different model with prognostic injection heights. This was attributed to lack of SOA formation 584 

and hygroscopic growth, and overestimated wet deposition, despite possibly overestimated 585 

aerosol emissions but which was improved most straightforwardly by changing the allowable 586 

aerosol size distribution, and with effects either way from prognostic injection heights. Across 587 

multiple models, underestimated AOD over 3 weeks relative to MODIS was attributed to too-588 

low injection heights (Palacios-Peña  et al., 2018). In a follow up study with one of the models 589 

(Palacios-Peña  et al., 2020), AOD increased or decreased relative to a base case for sensitivity 590 

tests to microphysical dependence on relative humidity, dry deposition, wet scavenging and 591 

subgrid convective aerosol transport, and often with near-source changes of one sign offset by 592 

opposite changes downwind.   593 

 594 

In other cases, differences in modeled AOD have also been attributed to a similarly wide range 595 

of model components. Hodzic et al. (2007) compared 5 days of simulated to MODIS AOD over 596 

Europe in during the August 2003 heat wave, finding improvements with varying smoke 597 

injection height and hourly emissions in simulations of large fire events when evaluated against 598 

surface and satellite retrievals. Studying smoke plumes from the large 2008 California fires, 599 
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Mallet et al. (2017) found good pattern agreement over 6 days but underestimated AOD relative 600 

to MODIS and OMI despite scaling up organic carbon emissions by a factor of two to account 601 

for the absence of SOA formation. We note that emissions were released only in the lowest layer 602 

of their model, which could have also contributed to the underestimated AOD, similar to the 603 

lower AOD for emissions released through the PBL in our experiments. Surface release of 604 

smoke emissions could have also contributed to underestimated surface PM2.5 and AOD in 605 

simulations of a 1-week smoke period in 2007 over Idaho (Jiang et al., 2012). Lu and Sokolik 606 

(2013) simulated a large 3-day smoke plume over northern Canada with a high resolution, 607 

plume-rise enabled chemical transport model, and found considerable low AOD biases compared 608 

to MODIS and OMI without increasing their bottom-up emissions estimates, suspected to be too 609 

low because of underestimated burned area. Yu et al. (2016) attributed underestimated AOD near 610 

the source in their model relative to MODIS during the 2013 Rim fire to underestimated 611 

emissions and coarse model resolution. In their study of a short-lived 2010 smoke plume also 612 

over northern Canada, Walter et al. (2016) found the best hourly AOD agreement with a 613 

downwind AERONET site for GFAS-driven simulations with a variable injection height model, 614 

but which had a slight high bias.  615 

 616 

Over the central US and southern Mexico, lower AOD during the spring of 2009 compared to 617 

two different MODIS-assimilated products was attributed to underestimated emissions for 618 

simulations that used the GFED3 and GFED4 products, while a simulation with QFED generated 619 

high biases in surface concentrations compared to IMPROVE network, but were diluted in the 620 

AOD, likely due to discrepancies in the smoke’s injection height (Liu et al., 2018). Pan et al. 621 

(2020) found comparable performance between GEOS simulations with GFAS and GFED4s 622 

emissions. The AOD of both were biased slightly high overall compared to MISR over boreal 623 

North America in September 2008 and compared to an AERONET site south of Great Slave 624 

Lake throughout the year, opposite the more coherent and stronger low biases seen at lower 625 

latitudes, and despite smoke being released within the boundary layer and without SOA 626 

formation in the host model and possible uncertainty in calculating its AOD.  For the full 2012 627 

and 2014 fire seasons over North America, Carter et al. (2020) found that GEOS-Chem AOD 628 

was biased low compared to Aqua MODIS AOD over North America, but that GFAS and GFED 629 

performed better compared to two other emissions inventories, with the possibility for one 630 
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because emissions had been increased to compensate for biases in the aerosol module of its host 631 

model, and that for all simulations, too-low injection heights were also a possible contributor to 632 

low AOD.  633 

 634 

In previous studies, sensitivity tests were mostly done in a one-at-a-time sense by identifying 635 

departures from a base case, or, in the case of emissions, scaling them upward to achieve better 636 

agreement with observations. Using our experimental design, we compared the relative 637 

importance of different model components, finding that between AOD and CO, the choice of 638 

injection height scheme had the greatest effect on the model’s agreement with satellite retrievals 639 

over the large domain. For AOD, the choice of aerosol scheme and emissions was important, as 640 

were their interaction with injection height scheme. In a model-development sense, for example, 641 

incorporating the variable injection heights with the GFAS emissions and OMA aerosols would 642 

suggest a significant degradation in model performance. This would not necessarily be the case 643 

with either GFED emissions or MATRIX aerosols, however, and that the more likely cause is 644 

high NOx emissions in that region for the GFAS estimate, which trace back in large part to the 645 

emissions factors in Andreae and Merlet (2001). 646 

4.3. Surface effects compared to other events 647 

Surface climate over the main plume region was affected most by the choice of aerosol scheme, 648 

with more significant effects for MATRIX compared to OMA, and to lesser degrees by using 649 

variable injection heights and GFAS emissions. Across the permissible experiments for August 650 

12-27, the smoke decreased daily maximum incoming solar radiation by between 52 Wm-2 and 651 

172 Wm-2, decreased the boundary layer height by between 253 m and 547 m, and decreased the 652 

surface temperature by between 1.5 oC and 4.9 oC. Our independent estimate of the surface 653 

temperature change from discrepancies between the GFS forecast and surface observations was a 654 

3.7 oC cooling, falling near the middle of the ModelE experiments. 655 

 656 

Our estimates of surface climate impacts of the smoke were in line with previous studies, to the 657 

extent that they can be compared when over different-sized areas, different periods of time, and 658 

using models and observations in different ways. Reductions in shortwave radiation reaching the 659 

surface have been estimated in temperate and boreal regions and are comparable in magnitude to 660 
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those in our simulations, frequently of the magnitude of ~100 W m-2 but ranging from roughly 661 

60 to 600 W m-2. Smoke from wildfires in Russia in 2010 led to reductions SW radiation of 60 to 662 

150 W m-2 (Chubarova et al., 2012; Pere et al., 2014; Forkel et al., 2015; Kong et al., 2015; 663 

Gleeson et al., 2016; Baro et al., 2017). Different North American fires led to estimated 664 

reductions of  ~80 W m-2 (Fu et al., 2018), >100 W m-2 over California in September 2020 665 

(Huang et al., 2023), ~110 W m-2 in 2007 over Idaho and Montana (Jiang et al., 2012), nearly 666 

600 W m-2 over California in 2015 (Kochanski et al., 2019), ~125 W m-2 over CONUS (Juliano 667 

et al., 2022), 400 W m-2 over Colorado in 2010 (Stone et al., 2011), ~400 W m-2 over southern 668 

British Columbia (Mckendry et al., 2019), and 300 W m-2 over central boreal Canada (Walter et 669 

al., 2016).  Dimming has also been documented for fires in Australia with reductions of up to 670 

500 W m-2 (Mitchell et al., 2006), and in Siberia and China, with reductions of ~60 to 80 W m-2 671 

(Fu et al., 2018). Estimates of the dependency of surface radiation on AOD range from roughly 672 

20 to 30 W m-2 per unit change in AOD (Fu et al., 2018; Santos et al., 2008) and as high as 120 673 

to 140 W m-2 per unit change in AOD over three hours in the early afternoon (Yu et al., 2016). 674 

These estimates depend on the model, cloud cover, and the thickness, extent and duration of the 675 

smoke. Our similarly wide range of 52 Wm-2 and 172 Wm-2 SWDS decreases for a single 16-day 676 

period using a single model with different configurations suggests possibly underestimated 677 

uncertainty in the radiative effects of smoke from other studies. 678 

 679 

The connection between radiation absorption and scattering by smoke and cooler daytime 680 

surface temperatures was first inferred by Wexler (1950) from departures between the observed 681 

temperatures and those from pre-numerical weather forecasts, when smoke from a fire in 682 

northwestern Canada that arrived over the US was associated with ~5°C lower surface 683 

temperatures over a four-day period in Washington DC. Robock (1991) estimated temperature 684 

reductions ranging from 1.5°C to 7°C over parts of the U.S. following four different fire events 685 

with smoke plumes ranging in coverage from nearly all of Alaska or large swathes of temperate 686 

U.S., with durations of one to three days. Westphal and Toon (1991) estimated cooling of up to 687 

5°C under smoke near Lake Winnipeg for half a day associated with the 1982 Eg Fire in British 688 

Columbia after scaling up their bottom-up aerosol emissions by a factor of three. Subsequent 689 

studies generally found that different fire events led to cooling of up to ~1°C to 6°C, including 690 

some that found weekly mean cooling of >1°C at either relatively local scales (Huang et al., 691 
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2023; Mitchell et al., 2006; Stone et al., 2011) or regional scales of hundreds of thousands to 692 

millions of km2 (Jiang et al., 2012; Chang et al., 2021), seasonal cooling over western Russia of 693 

0.4°C (Forkel et al., 2015) during the 2010 Russia fires, and up to a 4.4°C purported cooling over 694 

southeastern Australia during a six-month period (Chang et al., 2021) after the 2019/2020 695 

bushfire ‘super outbreak’ (Peterson et al., 2021). 696 

 697 

Toll et al.’s (2015) estimates during the Russia 2010 of aerosol effects for six days over a ~1 000 698 

000 km2 area episode provides a good case for comparison. In two experiments with AOD 699 

enhancements from the fires prescribed from observations and calculated prognostically from 700 

emissions, the bias in 2m temperature was -0.43 oC and -1.1 oC, respectively, relative to a control 701 

experiment with background aerosols only. Including the full hourly temperature over our 702 

850,000 km2 area over the six-day August 12-17 period, we estimated cooling between -1.7 oC 703 

and -5.3 oC across ModelE members. This reinforces how strong the cooling was for the 2017 704 

plume, but also that the range of estimates can be highly sensitive to the model configuration, 705 

with the strongest cooling for the four experiments having variable injection heights and 706 

MATRIX aerosols because of a stronger indirect effect. 707 

 708 

Warming aloft from absorbing aerosols in the smoke layer was seen in previous studies for 709 

single model time steps, for example in Grell et al.’s (2011) cross-sectional warming of up to 0.8 710 
oC over Alaska for fires in 2004, Kochanski et al.’s (2019) warming of up to 0.5 oC over a single 711 

location in California in 2015, and Walter et al.’s (2016) warming of up to 1oC at Ft. Smith, 712 

NWT in 2010. Our ModelE estimates over a 16-day period also showed this response (Figure 713 

13), but with a magnitude ranging from 0.2 oC to 1.5 oC, peaking at different heights, and 714 

strongest for the simulations with MATRIX aerosols and variable injection heights. Warming of 715 

the smoke atmospheric layer and cooling at the surface can suppress the development of the 716 

PBL, leading to a shallower PBL than in the absence of smoke. In studies where PBL height 717 

reductions were examined, they ranged fairly widely, from a 200-400m reduction over western 718 

Russia averaged over 21 days (Kong et al., 2015; Baro et al., 2017) and 400 m over the Trinity 719 

River Valley in California over one day (Kochanski et al., 2019), through changes of >500 m for 720 

one to a few days over western Russia and Salem, Oregon (Huang et al., 2023; Toll et al., 2015) 721 

and of up to 1100 m for a single location in Montana over one hour (Jiang et al., 2012). In our 722 
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studies, the estimated reduction in PBL height averaged over 16 days was strongly configuration 723 

dependent, ranging from 253m to 547m.   724 

 725 

Model and observational studies have identified additional effects of wildfire smoke on 726 

precipitation (Grell et al., 2011; Forkel et al., 2015; Kong et al., 2015; Semoutnikova et al., 2018; 727 

Huang et al., 2023). We found only small effects on precipitation (not shown), likely because of 728 

nudged winds which dampen local dynamical or precipitation responses, and possibly because of 729 

ModelE's coarse-resolution convective parameterization, synoptic conditions not favorable to 730 

precipitation in the first place, and, perhaps in this case, greater tropospheric stability caused by 731 

the smoke-induced warming aloft, suggested to have occurred by Hodzic et al. (2007) for their 732 

high resolution simulations of the fires over western Europe during the 2003 heat wave. 733 

Similarly, though ModelE’s vertical temperature structure was affected by the smoke, nudging 734 

precluded any strong response in horizontal winds seen in free-running, higher-resolution 735 

simulations (Kochanski et al., 2019; Mitchell et al., 2006; Pere et al., 2014), straightforward 736 

diagnosis of surface pollution enhancements from PBL suppression (Pere et al., 2014; Kong et 737 

al., 2015) or of positive feedbacks from smoke enhancing fire-conducive conditions such as 738 

those near the west coast of the US during the 2020 fire season (Huang et al., 2023). 739 

5. Conclusions  740 

Across our small set of ModelE experiments, we captured the basic pattern of a re-circulating 741 

smoke plume over northern Canada for August 12-27 observed in satellite retrievals of AOD and 742 

CO. Over our large domain, the ModelE AOD bias relative to MODIS ranged from -0.15 to 0.19. 743 

The CO bias over the mid troposphere ranged from 4 ppbv to 20 ppbv relative to MOPITT and 744 

from 0 ppbv to 14 ppbv relative to AIRS. We found unanticipated interactions between the 745 

choice of aerosol scheme, injection height approach and prescribed smoke emissions, namely 746 

that a plausible configuration of the model resulted in anomalously high AOD through a 747 

combination of high NOx emissions in GFAS for boreal fuels, higher-altitude smoke injection 748 

and the simplified OMA aerosol scheme. Moving beyond one-at-a-time sensitivity tests to a 749 

structured experimental design was helpful in identifying this interaction. It was easier across our 750 

experiments to identify these two outlying cases than to identify a ‘best’ model configuration or 751 

group of model configurations, or to narrow the range of surface climate effects based on model 752 
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performance. The two outlying simulations did not have outlying climate effects. The more 753 

apparent experiments with pronounced climate effects used the MATRIX microphysical aerosol 754 

scheme and variable injection heights which led to stronger first indirect effects. Across all 755 

experiments with different aerosol schemes, smoke emissions, injection heights and horizontal 756 

winds, our estimates of smoke effects on PBL height ranged by a factor of two (-253 m to -547 757 

m), and by a factor of three for short-wave downward solar radiation (-52 Wm-2 to -172 Wm-2) 758 

and surface temperature (-1.5 oC to -4.9 oC), the latter spanning our independent estimate (-3.7 759 
oC) from the operational GFS forecast model.  760 

 761 

Using more observational constraints, particularly of plume heights and in-situ measurements of 762 

aerosol concentrations at the surface, will be helpful to more thoroughly compare model 763 

configurations as we implement prognostic injection height parameterizations, incorporate new 764 

emissions estimates such as those based on fire detections from VIIRS (Wiedinmyer et al., 765 

submitted; Ferrada et al., 2022) and geostationary instruments (Li et al., 2022; Nguyen et al., 766 

2023) which have previously improved modeled smoke (Hodzic et al., 2007), and ahead of 767 

larger-scale and longer term estimates of climate effects and feedbacks with prognostic fire 768 

models (Mezuman et al., 2020). For these cases, the number of structural options will increase, 769 

and the experiments will also involve parametric changes. In this case, full factorial design 770 

would become more challenging and a fractional factorial design more realistic. 771 
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Tables 1144 
Table 1. List of ModelE simulations and the aerosol module, emissions from biomass burning, injection height scheme, 1145 
and horizontal winds used for nudging for each. The four-letter AEIW code at the end of each experiment indicates the 1146 
factor levels (Aerosols: (O)MA or (M)ATRIX; Emissions: GFA(S) or GFE(D); Injection height: (P)BL or (V)ARIABLE; 1147 
Winds: (M)ERRA2 or (N)CEP). 1148 

Simulation 

name 

(NN_AEIW) 

Aerosols 

(A) 

Emissions from 

biomass burning 

(E) 

Injection 

height  

(I) 

Nudging 

winds 

(W) 

01_OSPM OMA GFAS PBL MERRA2 

02_MSPM MATRIX GFAS PBL MERRA2 

03_ODPM OMA GFED PBL MERRA2 

04_MDPM MATRIX GFED PBL MERRA2 

05_OSVM OMA GFAS VARIABLE MERRA2 

06_MSVM MATRIX GFAS VARIABLE MERRA2 

07_ODVM OMA GFED VARIABLE MERRA2 

08_MDVM MATRIX GFED VARIABLE MERRA2 

09_OSPN OMA GFAS PBL NCEP 

10_MSPN MATRIX GFAS PBL NCEP 

11_ODPN OMA GFED PBL NCEP 

12_MDPN MATRIX GFED PBL NCEP 

13_OSVN OMA GFAS VARIABLE NCEP 

14_MSVN MATRIX GFAS VARIABLE NCEP 

15_ODVN OMA GFED VARIABLE NCEP 

16_MDVN MATRIX GFED VARIABLE NCEP 

1149 



40 

 

Table 2. Mean AOD and CO for the 16 ModelE simulations in Table 1 and bias, root-mean square error (RMSE) and pattern correlation (corr) relative to MODIS 1150 
AOD, MOPITT CO, and AIRS CO. Statistics are during August 12-27, 2017 over the large analysis domain (50oN to 85oN, 140oW to 90oW). 1151 

   

 Relative to MODIS 

AOD   

 Relative to MOPITT 

CO   

 

Relative to AIRS CO   

NAME  

ModelE 

Mean Bias RMSE corr  

ModelE 

Mean 

(ppbv) Bias RMSE corr  

ModelE 

Mean 

(ppbv) Bias RMSE corr  

01_OSPM  0.43 0.00 0.32 0.75  127.6 5.8 18.1 0.76  118.2 1.9 10.8 0.87  

02_MSPM  0.34 -0.09 0.34 0.71  127.6 6.8 17.3 0.78  120.3 4.1 11.1 0.88  

03_ODPM  0.32 -0.11 0.32 0.71  127.5 5.6 20.5 0.69  117.8 1.6 11.0 0.85  

04_MDPM  0.31 -0.12 0.34 0.69  127.4 6.3 18.9 0.71  119.7 3.4 11.2 0.85  

05_OSVM  0.60 0.17 0.48 0.69  141.0 20.1 40.5 0.66  127.7 11.5 15.6 0.92  

06_MSVM  0.43 0.00 0.37 0.70  136.2 15.9 29.6 0.67  130.4 14.1 19.0 0.89  

07_ODVM  0.39 -0.04 0.33 0.68  138.9 18.0 38.2 0.67  124.4 8.1 12.0 0.91  

08_MDVM  0.37 -0.06 0.35 0.69  138.1 17.9 31.2 0.68  130.5 14.2 19.3 0.89  

09_OSPN  0.40 -0.03 0.34 0.67  125.4 4.0 19.4 0.70  117.7 1.4 13.9 0.80  

10_MSPN  0.31 -0.12 0.38 0.58  127.4 6.4 19.2 0.71  120.9 4.6 13.4 0.85  

11_ODPN  0.28 -0.15 0.36 0.65  123.5 2.2 20.1 0.65  115.8 -0.4 14.0 0.78  

12_MDPN  0.28 -0.15 0.38 0.57  125.9 4.9 19.3 0.68  119.1 2.8 12.7 0.85  

13_OSVN  0.62 0.19 0.52 0.67  137.9 16.4 28.0 0.76  125.2 9.0 13.5 0.91  

14_MSVN  0.42 -0.01 0.39 0.64  134.4 13.7 26.4 0.68  129.4 13.2 18.4 0.87  

15_ODVN  0.37 -0.06 0.34 0.63  133.5 12.2 24.6 0.73  121.1 4.8 9.9 0.90  

16_MDVN   0.37 -0.06 0.38 0.61  137.2 16.2 31.6 0.65  128.9 12.7 17.7 0.89  
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Table 3. Regression estimates for ModelE bias, root-mean squared error (RMSE) and pattern correlation during August 12-27, 2017 over the large analysis domain 1153 
(50oN to 85oN, 140oW to 90oW) compared to MODIS AOD for aerosols (A), emissions (E), injection height (I) and nudging winds (W) and second-order interactions 1154 
between them. Estimates where p < .05 have been bolded for clarity. The main or interaction effects are the twice the bi coefficient values.  1155 

  Bias   RMSE   Pattern correlation 

 Estimate p  Estimate p  Estimate p 

b0 -0.039 0.001  0.373 0.000  0.665 0.000 

b1 (A) -0.036 0.002  -0.005 0.589  -0.016 0.002 

b2 (E) -0.054 0.000  -0.021 0.062  -0.009 0.015 

b3 (I) 0.056 0.000  0.023 0.047  -0.001 0.728 

b4 (W) -0.008 0.212  0.015 0.153  -0.037 0.000 

b5 (AE) 0.032 0.003  0.019 0.091  0.002 0.381 

b6 (AI) -0.012 0.087  -0.018 0.106  0.012 0.006 

b7 (AW) 0.000 0.972  0.002 0.843  -0.009 0.014 

b8 (EI) -0.018 0.028  -0.023 0.047  0.000 0.891 

b9 (EW) -0.002 0.699  0.000 0.974  -0.002 0.522 

b10 (IW) 0.007 0.281   -0.003 0.780   0.011 0.007 
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Table 4. Same as Table 3, but for MOPITT CO. 1157 

  Bias   RMSE   corr 

 Estimate p  Estimate p  Estimate p 

b0 10.8 0.000  25.2 0.000  0.699 0.000 

b1 (A) 0.2 0.503  -1.0 0.257  -0.002 0.768 

b2 (E) -0.4 0.321  0.4 0.642  -0.017 0.046 

b3 (I) 5.5 0.000  6.1 0.001  -0.011 0.128 

b4 (W) -1.3 0.013  -1.6 0.090  -0.005 0.493 

b5 (AE) 0.7 0.100  0.7 0.409  0.001 0.828 

b6 (AI) -0.6 0.131  -0.6 0.492  -0.014 0.074 

b7 (AW) 0.6 0.150  1.5 0.101  -0.011 0.128 

b8 (EI) 0.1 0.712  -0.2 0.781  0.010 0.165 

b9 (EW) -0.3 0.460  0.0 0.952  -0.001 0.879 

b10 (IW) -0.4 0.277   -2.0 0.047   0.021 0.020 
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Table 5. Same as Table 3, but for AIRS CO. 1159 

  Bias   RMSE   corr 

 Estimate p  Estimate p  Estimate p 

b0 6.7 0.000  14.0 0.000  0.869 0.000 

b1 (A) 2.0 0.000  1.4 0.003  0.002 0.481 

b2 (E) -0.8 0.013  -0.5 0.105  -0.003 0.322 

b3 (I) 4.3 0.000  1.7 0.001  0.028 0.000 

b4 (W) -0.7 0.023  0.2 0.422  -0.013 0.008 

b5 (AE) 0.4 0.094  0.4 0.200  0.004 0.301 

b6 (AI) 0.7 0.026  1.6 0.002  -0.014 0.006 

b7 (AW) 0.4 0.145  0.0 0.921  0.008 0.054 

b8 (EI) -0.2 0.371  -0.4 0.134  0.004 0.210 

b9 (EW) -0.3 0.277  -0.1 0.644  0.003 0.363 

b10 (IW) -0.4 0.141   -1.0 0.010   0.009 0.032 
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Table 6. Average surface climate effects of smoke over the small region during August 12-27, 2017 for the 16 ModelE 1161 
simulations in Table 1. Each average is the difference between the fire and its corresponding no-fire experiment. 1162 
Experiments with a * were in poor agreement with MODIS AOD. 1163 

NAME 

Change in shortwave 

downward radiation at 

surface  

(Wm-2) 

Change in 

PBL 

Height 

(m) 

 

Change in surface 

temperature (oC) 

01_OSPM -82 -314  -2.2 

02_MSPM -134 -453  -3.4 

03_ODPM -63 -253  -1.7 

04_MDPM -122 -417  -3.0 

05_OSVM (*) -102 -415  -3.1 

06_MSVM -161 -504  -4.7 

07_ODVM -87 -333  -2.3 

08_MDVM -140 -507  -4.1 

09_OSPN -78 -327  -2.0 

10_MSPN -127 -453  -3.2 

11_ODPN -53 -261  -1.4 

12_MDPN -114 -436  -2.8 

13_OSVN (*) -117 -466  -3.4 

14_MSVN -172 -545  -4.9 

15_ODVN -87 -363  -2.3 

16_MDVN -156 -547  -4.4 
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Table 7. Regression estimates for ModelE surface climate effects in Table 6 over August 12-27 for aerosols (A), emissions (E), injection height (I) and nudging winds (W). 1165 
Estimates where p < 0.05 have been bolded for clarity. 1166 

  ΔSWDS   ΔPBL   ΔT 

 Estimate p  Estimate p  Estimate p 

b0 -112.3 0.000  -412.0 0.000  -3.062 0.000 

b1 (A) -28.6 0.000  -70.6 0.000  -0.750 0.000 

b2 (E) 9.3 0.000  22.4 0.002  0.309 0.000 

b3 (I) -15.5 0.000  -47.8 0.000  -0.600 0.000 

b4 (W) -0.8 0.447  -12.7 0.017  0.010 0.632 

b5 (AE) -1.7 0.138  -16.4 0.006  -0.051 0.054 

b6 (AI) -0.8 0.466  4.7 0.250  -0.129 0.002 

b7 (AW) -0.8 0.449  0.0 0.990  -0.024 0.300 

b8 (EI) 0.8 0.431  0.1 0.974  0.078 0.013 

b9 (EW) 1.2 0.288  0.6 0.883  0.025 0.282 

b10 (IW) -4.5 0.006   -7.8 0.086   -0.095 0.006 
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Table 8. Mean biases between observed and GFS-forecast daily maximum surface temperature (∆Tmax) for 10 NCEI Integrated Surface Database weather stations for 1168 
the July 1- August 11 background and August 12-27, 2017 smoke plume periods. The GFS-estimated plume effect on Tmax is the difference between the background and 1169 
plume period biases.   1170 

     ∆Tmax (oC), Fcst-Obs  

 ID Name Lat Lon 

July 1 to Aug 

11 

Aug 12 to 

Aug 27 

Estimated smoke 

effect on Tmax 

(oC) 

1 711600 FORT RELIANCE (AUT)  NWT 62.70 -109.15 -4.2 -1.9 -2.2 

2 718740 BATHURST INLET 66.83 -108.02 -0.6 2.4 -3.0 

3 713560 BAKER LAKE CLIMATE  NU 64.32 -96.00 -1.0 2.9 -3.9 

4 711740 ARVIAT 61.09 -94.07 -0.7 4.6 -5.3 

5 710735 WHALE COVE AIRPORT 62.23 -92.60 -1.3 4.5 -5.8 

6 710830 RANKIN INLET 62.81 -92.12 -1.9 3.5 -5.4 

7 718429 CHESTERFIELD INLET 63.33 -90.72 0.6 2.9 -2.3 

8 710490 WAGER BAY (AUT)  MAN 65.87 -89.43 -1.3 2.8 -4.1 

9 710944 REPULSE BAY 66.52 -86.23 -2.0 2.7 -4.7 

10 719150 CORAL HARBOUR 64.19 -83.36 0.5 2.5 -2.0 

1171 



47 

 

Figures 1172 

 1173 
Figure 1. MODIS active fires and Fire Weather Index (FWI) on August 14, 2017, the day of peak fire activity and smoke 1174 
emissions south of Great Slave Lake in the Northwest Territories. The smaller cluster of active fires in British Columbia 1175 
is the remnant of the August 12 Pacific Northwest pyroCb event. The FWI is from the Global Fire Weather Database 1176 
(Field, 2020), with categories from Stocks et al. (1989).  1177 
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 1178 
Figure 2. Terra true color MODIS image over northern Canada for August 16, 2017 from NASA Worldview. The smoke 1179 
stretches 3200 km from Banks Island in the western Canadian Arctic to northern Ontario, and covered an area of ~2 900 1180 
000 km2. 1181 
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 1182 
Figure 3. Daily July-August 2017 biomass burning (BB) emissions over Great Slave Lake region from GFAS and GFED 1183 
for a) carbon monoxide (CO), b) nitrogen oxides (NOx), and c) black carbon (BC). Also included in the emissions but not 1184 
shown are ammonia, sulfur dioxide, methane and grouped non-methane volatile organic compounds.1185 
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 1186 
Figure 4. August 12 to 27, 2017 average a) Terra and Aqua MODIS aerosol optical depth (AOD), b) MODIS AOD 1187 
retrieval counts, c) Terra MOPITT carbon monoxide (CO) over 295-620 hPa, d) MOPITT retrievals counts, e) Aqua 1188 
AIRS CO averaged over 295-620 hPa, and f) AIRS retrieval counts. Geopotential height at 500 hPa (dam) is shown by the 1189 
grey contours. The large analysis region over which model-satellite agreement is examined is shown by the magenta box, 1190 
and the small ~850,000 km2 analysis region over which smoke effects on land are examined is shown by the small blue 1191 
box. Level 2 satellite retrievals have been averaged to the ModelE grid.1192 
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 1193 
Figure 5. Difference between ModelE instrument-equivalent AOD for the 16 simulations in Table 1 and MODIS AOD 1194 
averaged over August 12 to 27, 2017. The caption lists the bias, RMSE and pattern correlation between each simulation 1195 
and the MODIS AOD (Figure 4a) over the region in the magenta box, and are listed for all experiments in Table 2.  1196 
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 1197 
Figure 6. Same as Figure 5, but for ModelE instrument-equivalent CO and MOPITT CO in Figure 4c. 1198 
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 1199 
Figure 7. Same as Figure 5, but for ModelE instrument-equivalent CO and AIRS CO in Figure 4e. 1200 
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 1201 
Figure 8. Time series of AOD and CO over small analysis region. All ModelE fields are instrument-equivalent estimates.  1202 
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 1203 

Figure 9. Interaction plot for the influence of aerosol module, emission, injection height and nudging winds on ModelE 1204 
AOD bias relative to MODIS. Interactions between the factors listed in the diagonal panels can be identified by different 1205 
slopes in the adjacent panels for other factors. See Montgomery (2013) for additional guidance on interpretation. 1206 
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 1207 
Figure 10. ModelE a) Daily maximum solar downward flux at surface over small region across all simulations with fire 1208 
and b) difference between fire and no-fire experiments over the same region. Dashed lines are for experiments with OMA 1209 
aerosols and solid lines are for experiments with MATRIX aerosols.  1210 
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 1211 
Figure 11. Same as Figure 10 but for planetary boundary layer (PBL) height.  1212 
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 1213 
Figure 12. Same as Figure 10 but for surface temperature. 1214 
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 1215 
Figure 13. Average change in temperature profile over August 12-27 2017 between ModelE experiments with and without 1216 
fire.1217 
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 1218 
Figure 14. Observed and NCEP GFS 24-forecasts of daily maximum surface temperature at the ten stations listed in 1219 
Table 8, with the average GFS bias during the July 1 to August 11 background period and the August 12-27 plume 1220 
period, the latter shown by the grey shading.  1221 
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 1222 
Figure 15. GFS-estimated smoke effects on surface temperature from Table 8. 1223 

 1224 
Figure 16. Daily difference between observations and GFS forecast of daily maximum surface temperature, with the 1225 
ModelE fire-no-fire temperature averaged difference permissible experiments (all excluding #5 and #13). The GFS-1226 
estimated regional smoke effect on Tmax during August 12-27 is -3.7 oC.  The ModelE estimate excluding experiments 5 1227 
and 13 was -3.0 oC. 1228 
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 1229 
Figure 17. Vertical temperature anomalies relative to July-August 2017 mean for a) Suomi-NPP CrIMSS over the small 1230 
region and b) radiosonde at Baker Lake, Nunavut, station #3 in Table 8.  1231 
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 1232 
Figure 18. As in Figure 10 but for cloud optical depth.  1233 
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Key points 14 

• We captured the overall pattern and magnitude of a large 2017 smoke plume over Canada 15 

with the NASA GISS ModelE. 16 

• Higher NOx emissions, free-tropospheric smoke release and mass-based aerosols led to 17 

unrealistically high aerosol optical depth. 18 

• Over an 850 000 km2 region, we estimated a 16-day surface cooling of between 1.5 oC 19 

and 4.9 oC. 20 

Abstract 21 

In August 2017, a smoke plume from wildfires in British Columbia and the Northwest 22 

Territories recirculated and persisted over northern Canada for over two weeks. We compared a 23 

full-factorial set of NASA Goddard Institute for Space Studies ModelE simulations of the plume 24 

to satellite retrievals of aerosol optical depth and carbon monoxide, finding that ModelE 25 

performance was dependent on the model configuration, and more so on the choice of injection 26 

height approach, aerosol scheme and biomass burning emissions estimates than to the choice of 27 

horizontal winds for nudging. In particular, ModelE simulations with free-tropospheric smoke 28 

injection, a mass-based aerosol scheme and high fire NOx emissions led to unrealistically high 29 

aerosol optical depth. Using paired simulations with fire emissions excluded, we estimated that 30 
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for 16 days over an 850 000 km2 region, the smoke decreased planetary boundary layer heights 31 

by between 253 m and 547 m, decreased downward shortwave radiation by between 52 Wm-2 32 

and 172 Wm-2, and decreased surface temperature by between 1.5 oC and 4.9 oC, the latter 33 

spanning an independent estimate from operational weather forecasts of a 3.7 oC cooling. The 34 

strongest surface climate effects were for ModelE configurations with more detailed aerosol 35 

microphysics that led to a stronger first indirect effect. 36 

 37 

Plain Language Summary 38 

Smoke from biomass burning is known to have effects on surface weather. We used the NASA 39 

GISS ModelE to estimate these effects for a large 2017 smoke plume over northern Canada that 40 

persisted for two weeks. We first found that the height of the smoke release at the source was the 41 

most important factor influencing agreement between ModelE and satellite retrievals of aerosols 42 

and carbon monoxide, and that specific, plausible configurations of the model led to 43 

unrealistically high aerosol amounts. By comparing simulations with and without fire, we 44 

estimated a 16-day cooling over a 850 000 km2 region of between 1.5 oC and 4.9 oC, depending 45 

on the model configuration.  46 

1. Introduction 47 

The stratospheric smoke plume from Pacific Northwest Event (PNE) wildfires on August 12 and 48 

13 2017 has been studied observationally for its source strength, injection altitude, lifetime, and 49 

dynamical effects (Peterson et al., 2018; Torres et al., 2020; Fromm et al., 2021; Lestrelin et al., 50 

2021) and with models to determine the role of ‘self-lofting’ in its ascent (Yu et al., 2019) and its 51 

radiative impacts (Das et al., 2021). At about the same time there was also high fire danger and 52 

extensive fire southeast of Great Slave Lake in Northwest Territories (NWT) of Canada (Figure 53 

1) which contributed to the persistent smoke plume (Figure 2) in an otherwise fairly clean 54 

environment. Wizenberg et al. (in press) considered both the PNE and NWT emissions at 55 

different altitudes in their comparison of chemical transport model simulations to satellite and 56 

ground-based trace gas retrievals. 57 

 58 

This is a useful natural experiment to evaluate a model against satellite data and to estimate the 59 

regional effects of smoke on surface climate. Our study follows basic model-observation 60 
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comparisons for, for example, smoke events in Russia (Huijnen et al., 2012; Palacios-Peña  et al., 61 

2018; Toll et al., 2015) and North America (Mallet et al., 2017; Lu and Sokolik; Carter et al., 62 

2020). The effects of smoke on surface climate have been examined using discrepancies between 63 

operational weather forecasts and observations (Wexler, 1950; Robock, 1988, 1991; Mitchell et 64 

al., 2006; Jones et al., 2022) or with models comparing experiments with and without smoke or 65 

its radiative effects (Westphal and Toon, 1991; Toll et al., 2015; Walter et al., 2016; Kochanski 66 

et al., 2019). By absorbing and scattering incoming shortwave radiation, wildfire smoke can 67 

directly and indirectly reduce the amount of radiation reaching the surface, leading to warming 68 

of the smoke layer, cooling at the surface, reductions in PBL height, and reductions in horizontal 69 

wind speeds. 70 

 71 

To evaluate different configurations of the model or understand model uncertainty, modeling 72 

studies involve one-at-a-time sensitivity tests for different injection height approaches (Toll et 73 

al., 2015; Wizenberg et al., in press), aerosol configurations (Forkel et al., 2015; Palacios-Peña  74 

et al., 2018; Konovalov et al., 2020), convective transport (Palacios-Peña  et al., 2020) or smoke 75 

emissions (Pan et al., 2020; Carter et al., 2020; Lu and Sokolik, 2013), but to the best of our 76 

knowledge, not simultaneously. Carter et al. (2020), for example, compared model simulations 77 

with different biomass burning emissions estimates, but also mention errors in model optics, 78 

background aerosols or clouds in satellite retrievals as other possible sources of discrepancy 79 

between their model and satellite data.  80 

 81 

The goals of this study were to 1) evaluate the sensitivity of model-satellite agreement for this 82 

smoke plume to plausible model configurations of aerosols, emissions, injection height, and 83 

transport, identifying any interactions between them using structured experimental design and 84 

analysis, and 2) estimate the range of smoke effects at the surface during the event. We also 85 

compare estimates of the smoke plume effects on surface temperature to an estimate from an 86 

operational weather forecast model.  87 
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2. Data and methods 88 

2.1. ModelE experiments 89 

We used the NASA GISS-E2.1-AMIP in CMIP6, referred to throughout as ModelE. The 90 

physical parameterizations and satellite era climatology are described in Kelley et al. (2020) and 91 

the transient historical simulation (1850 – 2014) in Miller et al. (2014).  The horizontal and 92 

vertical resolution of the atmospheric component of ModelE is 2o in latitude by 2.5o in longitude 93 

with 40 vertical layers extending from the surface to 0.1 hPa near the stratopause. The model was 94 

run in AMIP mode with prescribed sea surface temperature (SST) and sea ice fraction during the 95 

historical period (Rayner et al., 2003). Horizontal winds are nudged to reanalysis to better 96 

capture the observed transport of the smoke plume.  97 

 98 

Aerosols and ozone are calculated prognostically using either the One-Moment Aerosol (OMA) 99 

or the aerosol microphysical model MATRIX (Multiconfiguration Aerosol TRacker of mIXing 100 

state) (Bauer et al., 2020). Both aerosol schemes are coupled to the tropospheric chemistry 101 

scheme which includes inorganic chemistry of Ox, NOx, HOx, CO, and organic chemistry of CH4 102 

and higher hydrocarbons using the CBM4 scheme (Gery et al., 1989). 103 

  104 

MATRIX (Bauer et al., 2008; Bauer et al., 2010; Bauer and Menon, 2012), is an aerosol 105 

microphysics scheme based on the quadrature method of moments. MATRIX represents new 106 

particle formation with a binary scheme (Vehkamaki et al., 2002), gas-particle mass transfer, 107 

aerosol-phase chemistry, condensational growth, and coagulation within and between particle 108 

populations. MATRIX is able to explicitly simulate the mixing state of aerosols (Bauer et al., 109 

2013). The amount of water in aerosol is calculated with the aerosol thermodynamics module 110 

EQSAM (Metzger et al., 2002), using the phase state of an ammonia-sulfate-nitrate-water 111 

inorganic aerosol in thermodynamic equilibrium for metastable aerosols. As such, hygroscopic 112 

swelling of aerosol is represented and does not need to be recalculated during the radiative 113 

calculations. Secondary organic aerosol (SOA) is parameterized as a source of non-volatile 114 

aerosol emitted directly from vegetation. A 10% yield from monoterpene emissions is assumed, 115 

which is added to the non-volatile organic aerosol fraction in the model and remains 116 

indistinguishable from organic aerosols from other sources. 117 
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 118 

OMA (Bauer et al., 2020; Bauer et al., 2007a; Bauer et al., 2007b; Bauer and Koch, 2005; Koch 119 

et al., 2006; Miller et al., 2006; Tsigaridis et al., 2013), is a mass-based scheme in which aerosols 120 

are externally mixed and (except for sea salt and dust) assumed to have a prescribed constant size 121 

distribution. The following aerosol components are treated in this version: sulfate, nitrate, 122 

ammonium, carbonaceous aerosols (black carbon and organic carbon, including the NOx-123 

dependent formation of SOA from isoprene and terpenes) (Tsigaridis and Kanakidou, 2007), 124 

methanesulfonic acid formation from dimethyl sulfide, dust (including heterogeneous gas uptake 125 

on dust surfaces) (Bauer and Koch, 2005) and sea salt. SOA is formed from isoprene and terpene 126 

oxidation. Terpene emissions have a seasonal but not interannual variability and do not respond 127 

to climate, while isoprene emissions are calculated prognostically (Guenther et al., 1993), 128 

increasing in a warmer climate (Tsigaridis and Kanakidou, 2018) and impacting SOA. Aerosol 129 

hydration in OMA is calculated in the radiation code (Tang and Munkelwitz, 1994). The aerosol 130 

number concentrations that impact clouds are obtained from the aerosol mass (Menon and 131 

Rotstayn, 2006). All aerosol species can activate clouds, including dust in case it is coated with 132 

inorganic coatings. 133 

 134 

The interactive composition runs, either using MATRIX or OMA, include aerosol-cloud effects, 135 

but that only affect cloud optical depth of stratiform and convective clouds. As such we only 136 

considered the first (Twomey) indirect effect (Twomey, 1977), and intrinsically via radiation 137 

feedbacks semi-direct effects. Anthropogenic fluxes come from the Community Emissions Data 138 

System inventory (Hoesly et al., 2018) and sea salt, dimethyl sulfide, isoprene and dust emission 139 

fluxes are calculated interactively. All other forcings, such as solar, volcanic (prescribed as 140 

stratospheric AOD and aerosol size) and land-use follow the CMIP6 protocol (Eyring et al., 141 

2016). 142 

 143 

We considered structural model configuration options for aerosols, biomass burning emissions, 144 

injection heights and nudging winds, the choice of which could affect the model’s agreement 145 

with satellite data and the effects of smoke.  We call these options factors, each with two levels, 146 

adopting experimental design language. The experiments are listed in Table 1. For the aerosol 147 

scheme, we compared OMA to MATRIX. For biomass burning emissions, we compared daily 148 
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Global Fire Emissions Database (GFED4s) (Van Der Werf et al., 2017) to the Global Fire 149 

Assimilation System (GFASv1.2) (Kaiser et al., 2012) estimates. Either product led to better 150 

simulated GEOS-Chem aerosol optical depth (AOD) compared to Moderate Resolution Imaging 151 

Spectroradiometer (MODIS) retrievals over North America for 2012 and 2014 compared to other 152 

similar emissions products (Carter et al., 2020). In the absence of MODIS Collection 5 burned 153 

area for 2017, the GFED4s estimates are a ‘beta’ version using 2017 MODIS active fire 154 

detections and the historical relationship between active fires and burned area. No scaling factors 155 

have been applied to either of GFAS or GFED emissions.  156 

 157 

For injection height, we compared the standard ModelE approach of distributing smoke 158 

emissions evenly through the planetary boundary layer to prescribed but variable daily-mean 159 

injection heights from offline estimates from GFAS that account for the effects of fire radiative 160 

power on plume buoyancy (Remy et al., 2017). The latter approach allows for the release of 161 

smoke into the free troposphere for higher intensity fires. Wizenberg et al. (in press) used the 162 

GFAS ‘mean altitude of maximum injection’ for their GEOS-Chem simulations as a baseline 163 

against which other injection heights were tested. We instead used the GFAS ‘altitude of plume 164 

top’ parameter which tended to be higher in altitude. For nudging of 6-hourly horizontal winds, 165 

we compared National Center for Environmental Prediction (NCEP) (Kalnay et al., 1996) to 166 

Modern-Era Retrospective Reanalysis 2 (MERRA2) (Gelaro et al., 2017) reanalysis fields. 167 

  168 

We used a full-factorial experimental design (Sexton et al., 2003; Montgomery, 2013) with 24 = 169 

16 simulations to test all combinations  of the four factors with two levels each. In Table 1, the 170 

four-letter AEIW code at the end of each experiment label indicates the factor levels: (O)MA or 171 

(M)ATRIX aerosols, GFA(S) or GFE(D) biomass burning emissions, (P)BL or (V)ARIABLE 172 

injection height, and (M)ERRA2 or (N)CEP winds. 173 

2.2. Satellite retrievals 174 

We evaluated ModelE against L2 AOD retrievals from MODIS instruments on board Terra and 175 

Aqua and L2 carbon monoxide (CO) retrievals from the Measurements of Pollution in the 176 

Troposphere (MOPITT) instrument on board Terra and the Atmospheric Infrared Sounder 177 

(AIRS) instrument on board Aqua. Level 3 (L3) satellite sounder temperature retrievals from 178 
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instruments on Suomi National Polar-orbiting Partnership (S-NPP) are used for understanding 179 

impact on atmospheric thermal structure. 180 

 181 

Moderate Resolution Imaging Spectroradiometer (MODIS) sensors measure radiance in 36 182 

spectral bands ranging from 0.41 to 14.2 μm over swaths of 2,300 km (2-day global coverage). 183 

We use MODIS AOD at 550nm obtained by merging Dark Target and Deep Blue retrievals 184 

(Sayer et al., 2014) from the from 10x10 km Collection 6.1 L2 gridded products MOD04_L2 and 185 

MYD04_L2 (Hubanks et al., 2019). MOPITT is a gas-correlation instrument that provides 186 

synoptic coverage of CO concentrations every 3 days, with a footprint size of 22 km at the nadir. 187 

Its thermal infrared and near infrared retrieved v7 CO data (Deeter et al., 2017) provide 188 

sensitivities in the lower troposphere in addition to the maximum sensitivity in the middle 189 

troposphere from thermal infrared-only retrievals. AIRS is a 2,300-channel infrared grating 190 

spectrometer in a sun-synchronous orbit with northward equator crossing time of 1:30 PM. AIRS 191 

CO is retrieved with horizontal resolution of 45 km at nadir, in a swath of width 30 field-of-192 

views or about 1,600 km. This orbit gives global coverage in the tropics every 2 days. The 193 

retrieval uses a cloud clearing methodology providing CO with sensitivity that peaks around 500 194 

hPa, with ∼0.8–1.2 degrees of freedom of signal for 50–70% of scenes. More sampling and 195 

higher information content are obtained in clear scenes (Warner et al., 2013). 196 

 197 

L3 temperature profile retrievals (~45 km horizontal spatial resolution, on standard pressure 198 

levels) from the Community Long-term Infrared Microwave Combined Atmospheric Processing 199 

System algorithm (Smith and Barnet, 2019, 2020) applied to the S-NPP Cross-track Infrared and 200 

Microwave Sounding Suite (CrIMSS) platform (with nearly identical orbital characteristics as 201 

Aqua/AIRS) are used for quantifying domain mean thermal structures temporally and spatially 202 

co-located with the main plume. Smith and Barnet (2020) provide extensive discussion on 203 

uncertainty, with the cloud clearing approach and use of microwave radiances in the retrieval 204 

ensuring that temperature retrievals above the lowest portion of the boundary layer are robust to 205 

contamination by the plume and potential clouds. 206 

  207 

The L2 satellite data were compared to instrument-equivalent hourly ModelE fields. This 208 

involved orbital collocation, masking model fields according to retrieval quality, and coarsening 209 
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the satellite retrievals to the 2o x 2.5o ModelE grid. For MODIS and AIRS, model fields were 210 

collocated to 5 and 6-minute L2 scenes respectively and interpolated to the 10km pixel level. 211 

Individual, interpolated model pixels were masked out where retrievals were unsuccessful due to 212 

clouds or thick smoke being flagged as clouds. ModelE AOD values greater than 5.0 were set to 213 

5.0, the maximum possible MODIS retrieval value. The satellite CO profile retrievals are the 214 

optimal estimates of the species concentrations combining information from the measured nadir 215 

radiances and the a priori knowledge of the profiles. The retrieval system operator therefore 216 

needs to be applied to the model CO profiles for proper comparisons to the satellite CO profile 217 

retrievals explained in detail by Luo et al. (submitted) for satellite data applications. For AIRS, 218 

application of the averaging kernel involves a trapezoidal component as part of the convolution 219 

(McMillan et al., 2011; Kopacz et al., 2010). CO was analyzed in the mid-troposphere between 220 

300 and 600 hPa, where both MOPITT and AIRS retrievals both have their greatest sensitivity. 221 

The bias, RMSE and spatial pattern correlation over 50N-80N, 140W to 30W between each 222 

model ensemble member and the satellite data was calculated, similar to Pere et al. (2014) during 223 

the main plume period of August 12-27 to evaluate model-satellite agreement. The temporal 224 

evolution of the modeled AOD and CO under the most persistent part of the plume was 225 

compared to the satellite retrievals.  226 

 227 

The sensitivity of model-satellite agreement to the four factors and their interactions was 228 

estimated using a regression analysis of the factorial design: 229 

𝑌 = 𝑏! + 𝑏"𝐴 + 𝑏#𝐸 + 𝑏$𝐼 + 𝑏%𝑊 +	

+𝑏&𝐴𝐸 + 𝑏'𝐴𝐼 + 𝑏(𝐴𝑊 + 𝑏)𝐸𝐼 + 𝑏*𝐸𝑊 + 𝑏"!𝐼𝑊 + 	𝜀	
(1) 

where the response Y is the bias, RMSE or pattern correlation between model and satellite data. 230 

A (aerosols), E (emissions), I (injection height), and W (winds) are -1/1 variables. For aerosols 231 

(A:b1), OMA is coded as -1 and MATRIX is coded as 1. For emissions (E:b2) GFAS is coded as 232 

-1 and GFED is coded as 1. For injection height (I:b3), PBL is coded as -1 and VARIABLE is 233 

coded as 1. For winds (W:b4), NCEP is coded as -1 and MERRA2 is coded as 1. The coefficients 234 

b1-b4 are for the main effects, b5-b10 are for the 2-factor interactions, and 𝜀 is the residual error 235 

term. By interaction, we mean, for example, whether the relative performance of one aerosol 236 

module over the other depends on the choice of emissions. The strength and significance of the 237 

estimated coefficients indicate the influence of each main effect or interaction on different Y 238 
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response variables and the main effects are calculated as 2*bi. We refer to Montgomery (2013) 239 

for further details on the factorial design and analysis.  240 

2.3. Estimates of smoke effects on surface climate 241 

Each experiment in Table 1 was run with fire emissions over western North America removed. 242 

Smoke effects on short-wave downward solar radiation (SWDS), planetary boundary layer 243 

(PBL) height, 2m surface temperature and vertical temperature were estimated from the 244 

difference between each pair of fire and no-fire simulations over a smaller region in northern 245 

Canada where the observed plume, on average, had the highest CO and AOD concentrations 246 

over August 12-27. The regression model in (1) was also used to estimate the importance of each 247 

of the four factors on surface climate.  248 

 249 

As an independent comparison against the GCM results, we also examined forecast-observation 250 

discrepancies under the thickest part of plume, following the approach of Robock (1991) and 251 

Mitchell et al. (2006), and also accounting for any systematic forecast biases. We used 24-hour 252 

forecasts of daily maximum 2m temperature from the NOAA National Centers for 253 

Environmental Prediction Global Forecast System (GFS). Because fire and smoke are not 254 

included in GFS, the difference between the forecast and the observations provides an estimate, 255 

indirectly, of the smoke effects after accounting for the background forecast bias. Forecasts were 256 

compared to observations from 10 weather stations from the National Centers for Environmental 257 

Information (NCEI) Integrated Surface Database (ISD) (Smith et al., 2011). Station data was 258 

filtered using the ISD quality control codes and spatially interpolated to the GFS grid. Forecasts 259 

were compared to individual station data and to the regional average over land from the 260 

interpolated data. 261 

3. Results 262 

3.1. Emissions and satellite retrievals of plume 263 

Figure 3 shows the daily GFAS and GFED estimates for three representative constituents. GFAS 264 

and GFED emissions are similar for CO (Figure 3a), significantly different for NOx (Figure 3b), 265 

and somewhat different for black carbon (BC, Figure 3b). The bulk of the emissions for this 266 

episode were from August 13-15, in contrast to the 2010 Russian fire episode where emissions 267 
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persisted variably from mid-July through mid-August. In terms of total emissions amounts, 268 

Huijnen et al. (2012) estimated 12Tg CO emissions from an earlier version of GFAS for the 1-269 

month Russian smoke episode compared to 5.8 and 5.3 Tg from GFAS and GFED respectively 270 

for Aug 11-15 in Figure 3. The GFAS injection heights for the VARIABLE experiments in Table 271 

1 ranged from 3.5 km to 4.5 km during August 13-15, compared to average PBL heights of 1km 272 

for the experiments. 273 

 274 

Figure 4 shows the average MODIS AOD, and mid-tropospheric CO from MOPITT and AIRS 275 

over August 12 to August 27, with the number of days with valid retrievals for each product. 276 

MODIS AOD (Figure 4a) has prominent features over the western Canadian Arctic islands, over 277 

the southern Arctic northwest of Hudson’s Bay, and over the north Atlantic. Individual grid cells 278 

with high (>2) average AOD are based on a small number of retrievals (Figure 4b). The 279 

MOPITT CO enhancement (Figure 4c) extends from James Bay to the high Artic, with retrieval 280 

quality generally decreasing northward (Figure 4d), with individual high (> 300 ppb) CO grid 281 

cells calculated from few retrievals. There is higher MOPITT CO over the north Atlantic, but 282 

which is also based on fewer retrievals. The AIRS CO (Figure 4e) shows a similar pattern to the 283 

MOPITT CO but is smoother and lacks the enhancement in the high Arctic. The AIRS CO 284 

average is based on more retrievals over this period (Figure 4f) because of its spatial 285 

interpolation approach.  286 

 287 

For each satellite retrieval, the August 12-27 average reflects the initial high smoke 288 

concentration in southern Nunavut followed by the plume splitting around a center of low 289 

pressure over Baffin Bay on August 17. The southern plume segment traveled over the north 290 

Atlantic. The northern segment of the plume traveled northward over the Arctic Ocean and 291 

northern Greenland and was then recirculated southward from August 20 to 24 before dispersing 292 

over northern Ontario, like the recirculation of smoke during the 2010 episode in Russia (Witte 293 

et al., 2011; Pere et al., 2015; Pere et al., 2014). MOPITT CO on August 19 (not shown) closely 294 

matches the IASI column CO for that day from Wizenberg et al. (in press), with a CO 295 

enhancement stretching from northern Greenland southwestward around a center of low pressure 296 

to Hudson’s Bay and a second enhancement off the southern tip of Greenland.   297 
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3.2. Model-satellite comparison 298 

Figure 5 shows the difference between the ModelE and MODIS AOD in Figure 4a for the 16 299 

simulations in Table 1. The bias, RMSE and pattern correlation between ModelE AOD and the 300 

MODIS AOD over the large magenta box are listed in each panel caption and summarized in 301 

Table 2. The retrieval quality in Figure 4b is accounted for in the comparisons through the 302 

masking step in estimating the instrument-equivalent model fields.   303 

 304 

All simulations show a mix of regional positive and negative AOD biases in ModelE, with most 305 

having an overall negative bias over the whole domain and the Arctic islands, and each having a 306 

negative bias over the north Atlantic plume segment. Over the persistent part of the plume 307 

northwest of Hudson’s Bay shown by the small blue box, there are mostly positive biases of 308 

different magnitudes. The strong positive biases for experiments 05_OSVM (Figure 5e) and 309 

13_OSVN (Figure 5m) extend over the Arctic islands and contribute to those experiments having 310 

RMSE (0.48 and 0.52 respectively) well outside of the range (0.32-0.39) of other experiments 311 

(Table 2). As an indication of the magnitude of the smoke plume, experiments where biomass 312 

burning over western North America were removed had AOD biases ranging from -0.37 to -0.32, 313 

and RMSE of 0.54 to 0.57. The pattern correlation ranged from -0.04 to 0.15, compared to 314 

between 0.61 and 0.75 for experiments with smoke emissions. 315 

 316 

Figure 6 shows the difference between the ModelE and MOPITT CO in Figure 4b. Like the 317 

AOD, the model CO has a mix of regional positive and negative biases. The strongest biases are 318 

positive for experiments 5-8 (Figure 6e-h) extending from Hudson’s Bay to northwest 319 

Greenland, and secondarily for experiments 13-16 (Figure 6m-h), which had in common variable 320 

injection heights. For experiments with smoke released through the PBL (Figure 6a-d & m-p), 321 

the biases over the main plume region were generally weaker and negative. Figure 7 shows the 322 

difference between the ModelE and AIRS CO in Figure 4c. The Model has similar but smoother 323 

and weaker biases relative to AIRS CO compared to MOPITT CO. 324 

 325 

Figure 8 shows the time-evolution of the modeled AOD and CO over the main persistent plume 326 

region for each experiment and the satellite retrievals. All ModelE AOD peaks between values of 327 

1.6 and 3.6 one day earlier than the MODIS AOD peak of 2.3 on August 15, capturing to varying 328 



12 

 

degrees a secondary MODIS increase to 1.7 on August 17 and decreasing steadily afterward 329 

(Figure 8a). The exceptions are the 05_OSVM and 13_OSVN experiments which for August 17-330 

24 are a twice as high as MODIS AOD. There was a similar, smaller AOD enhancement for 331 

these experiments August 5-6. The modeled CO also peaks earlier than the MOPITT peak of 254 332 

ppbv (Figure 8b) for configurations with variable injection heights and generally remains flat for 333 

simulations with PBL release. Most configurations overestimate CO during the secondary 334 

MOPITT peak of 193 ppbv on August 21. Comparisons to AIRS were similar (Figure 8c). 335 

Across all experiments, there was no obvious ‘best’ model configuration. 336 

3.3. Contributions of aerosols, emissions, injection height and winds to model-satellite 337 

comparisons  338 

The regression estimates for Model vs. MODIS AOD are shown in Table 3. These quantify the 339 

influence of each factor on the model-satellite agreement metrics in Table 2, and the 2nd order 340 

interactions between each factor; we focus on the regression estimates for the bias. The choice of 341 

aerosols, emissions, and injection height significantly affected model the bias, whereas the 342 

choice of nudging winds did not. The AOD model bias is more negative for MATRIX relative to 343 

OMA (b1=-0.036), which is equal to half the difference between the average AOD bias in Table 344 

2 across all OMA experiments (-0.003) and the average bias across all MATRIX experiments (-345 

0.074). Although the choice of aerosol module had a significant effect on the bias, it did not have 346 

a significant effect on the RMSE. For the emissions, the model AOD bias decreased for GFED 347 

relative to GFAS (b2=-0.054), which represents an increase in magnitude, but decreased the 348 

RMSE marginally. The injection height choice had a slightly greater effect on the bias 349 

(b3=0.056) and RMSE compared to the emissions, with variable injection heights having a higher 350 

bias and RMSE compared to PBL injection. The choice of winds only had a significant effect on 351 

the spatial pattern correlation (b4=-0.037), which was lower for NCEP compared to MERRA2, 352 

and also interacted with injection height (b10=0.011). 353 

 354 

The interaction effect between aerosols and emissions (b5= 0.032) was smaller than the 355 

emissions or injection height main effects, but comparable in magnitude to the main aerosol 356 

module effect. This can be interpreted using the interaction plots in Figure 9, described in detail 357 

in Montgomery (2013). In each panel, significant interactions are present when the slopes of the 358 
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two lines are different. For the aerosol-emissions interaction in the first row and second column, 359 

the model AOD bias is insensitive to the emissions when MATRIX aerosols are used 360 

(Aerosols=M, green dotted line), but for OMA aerosols (Aerosols=O), the AOD bias is 361 

significantly higher for GFAS (Emissions=S) compared to GFED (Emissions=D). These 362 

estimates are strongly influenced by the high bias of experiments 05_OSVM and 13_OSVN 363 

(Table 2) which had OMA aerosols, GFAS emissions, and variable injection heights. There was 364 

also a significant interaction effect between emissions and injection height (b8= -0.018), but as 365 

can be seen in the interaction plot, it was weaker. This contrasts with the interactions between 366 

winds and the other three factors, where the slopes for all interactions are similar.  367 

 368 

The bias between MOPITT and model CO (Table 4) was significantly influenced by injection 369 

height (b3=5.5) and to a lesser degree by winds (b3=-1.3). For the coding of PBL=-1, and 370 

VARIABLE=1, the interpretation is that variable injection heights had a bias of 11.0 (=2*b3) 371 

ppbv higher than for smoke released into the PBL. This quantifies in a more objective sense the 372 

groupings in Table 2 and Figure 6, which showed a group of lower bias (and RMSE) simulations 373 

with PBL release (01-04, 09-12) and higher bias simulations (05-08, 13-16) with variable 374 

injection. There were no significant interactions between the factors, and the main wind effect, 375 

while significant, was relatively small. The bias between AIRS CO and model CO (Table 5) was 376 

also influenced by injection height (b3=4.3), and to lesser degrees by the aerosol scheme 377 

(b1=2.8), emissions (b2=-0.8) and winds (b4=-0.7). There was also a significant but small 378 

interaction between aerosol scheme and injection height (b6=2.6). 379 

3.4. Smoke effects on surface climate 380 

3.4.1. ModelE  381 

The daily maximum solar downward shortwave radiation at surface (SWDS) across ensemble 382 

members with difference between fire and no-fire experiments is shown in Figure 10. This is 383 

over the ~850,000 km2 land area in the blue box in the maps. From July 1 to August 11 there are 384 

two MERRA2 and NCEP groups in the experiments, but otherwise little variation in downward 385 

shortwave at the surface (Figure 10a). There is considerable variation across simulations from 386 

August 12-27 when the plume is present (Figure 8). Figure 10b shows the difference between the 387 

experiments with fire and without fire for each experiment, which isolates smoke effects. During 388 
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the main plume period, there is a wide range of effects of smoke across members. On August 389 

14th, for example, the effects of the smoke ranged from -122 Wm-2 for 11_ODPN to -357 Wm-2 390 

for 14_MSVN.  391 

 392 

The daily maximum planetary boundary layer heights across ensemble members are shown in 393 

Figure 11. There is more variability in PBL height prior to the smoke plume (Figure 11a) 394 

compared to incoming solar radiation, with higher PBLs for the MERRA2-nudged winds than 395 

the NCEP-nudged winds. Decreases in PBL between fire and no-fire experiments (Figure 11b) 396 

ranged from 600m to 1200m on August 14th. The daily maximum surface temperature across 397 

ensemble members is shown in Figure 12. There was a similar MERRA2/NCEP grouping of 398 

experiments prior to the smoke plume arriving on August 12 (Figure 12a), caused by the 399 

differences in the large-scale circulation and transport imposed by the nudging and any 400 

consequent responses from the subgrid parameterizations. The effects of the smoke on surface 401 

temperature (Figure 12b) had a spread comparable to that in the SWDS. On August 14th the 402 

smoke effects on daily maximum surface temperature ranged from -4 oC for experiments 403 

03_ODPM and #11 with OMA aerosols, GFED emissions and PBL injection to -11oC for 404 

14_MSVN with MATRIX aerosols, GFAS emissions and variable injection heights. 405 

Figure 13 shows the change in the vertical temperature profile over the same region and period. 406 

The grouping of experiments with the strongest temperature decreases at the surface in Figure 407 

12b corresponds to the strongest warming in the mid troposphere between 200 and 600 hPa. 408 

These had MATRIX aerosols and variable injection heights and of these, the experiments with 409 

GFAS emissions (06_MSVM, 14_MSVN) had the strongest vertical temperature response.  410 

 411 

Table 6 summarizes average surface climate effects over August 12-27 for each experiment. 412 

Excluding experiments 05_OSVM and 13_OSVN which had outlying AOD bias and RMSE, the 413 

time-averaged smoke effect on SWDS ranged from -53 Wm-2 to -172 Wm-2, on PBL height 414 

ranged from -253 m to -547 m, and on surface temperature from -1.4 oC to -4.9 oC. The variation 415 

in smoke effects on SWDS could explain 95% of the variation in surface temperature effects and 416 

94% in PBL effects. 417 

 418 
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Table 7 shows the regression estimates of the factor effects on SWDS, PBL and surface 419 

temperature changes in Table 6. The effect of smoke on SWDS was most strongly affected by 420 

the choice of aerosol scheme (b1=-28.6), where MATRIX aerosols, on average, reduced the 421 

SWDS by 57.1 Wm-2 (=2*b1) more than OMA. The choice of injection height (b3=-15.5) and 422 

emissions (b2 = 9.3) also had effects, with variable injection heights reduced SWDS by 31 Wm-2 423 

more than PBL release, and GFAS by 18.6 Wm-2 less than GFED. The choice of nudging winds 424 

did not have a significant effect on its own but did interact with the choice of injection height, 425 

although the effect (b10=-4.5) was small compared to the main effects. The effect of smoke on 426 

the PBL height was also most strongly affected by the choice of aerosols (b1=-70.6), and next by 427 

the injection height (b3=-47.8) and emissions (b2=22.4). Similarly, the effect of smoke on the 428 

surface temperature was most strongly affected by the choice of aerosols (b1=-0.75), and next by 429 

the injection height (b3=-0.6) and emissions (b2=-0.309). In summary, SWDS, PBL height and 430 

surface temperature were affected by, in decreasing order, the choice of aerosol scheme, the 431 

injection height approach, and the emissions, and were strongest for MATRIX aerosols, GFAS 432 

emissions and variable injection heights.   433 

3.4.2. GFS forecasts and temperature observations 434 

The daily maximum surface temperature for 10 surface weather stations and 24-hour GFS 435 

forecasts are shown in Figure 14. During the mid-August smoke plume period shown by the grey 436 

shading, the forecasts over Bathurst Inlet, Baker Lake, Arviat, Whale Cove Airport, Rankin Inlet, 437 

Chesterfield Inlet and perhaps Wager Bay appear to show a warm forecast bias outside of the 438 

background forecast discrepancies. The discrepancies must be accounted for in any quantitative 439 

estimate of smoke effects and are estimated during the July 1 to August 11 pre-plume period. 440 

These are summarized in Table 8, along with the bias during the plume period. The effect of the 441 

smoke is estimated as the difference between the two periods. Averaged over August 12-27, the 442 

smoke effect ranges from -2.0 oC at Coral Harbour on Southampton Island to -5.8 oC at Whale 443 

Cove Airport. The estimated smoke effects are mapped in Figure 15. 444 

 445 

Figure 16 shows the daily GFS-estimated bias in forecast temperature and the ModelE fire – no-446 

fire difference across 14 ‘permissible’ experiments (all but 05_OSVM and 13_OSVN) for July 447 

and August 2017. Pre-plume, the GFS forecast had an average bias of -1.5 oC in daily maximum 448 
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temperature relative to the weather station temperatures interpolated to the GFS grid. The bias 449 

was 2.2 oC over August 12-27 (and significant according to a t-test), with forecasts being too 450 

warm because they do not account for the smoke and its surface cooling effects. This suggests an 451 

average GFS-estimated smoke effect of -3.7 oC, which reached a minimum of -6.4 oC on August 452 

15. The average ModelE fire – no-fire temperature difference averaged over the permissible 453 

ensemble subset is shown by the magenta line. Over August 12-27, the average temperature 454 

effect over this subset was -3.0 oC, which reached a minimum of -6.8 oC on August 14. The 455 

ModelE temperature decrease leads that estimated from GFS by a day, which is consistent with 456 

the earlier peak in modeled AOD across most ensemble members compared to MODIS (Figure 457 

8a).  458 

 459 

Figure 17 shows the temperature anomalies for CrIMSS and radiosonde profiles at Baker Lake, 460 

listed station #3 in Table 8, which has some missing data in mid-July. For both datasets, the July-461 

August 2017 average profile has been subtracted from the daily CrIMSS profiles and the 12-462 

hourly sonde profiles. There is a unique positive tropospheric temperature anomaly in the 463 

CrIMSS profile from August 12-17 and more weakly from August 24-27 with corresponding 464 

negative temperature anomalies at the tropopause (Figure 17a). Part of this feature is driven by 465 

the background meteorology (i.e. a heat dome), but the overall pattern is consistent with the 466 

vertical temperature changes in ModelE (Figure 13) that are due only to smoke effects. The same 467 

features appear in the Baker Lake radiosonde profile (Figure 17b), but more clearly than the 468 

CrIMSS profiles which have limited vertical resolution, particularly an issue for resolving the 469 

temperature structure in the lower troposphere and boundary layer. The negative anomaly from 470 

the surface to 900 hPa in the sonde profile is consistent with the estimated 2m surface cooling 471 

estimated at Baker Lake (Table 8) and appears only weakly in the CrIMSS profile owing to its 472 

limited sensitivity near the surface. Overall, with ModelE and observed surface temperature data 473 

suggesting cooling at the surface, and the model, radiosonde and satellite soundings suggesting 474 

warming in the free troposphere, there is a resultant increase in tropospheric stability, which, 475 

superposed on an existing heat dome, would inhibit tropospheric overturning and convective 476 

processes (and precipitation).   477 
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4. Discussion  478 

The agreement between ModelE simulations of the smoke plume and satellite data were 479 

dependent on which configuration of the model was used, as were the estimated effects of smoke 480 

on surface climate. The use of prescribed, variable injection heights increased the model AOD 481 

relative to MODIS. This was also the case for model CO relative to MOPITT and AIRS because 482 

of longer smoke lifetimes in the free troposphere compared to releasing smoke through the 483 

boundary layer, although this could be sensitive to our comparison over the mid-free troposphere 484 

where the MOPITT and AIRS have the most sensitivity.  485 

 486 

MATRIX aerosols led to lower AOD, as did GFED emissions, but there was a significant 487 

interaction effect between the choice of aerosols and emissions. When MATRIX is used, GFAS 488 

and GFED had comparable biases. When OMA is used, GFAS had higher positive biases than 489 

GFED, driven by the two outlying experiments (05_OSVM and 13_OSVN) with variable 490 

injection heights. Modeled CO was insensitive to the choice of emissions because GFAS and 491 

GFED CO were so similar for this case (Figure 3a). Compared to MERRA2, nudging with 492 

NCEP winds decreased CO relative to MOPITT and AIRS, but overall, the impact of the choice 493 

of winds was small compared to the other three factors. Evaluation against the satellite data was 494 

more useful in identifying simulations with lower agreement, particularly 05_OSVM and 495 

13_OSVN (OMA aerosols, GFAS emissions and variable injection heights) than in identifying a 496 

single ‘best’ model configuration.  497 

4.1. Explaining the large positive AOD bias for outlier simulations and large surface 498 

effects for MATRIX 499 

To explain the large difference in AOD in 05_OSVM and 13_OSVN compared to all other 500 

experiments, we looked at the difference in chemical composition in the smoke plume in 501 

experiments 01_OSPM, 02_MSPM, 05_OSVM and 06_MSVM, using the average August 2017 502 

speciated AOD available as model output. In the OMA model, when GFAS emissions are 503 

emitted through the PBL, the AOD plume in 01_OSPM is attributed to 67% organic aerosol, 504 

16% ammonium-nitrate, 8% sulfate and 7% black carbon, and the remaining 2% are attributed to 505 

dust and sea salt. In the variable injection height experiment (05_OSVM) that is otherwise 506 

configured the same, the overall AOD increases, and so do all individual chemical components, 507 
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but in addition the relative contribution by chemical species changes as well. Most strikingly, 508 

ammonium-nitrate contributions increase to 26%, while the other three components' relative 509 

contribution decrease, to 59% organic aerosol, 6% sulfate and 6% black carbon.  510 

 511 

Overall, this behavior is not surprising considering that higher altitude emissions lead to longer 512 

lifetimes of aerosol species and their gaseous precursors, as dry and wet removal processes are 513 

less effective if particles are higher above the surface and above clouds. In addition to removal, 514 

aerosol chemical production of secondary aerosol is impacted as well. In experiment 05_OSVM 515 

ammonium nitrate is especially sensitive to emission height and higher NOx emission, a 516 

precursor for nitrate aerosol, from the GFAS inventory and strongly impacts nitrate formation. 517 

 518 

In contrast to the OMA model, the MATRIX model shows less sensitivity to differences in 519 

emissions and injection height. In 02_MSPM, AOD is attributed to 81% organic aerosol, 11% 520 

sulfate, 4% ammonium-nitrate and 3% black carbon. In experiment 06_MSVM the overall AOD 521 

increases as well, but the individual breakdown in components changes much less compared to 522 

OMA. The ammonium-nitrates contribution increases to 8%, and organic aerosols are reduced to 523 

78%. Thus there is an overall much-reduced response in nitrate AOD as well as overall 524 

contribution to AOD. 525 

 526 

MATRIX and OMA differ greatly from each other, and details about the schemes as well as 527 

performance are discussed in Bauer et al. (2020). But relevant mechanisms behind the different 528 

behaviors could be rooted in the fact that overall sulfate loads in MATRIX are higher compared 529 

to OMA, which leads to less nitrate production rates in MATRIX, due to less availability of 530 

ammonia. Another important difference between the models is that OMA considers primary as 531 

well as secondary production of organic aerosols, and as such aerosol production might be more 532 

sensitive to emission height due to the temperature dependence of the vapor pressure of the semi-533 

volatile SOA gaseous precursors. In MATRIX all organic aerosol is treated as primary, including 534 

SOA (Section 2.1). MATRIX is a microphysical aerosol model in which the optical properties of 535 

aerosols depend on the simulated aerosol sizes and mixing states, while OMA's AOD calculation 536 

only depends on the simulated masses of the aerosol species and hydration.  537 

 538 
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In addition to OMA and variable injection heights, the anomalously high AOD for experiments 539 

05_OSVM and 13_OSVN was also because of higher NOx emissions for GFAS. The higher NOx 540 

emissions for GFAS than GFED compared to other constituents, in turn, are mainly because of 541 

the different emissions factors used in each. For boreal forests, the NOx emissions factor is 3.4 542 

g/kg for GFAS (Kaiser et al., 2012) and 0.9 g/kg for GFED (Van Der Werf et al., 2017), 543 

compared to CO emissions factors of 106 g/kg for GFAS and 127 g/kg for GFED. Inspection of 544 

the CO and NOx emission on August 14 southeast of Great Slave Lake (not shown) suggests 545 

contributions from peat burning in GFAS that are absent in GFED, which would further increase 546 

the difference between GFAS and GFED NOx emissions and offset the lower CO emissions 547 

factor for GFAS compared to GFED. 548 

 549 

The two outlying 05_OSVM and 13_OSVN experiments did not have anomalous surface climate 550 

effects despite their higher AOD. In terms of surface effects, the more apparent grouping of 551 

experiments all had MATRIX aerosols and variable injection heights, despite not having 552 

anomalously high AOD. We attribute this to indirect effects. Figure 18 shows the daily effects of 553 

smoke on maximum cloud optical depth over the small plume region. The experiments 554 

06_MSVM, 08_MDVM, 14_MSVN, 16_MDVN with the greatest fire-no fire difference in cloud 555 

optical depth (Figure 17b) correspond to those with the greatest decrease in SWDS (Figure 10b) 556 

and surface temperature (Figure 12b). This suggests a stronger first indirect effect for MATRIX 557 

compared to OMA when higher injection heights contributed to longer aerosol lifetimes, greater 558 

aging, increase in the number of CCN, and a stronger first indirect effect. 559 

4.2. ModelE biases in atmospheric composition compared to other studies 560 

We found a mix of positive and negative biases spatially and temporally compared to satellite 561 

AOD and CO that depended on the ModelE configuration. This contrasts with other studies at 562 

mid and high latitudes, where smoke-related model biases are mostly low, sometimes high, but 563 

typically biased in the same direction, and which tend to focus on a narrower set of model 564 

configurations. For the same 2017 event, Wizenberg et al. (in press) found a strong dependence 565 

on modeled CO to both injection height and the observations used for comparison. Their default 566 

injection closer to the surface led to a strong low bias downwind compared to satellite and 567 

ground-based retrievals, whereas an injection height of 5km for the NWT fires led to the best 568 
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agreement with IASI column CO over Ellesmere Island, and a 10km injection height led to the 569 

best agreement with ground-based column CO retrievals, noting that the 10km injection height 570 

was possibly compensating for transport errors.   571 

 572 

The best-studied event is the 2010 smoke episode over Russia. Huijnen et al.’s (2012) 573 

experiment with an earlier version of GFAS and without assimilation of trace gas retrievals had 574 

an overall high negative bias in column CO compared to MOPITT over 3 weeks, particularly 575 

over the source region. These were attributed to missing emissions and other model deficiencies. 576 

AOD for this experiment agreed well with retrieved AERONET values at Moscow after scaling 577 

up direct aerosol emissions by a factor of three. Using a different chemical transport model but 578 

the same GFAS emissions as Huijnen et al. (2012) and FRP-driven injection heights, simulated 579 

AOD over eastern Europe was biased low relative to MODIS AOD and AERONET AOD at 580 

Moscow (Pere et al., 2015), but qualitatively high compared to POLDER AOD (Pere et al., 581 

2014), with discrepancies attributed to transport errors. Toll et al. (2015) found underestimated 582 

model AOD relative to MODIS downwind of the source region for a single time step using a 583 

different model with prognostic injection heights. This was attributed to lack of SOA formation 584 

and hygroscopic growth, and overestimated wet deposition, despite possibly overestimated 585 

aerosol emissions but which was improved most straightforwardly by changing the allowable 586 

aerosol size distribution, and with effects either way from prognostic injection heights. Across 587 

multiple models, underestimated AOD over 3 weeks relative to MODIS was attributed to too-588 

low injection heights (Palacios-Peña  et al., 2018). In a follow up study with one of the models 589 

(Palacios-Peña  et al., 2020), AOD increased or decreased relative to a base case for sensitivity 590 

tests to microphysical dependence on relative humidity, dry deposition, wet scavenging and 591 

subgrid convective aerosol transport, and often with near-source changes of one sign offset by 592 

opposite changes downwind.   593 

 594 

In other cases, differences in modeled AOD have also been attributed to a similarly wide range 595 

of model components. Hodzic et al. (2007) compared 5 days of simulated to MODIS AOD over 596 

Europe in during the August 2003 heat wave, finding improvements with varying smoke 597 

injection height and hourly emissions in simulations of large fire events when evaluated against 598 

surface and satellite retrievals. Studying smoke plumes from the large 2008 California fires, 599 
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Mallet et al. (2017) found good pattern agreement over 6 days but underestimated AOD relative 600 

to MODIS and OMI despite scaling up organic carbon emissions by a factor of two to account 601 

for the absence of SOA formation. We note that emissions were released only in the lowest layer 602 

of their model, which could have also contributed to the underestimated AOD, similar to the 603 

lower AOD for emissions released through the PBL in our experiments. Surface release of 604 

smoke emissions could have also contributed to underestimated surface PM2.5 and AOD in 605 

simulations of a 1-week smoke period in 2007 over Idaho (Jiang et al., 2012). Lu and Sokolik 606 

(2013) simulated a large 3-day smoke plume over northern Canada with a high resolution, 607 

plume-rise enabled chemical transport model, and found considerable low AOD biases compared 608 

to MODIS and OMI without increasing their bottom-up emissions estimates, suspected to be too 609 

low because of underestimated burned area. Yu et al. (2016) attributed underestimated AOD near 610 

the source in their model relative to MODIS during the 2013 Rim fire to underestimated 611 

emissions and coarse model resolution. In their study of a short-lived 2010 smoke plume also 612 

over northern Canada, Walter et al. (2016) found the best hourly AOD agreement with a 613 

downwind AERONET site for GFAS-driven simulations with a variable injection height model, 614 

but which had a slight high bias.  615 

 616 

Over the central US and southern Mexico, lower AOD during the spring of 2009 compared to 617 

two different MODIS-assimilated products was attributed to underestimated emissions for 618 

simulations that used the GFED3 and GFED4 products, while a simulation with QFED generated 619 

high biases in surface concentrations compared to IMPROVE network, but were diluted in the 620 

AOD, likely due to discrepancies in the smoke’s injection height (Liu et al., 2018). Pan et al. 621 

(2020) found comparable performance between GEOS simulations with GFAS and GFED4s 622 

emissions. The AOD of both were biased slightly high overall compared to MISR over boreal 623 

North America in September 2008 and compared to an AERONET site south of Great Slave 624 

Lake throughout the year, opposite the more coherent and stronger low biases seen at lower 625 

latitudes, and despite smoke being released within the boundary layer and without SOA 626 

formation in the host model and possible uncertainty in calculating its AOD.  For the full 2012 627 

and 2014 fire seasons over North America, Carter et al. (2020) found that GEOS-Chem AOD 628 

was biased low compared to Aqua MODIS AOD over North America, but that GFAS and GFED 629 

performed better compared to two other emissions inventories, with the possibility for one 630 



22 

 

because emissions had been increased to compensate for biases in the aerosol module of its host 631 

model, and that for all simulations, too-low injection heights were also a possible contributor to 632 

low AOD.  633 

 634 

In previous studies, sensitivity tests were mostly done in a one-at-a-time sense by identifying 635 

departures from a base case, or, in the case of emissions, scaling them upward to achieve better 636 

agreement with observations. Using our experimental design, we compared the relative 637 

importance of different model components, finding that between AOD and CO, the choice of 638 

injection height scheme had the greatest effect on the model’s agreement with satellite retrievals 639 

over the large domain. For AOD, the choice of aerosol scheme and emissions was important, as 640 

were their interaction with injection height scheme. In a model-development sense, for example, 641 

incorporating the variable injection heights with the GFAS emissions and OMA aerosols would 642 

suggest a significant degradation in model performance. This would not necessarily be the case 643 

with either GFED emissions or MATRIX aerosols, however, and that the more likely cause is 644 

high NOx emissions in that region for the GFAS estimate, which trace back in large part to the 645 

emissions factors in Andreae and Merlet (2001). 646 

4.3. Surface effects compared to other events 647 

Surface climate over the main plume region was affected most by the choice of aerosol scheme, 648 

with more significant effects for MATRIX compared to OMA, and to lesser degrees by using 649 

variable injection heights and GFAS emissions. Across the permissible experiments for August 650 

12-27, the smoke decreased daily maximum incoming solar radiation by between 52 Wm-2 and 651 

172 Wm-2, decreased the boundary layer height by between 253 m and 547 m, and decreased the 652 

surface temperature by between 1.5 oC and 4.9 oC. Our independent estimate of the surface 653 

temperature change from discrepancies between the GFS forecast and surface observations was a 654 

3.7 oC cooling, falling near the middle of the ModelE experiments. 655 

 656 

Our estimates of surface climate impacts of the smoke were in line with previous studies, to the 657 

extent that they can be compared when over different-sized areas, different periods of time, and 658 

using models and observations in different ways. Reductions in shortwave radiation reaching the 659 

surface have been estimated in temperate and boreal regions and are comparable in magnitude to 660 
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those in our simulations, frequently of the magnitude of ~100 W m-2 but ranging from roughly 661 

60 to 600 W m-2. Smoke from wildfires in Russia in 2010 led to reductions SW radiation of 60 to 662 

150 W m-2 (Chubarova et al., 2012; Pere et al., 2014; Forkel et al., 2015; Kong et al., 2015; 663 

Gleeson et al., 2016; Baro et al., 2017). Different North American fires led to estimated 664 

reductions of  ~80 W m-2 (Fu et al., 2018), >100 W m-2 over California in September 2020 665 

(Huang et al., 2023), ~110 W m-2 in 2007 over Idaho and Montana (Jiang et al., 2012), nearly 666 

600 W m-2 over California in 2015 (Kochanski et al., 2019), ~125 W m-2 over CONUS (Juliano 667 

et al., 2022), 400 W m-2 over Colorado in 2010 (Stone et al., 2011), ~400 W m-2 over southern 668 

British Columbia (Mckendry et al., 2019), and 300 W m-2 over central boreal Canada (Walter et 669 

al., 2016).  Dimming has also been documented for fires in Australia with reductions of up to 670 

500 W m-2 (Mitchell et al., 2006), and in Siberia and China, with reductions of ~60 to 80 W m-2 671 

(Fu et al., 2018). Estimates of the dependency of surface radiation on AOD range from roughly 672 

20 to 30 W m-2 per unit change in AOD (Fu et al., 2018; Santos et al., 2008) and as high as 120 673 

to 140 W m-2 per unit change in AOD over three hours in the early afternoon (Yu et al., 2016). 674 

These estimates depend on the model, cloud cover, and the thickness, extent and duration of the 675 

smoke. Our similarly wide range of 52 Wm-2 and 172 Wm-2 SWDS decreases for a single 16-day 676 

period using a single model with different configurations suggests possibly underestimated 677 

uncertainty in the radiative effects of smoke from other studies. 678 

 679 

The connection between radiation absorption and scattering by smoke and cooler daytime 680 

surface temperatures was first inferred by Wexler (1950) from departures between the observed 681 

temperatures and those from pre-numerical weather forecasts, when smoke from a fire in 682 

northwestern Canada that arrived over the US was associated with ~5°C lower surface 683 

temperatures over a four-day period in Washington DC. Robock (1991) estimated temperature 684 

reductions ranging from 1.5°C to 7°C over parts of the U.S. following four different fire events 685 

with smoke plumes ranging in coverage from nearly all of Alaska or large swathes of temperate 686 

U.S., with durations of one to three days. Westphal and Toon (1991) estimated cooling of up to 687 

5°C under smoke near Lake Winnipeg for half a day associated with the 1982 Eg Fire in British 688 

Columbia after scaling up their bottom-up aerosol emissions by a factor of three. Subsequent 689 

studies generally found that different fire events led to cooling of up to ~1°C to 6°C, including 690 

some that found weekly mean cooling of >1°C at either relatively local scales (Huang et al., 691 
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2023; Mitchell et al., 2006; Stone et al., 2011) or regional scales of hundreds of thousands to 692 

millions of km2 (Jiang et al., 2012; Chang et al., 2021), seasonal cooling over western Russia of 693 

0.4°C (Forkel et al., 2015) during the 2010 Russia fires, and up to a 4.4°C purported cooling over 694 

southeastern Australia during a six-month period (Chang et al., 2021) after the 2019/2020 695 

bushfire ‘super outbreak’ (Peterson et al., 2021). 696 

 697 

Toll et al.’s (2015) estimates during the Russia 2010 of aerosol effects for six days over a ~1 000 698 

000 km2 area episode provides a good case for comparison. In two experiments with AOD 699 

enhancements from the fires prescribed from observations and calculated prognostically from 700 

emissions, the bias in 2m temperature was -0.43 oC and -1.1 oC, respectively, relative to a control 701 

experiment with background aerosols only. Including the full hourly temperature over our 702 

850,000 km2 area over the six-day August 12-17 period, we estimated cooling between -1.7 oC 703 

and -5.3 oC across ModelE members. This reinforces how strong the cooling was for the 2017 704 

plume, but also that the range of estimates can be highly sensitive to the model configuration, 705 

with the strongest cooling for the four experiments having variable injection heights and 706 

MATRIX aerosols because of a stronger indirect effect. 707 

 708 

Warming aloft from absorbing aerosols in the smoke layer was seen in previous studies for 709 

single model time steps, for example in Grell et al.’s (2011) cross-sectional warming of up to 0.8 710 
oC over Alaska for fires in 2004, Kochanski et al.’s (2019) warming of up to 0.5 oC over a single 711 

location in California in 2015, and Walter et al.’s (2016) warming of up to 1oC at Ft. Smith, 712 

NWT in 2010. Our ModelE estimates over a 16-day period also showed this response (Figure 713 

13), but with a magnitude ranging from 0.2 oC to 1.5 oC, peaking at different heights, and 714 

strongest for the simulations with MATRIX aerosols and variable injection heights. Warming of 715 

the smoke atmospheric layer and cooling at the surface can suppress the development of the 716 

PBL, leading to a shallower PBL than in the absence of smoke. In studies where PBL height 717 

reductions were examined, they ranged fairly widely, from a 200-400m reduction over western 718 

Russia averaged over 21 days (Kong et al., 2015; Baro et al., 2017) and 400 m over the Trinity 719 

River Valley in California over one day (Kochanski et al., 2019), through changes of >500 m for 720 

one to a few days over western Russia and Salem, Oregon (Huang et al., 2023; Toll et al., 2015) 721 

and of up to 1100 m for a single location in Montana over one hour (Jiang et al., 2012). In our 722 
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studies, the estimated reduction in PBL height averaged over 16 days was strongly configuration 723 

dependent, ranging from 253m to 547m.   724 

 725 

Model and observational studies have identified additional effects of wildfire smoke on 726 

precipitation (Grell et al., 2011; Forkel et al., 2015; Kong et al., 2015; Semoutnikova et al., 2018; 727 

Huang et al., 2023). We found only small effects on precipitation (not shown), likely because of 728 

nudged winds which dampen local dynamical or precipitation responses, and possibly because of 729 

ModelE's coarse-resolution convective parameterization, synoptic conditions not favorable to 730 

precipitation in the first place, and, perhaps in this case, greater tropospheric stability caused by 731 

the smoke-induced warming aloft, suggested to have occurred by Hodzic et al. (2007) for their 732 

high resolution simulations of the fires over western Europe during the 2003 heat wave. 733 

Similarly, though ModelE’s vertical temperature structure was affected by the smoke, nudging 734 

precluded any strong response in horizontal winds seen in free-running, higher-resolution 735 

simulations (Kochanski et al., 2019; Mitchell et al., 2006; Pere et al., 2014), straightforward 736 

diagnosis of surface pollution enhancements from PBL suppression (Pere et al., 2014; Kong et 737 

al., 2015) or of positive feedbacks from smoke enhancing fire-conducive conditions such as 738 

those near the west coast of the US during the 2020 fire season (Huang et al., 2023). 739 

5. Conclusions  740 

Across our small set of ModelE experiments, we captured the basic pattern of a re-circulating 741 

smoke plume over northern Canada for August 12-27 observed in satellite retrievals of AOD and 742 

CO. Over our large domain, the ModelE AOD bias relative to MODIS ranged from -0.15 to 0.19. 743 

The CO bias over the mid troposphere ranged from 4 ppbv to 20 ppbv relative to MOPITT and 744 

from 0 ppbv to 14 ppbv relative to AIRS. We found unanticipated interactions between the 745 

choice of aerosol scheme, injection height approach and prescribed smoke emissions, namely 746 

that a plausible configuration of the model resulted in anomalously high AOD through a 747 

combination of high NOx emissions in GFAS for boreal fuels, higher-altitude smoke injection 748 

and the simplified OMA aerosol scheme. Moving beyond one-at-a-time sensitivity tests to a 749 

structured experimental design was helpful in identifying this interaction. It was easier across our 750 

experiments to identify these two outlying cases than to identify a ‘best’ model configuration or 751 

group of model configurations, or to narrow the range of surface climate effects based on model 752 
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performance. The two outlying simulations did not have outlying climate effects. The more 753 

apparent experiments with pronounced climate effects used the MATRIX microphysical aerosol 754 

scheme and variable injection heights which led to stronger first indirect effects. Across all 755 

experiments with different aerosol schemes, smoke emissions, injection heights and horizontal 756 

winds, our estimates of smoke effects on PBL height ranged by a factor of two (-253 m to -547 757 

m), and by a factor of three for short-wave downward solar radiation (-52 Wm-2 to -172 Wm-2) 758 

and surface temperature (-1.5 oC to -4.9 oC), the latter spanning our independent estimate (-3.7 759 
oC) from the operational GFS forecast model.  760 

 761 

Using more observational constraints, particularly of plume heights and in-situ measurements of 762 

aerosol concentrations at the surface, will be helpful to more thoroughly compare model 763 

configurations as we implement prognostic injection height parameterizations, incorporate new 764 

emissions estimates such as those based on fire detections from VIIRS (Wiedinmyer et al., 765 

submitted; Ferrada et al., 2022) and geostationary instruments (Li et al., 2022; Nguyen et al., 766 

2023) which have previously improved modeled smoke (Hodzic et al., 2007), and ahead of 767 

larger-scale and longer term estimates of climate effects and feedbacks with prognostic fire 768 

models (Mezuman et al., 2020). For these cases, the number of structural options will increase, 769 

and the experiments will also involve parametric changes. In this case, full factorial design 770 

would become more challenging and a fractional factorial design more realistic. 771 
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Tables 1144 
Table 1. List of ModelE simulations and the aerosol module, emissions from biomass burning, injection height scheme, 1145 
and horizontal winds used for nudging for each. The four-letter AEIW code at the end of each experiment indicates the 1146 
factor levels (Aerosols: (O)MA or (M)ATRIX; Emissions: GFA(S) or GFE(D); Injection height: (P)BL or (V)ARIABLE; 1147 
Winds: (M)ERRA2 or (N)CEP). 1148 

Simulation 

name 

(NN_AEIW) 

Aerosols 

(A) 

Emissions from 

biomass burning 

(E) 

Injection 

height  

(I) 

Nudging 

winds 

(W) 

01_OSPM OMA GFAS PBL MERRA2 

02_MSPM MATRIX GFAS PBL MERRA2 

03_ODPM OMA GFED PBL MERRA2 

04_MDPM MATRIX GFED PBL MERRA2 

05_OSVM OMA GFAS VARIABLE MERRA2 

06_MSVM MATRIX GFAS VARIABLE MERRA2 

07_ODVM OMA GFED VARIABLE MERRA2 

08_MDVM MATRIX GFED VARIABLE MERRA2 

09_OSPN OMA GFAS PBL NCEP 

10_MSPN MATRIX GFAS PBL NCEP 

11_ODPN OMA GFED PBL NCEP 

12_MDPN MATRIX GFED PBL NCEP 

13_OSVN OMA GFAS VARIABLE NCEP 

14_MSVN MATRIX GFAS VARIABLE NCEP 

15_ODVN OMA GFED VARIABLE NCEP 

16_MDVN MATRIX GFED VARIABLE NCEP 
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Table 2. Mean AOD and CO for the 16 ModelE simulations in Table 1 and bias, root-mean square error (RMSE) and pattern correlation (corr) relative to MODIS 1150 
AOD, MOPITT CO, and AIRS CO. Statistics are during August 12-27, 2017 over the large analysis domain (50oN to 85oN, 140oW to 90oW). 1151 

   

 Relative to MODIS 

AOD   

 Relative to MOPITT 

CO   

 

Relative to AIRS CO   

NAME  

ModelE 

Mean Bias RMSE corr  

ModelE 

Mean 

(ppbv) Bias RMSE corr  

ModelE 

Mean 

(ppbv) Bias RMSE corr  

01_OSPM  0.43 0.00 0.32 0.75  127.6 5.8 18.1 0.76  118.2 1.9 10.8 0.87  

02_MSPM  0.34 -0.09 0.34 0.71  127.6 6.8 17.3 0.78  120.3 4.1 11.1 0.88  

03_ODPM  0.32 -0.11 0.32 0.71  127.5 5.6 20.5 0.69  117.8 1.6 11.0 0.85  

04_MDPM  0.31 -0.12 0.34 0.69  127.4 6.3 18.9 0.71  119.7 3.4 11.2 0.85  

05_OSVM  0.60 0.17 0.48 0.69  141.0 20.1 40.5 0.66  127.7 11.5 15.6 0.92  

06_MSVM  0.43 0.00 0.37 0.70  136.2 15.9 29.6 0.67  130.4 14.1 19.0 0.89  

07_ODVM  0.39 -0.04 0.33 0.68  138.9 18.0 38.2 0.67  124.4 8.1 12.0 0.91  

08_MDVM  0.37 -0.06 0.35 0.69  138.1 17.9 31.2 0.68  130.5 14.2 19.3 0.89  

09_OSPN  0.40 -0.03 0.34 0.67  125.4 4.0 19.4 0.70  117.7 1.4 13.9 0.80  

10_MSPN  0.31 -0.12 0.38 0.58  127.4 6.4 19.2 0.71  120.9 4.6 13.4 0.85  

11_ODPN  0.28 -0.15 0.36 0.65  123.5 2.2 20.1 0.65  115.8 -0.4 14.0 0.78  

12_MDPN  0.28 -0.15 0.38 0.57  125.9 4.9 19.3 0.68  119.1 2.8 12.7 0.85  

13_OSVN  0.62 0.19 0.52 0.67  137.9 16.4 28.0 0.76  125.2 9.0 13.5 0.91  

14_MSVN  0.42 -0.01 0.39 0.64  134.4 13.7 26.4 0.68  129.4 13.2 18.4 0.87  

15_ODVN  0.37 -0.06 0.34 0.63  133.5 12.2 24.6 0.73  121.1 4.8 9.9 0.90  

16_MDVN   0.37 -0.06 0.38 0.61  137.2 16.2 31.6 0.65  128.9 12.7 17.7 0.89  
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Table 3. Regression estimates for ModelE bias, root-mean squared error (RMSE) and pattern correlation during August 12-27, 2017 over the large analysis domain 1153 
(50oN to 85oN, 140oW to 90oW) compared to MODIS AOD for aerosols (A), emissions (E), injection height (I) and nudging winds (W) and second-order interactions 1154 
between them. Estimates where p < .05 have been bolded for clarity. The main or interaction effects are the twice the bi coefficient values.  1155 

  Bias   RMSE   Pattern correlation 

 Estimate p  Estimate p  Estimate p 

b0 -0.039 0.001  0.373 0.000  0.665 0.000 

b1 (A) -0.036 0.002  -0.005 0.589  -0.016 0.002 

b2 (E) -0.054 0.000  -0.021 0.062  -0.009 0.015 

b3 (I) 0.056 0.000  0.023 0.047  -0.001 0.728 

b4 (W) -0.008 0.212  0.015 0.153  -0.037 0.000 

b5 (AE) 0.032 0.003  0.019 0.091  0.002 0.381 

b6 (AI) -0.012 0.087  -0.018 0.106  0.012 0.006 

b7 (AW) 0.000 0.972  0.002 0.843  -0.009 0.014 

b8 (EI) -0.018 0.028  -0.023 0.047  0.000 0.891 

b9 (EW) -0.002 0.699  0.000 0.974  -0.002 0.522 

b10 (IW) 0.007 0.281   -0.003 0.780   0.011 0.007 
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Table 4. Same as Table 3, but for MOPITT CO. 1157 

  Bias   RMSE   corr 

 Estimate p  Estimate p  Estimate p 

b0 10.8 0.000  25.2 0.000  0.699 0.000 

b1 (A) 0.2 0.503  -1.0 0.257  -0.002 0.768 

b2 (E) -0.4 0.321  0.4 0.642  -0.017 0.046 

b3 (I) 5.5 0.000  6.1 0.001  -0.011 0.128 

b4 (W) -1.3 0.013  -1.6 0.090  -0.005 0.493 

b5 (AE) 0.7 0.100  0.7 0.409  0.001 0.828 

b6 (AI) -0.6 0.131  -0.6 0.492  -0.014 0.074 

b7 (AW) 0.6 0.150  1.5 0.101  -0.011 0.128 

b8 (EI) 0.1 0.712  -0.2 0.781  0.010 0.165 

b9 (EW) -0.3 0.460  0.0 0.952  -0.001 0.879 

b10 (IW) -0.4 0.277   -2.0 0.047   0.021 0.020 

1158 



43 

 

Table 5. Same as Table 3, but for AIRS CO. 1159 

  Bias   RMSE   corr 

 Estimate p  Estimate p  Estimate p 

b0 6.7 0.000  14.0 0.000  0.869 0.000 

b1 (A) 2.0 0.000  1.4 0.003  0.002 0.481 

b2 (E) -0.8 0.013  -0.5 0.105  -0.003 0.322 

b3 (I) 4.3 0.000  1.7 0.001  0.028 0.000 

b4 (W) -0.7 0.023  0.2 0.422  -0.013 0.008 

b5 (AE) 0.4 0.094  0.4 0.200  0.004 0.301 

b6 (AI) 0.7 0.026  1.6 0.002  -0.014 0.006 

b7 (AW) 0.4 0.145  0.0 0.921  0.008 0.054 

b8 (EI) -0.2 0.371  -0.4 0.134  0.004 0.210 

b9 (EW) -0.3 0.277  -0.1 0.644  0.003 0.363 

b10 (IW) -0.4 0.141   -1.0 0.010   0.009 0.032 
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Table 6. Average surface climate effects of smoke over the small region during August 12-27, 2017 for the 16 ModelE 1161 
simulations in Table 1. Each average is the difference between the fire and its corresponding no-fire experiment. 1162 
Experiments with a * were in poor agreement with MODIS AOD. 1163 

NAME 

Change in shortwave 

downward radiation at 

surface  

(Wm-2) 

Change in 

PBL 

Height 

(m) 

 

Change in surface 

temperature (oC) 

01_OSPM -82 -314  -2.2 

02_MSPM -134 -453  -3.4 

03_ODPM -63 -253  -1.7 

04_MDPM -122 -417  -3.0 

05_OSVM (*) -102 -415  -3.1 

06_MSVM -161 -504  -4.7 

07_ODVM -87 -333  -2.3 

08_MDVM -140 -507  -4.1 

09_OSPN -78 -327  -2.0 

10_MSPN -127 -453  -3.2 

11_ODPN -53 -261  -1.4 

12_MDPN -114 -436  -2.8 

13_OSVN (*) -117 -466  -3.4 

14_MSVN -172 -545  -4.9 

15_ODVN -87 -363  -2.3 

16_MDVN -156 -547  -4.4 
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Table 7. Regression estimates for ModelE surface climate effects in Table 6 over August 12-27 for aerosols (A), emissions (E), injection height (I) and nudging winds (W). 1165 
Estimates where p < 0.05 have been bolded for clarity. 1166 

  ΔSWDS   ΔPBL   ΔT 

 Estimate p  Estimate p  Estimate p 

b0 -112.3 0.000  -412.0 0.000  -3.062 0.000 

b1 (A) -28.6 0.000  -70.6 0.000  -0.750 0.000 

b2 (E) 9.3 0.000  22.4 0.002  0.309 0.000 

b3 (I) -15.5 0.000  -47.8 0.000  -0.600 0.000 

b4 (W) -0.8 0.447  -12.7 0.017  0.010 0.632 

b5 (AE) -1.7 0.138  -16.4 0.006  -0.051 0.054 

b6 (AI) -0.8 0.466  4.7 0.250  -0.129 0.002 

b7 (AW) -0.8 0.449  0.0 0.990  -0.024 0.300 

b8 (EI) 0.8 0.431  0.1 0.974  0.078 0.013 

b9 (EW) 1.2 0.288  0.6 0.883  0.025 0.282 

b10 (IW) -4.5 0.006   -7.8 0.086   -0.095 0.006 

1167 



46 

 

Table 8. Mean biases between observed and GFS-forecast daily maximum surface temperature (∆Tmax) for 10 NCEI Integrated Surface Database weather stations for 1168 
the July 1- August 11 background and August 12-27, 2017 smoke plume periods. The GFS-estimated plume effect on Tmax is the difference between the background and 1169 
plume period biases.   1170 

     ∆Tmax (oC), Fcst-Obs  

 ID Name Lat Lon 

July 1 to Aug 

11 

Aug 12 to 

Aug 27 

Estimated smoke 

effect on Tmax 

(oC) 

1 711600 FORT RELIANCE (AUT)  NWT 62.70 -109.15 -4.2 -1.9 -2.2 

2 718740 BATHURST INLET 66.83 -108.02 -0.6 2.4 -3.0 

3 713560 BAKER LAKE CLIMATE  NU 64.32 -96.00 -1.0 2.9 -3.9 

4 711740 ARVIAT 61.09 -94.07 -0.7 4.6 -5.3 

5 710735 WHALE COVE AIRPORT 62.23 -92.60 -1.3 4.5 -5.8 

6 710830 RANKIN INLET 62.81 -92.12 -1.9 3.5 -5.4 

7 718429 CHESTERFIELD INLET 63.33 -90.72 0.6 2.9 -2.3 

8 710490 WAGER BAY (AUT)  MAN 65.87 -89.43 -1.3 2.8 -4.1 

9 710944 REPULSE BAY 66.52 -86.23 -2.0 2.7 -4.7 

10 719150 CORAL HARBOUR 64.19 -83.36 0.5 2.5 -2.0 
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Figures 1172 

 1173 
Figure 1. MODIS active fires and Fire Weather Index (FWI) on August 14, 2017, the day of peak fire activity and smoke 1174 
emissions south of Great Slave Lake in the Northwest Territories. The smaller cluster of active fires in British Columbia 1175 
is the remnant of the August 12 Pacific Northwest pyroCb event. The FWI is from the Global Fire Weather Database 1176 
(Field, 2020), with categories from Stocks et al. (1989).  1177 
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 1178 
Figure 2. Terra true color MODIS image over northern Canada for August 16, 2017 from NASA Worldview. The smoke 1179 
stretches 3200 km from Banks Island in the western Canadian Arctic to northern Ontario, and covered an area of ~2 900 1180 
000 km2. 1181 



49 

 

 1182 
Figure 3. Daily July-August 2017 biomass burning (BB) emissions over Great Slave Lake region from GFAS and GFED 1183 
for a) carbon monoxide (CO), b) nitrogen oxides (NOx), and c) black carbon (BC). Also included in the emissions but not 1184 
shown are ammonia, sulfur dioxide, methane and grouped non-methane volatile organic compounds.1185 
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 1186 
Figure 4. August 12 to 27, 2017 average a) Terra and Aqua MODIS aerosol optical depth (AOD), b) MODIS AOD 1187 
retrieval counts, c) Terra MOPITT carbon monoxide (CO) over 295-620 hPa, d) MOPITT retrievals counts, e) Aqua 1188 
AIRS CO averaged over 295-620 hPa, and f) AIRS retrieval counts. Geopotential height at 500 hPa (dam) is shown by the 1189 
grey contours. The large analysis region over which model-satellite agreement is examined is shown by the magenta box, 1190 
and the small ~850,000 km2 analysis region over which smoke effects on land are examined is shown by the small blue 1191 
box. Level 2 satellite retrievals have been averaged to the ModelE grid.1192 
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 1193 
Figure 5. Difference between ModelE instrument-equivalent AOD for the 16 simulations in Table 1 and MODIS AOD 1194 
averaged over August 12 to 27, 2017. The caption lists the bias, RMSE and pattern correlation between each simulation 1195 
and the MODIS AOD (Figure 4a) over the region in the magenta box, and are listed for all experiments in Table 2.  1196 
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 1197 
Figure 6. Same as Figure 5, but for ModelE instrument-equivalent CO and MOPITT CO in Figure 4c. 1198 
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 1199 
Figure 7. Same as Figure 5, but for ModelE instrument-equivalent CO and AIRS CO in Figure 4e. 1200 
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 1201 
Figure 8. Time series of AOD and CO over small analysis region. All ModelE fields are instrument-equivalent estimates.  1202 
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 1203 

Figure 9. Interaction plot for the influence of aerosol module, emission, injection height and nudging winds on ModelE 1204 
AOD bias relative to MODIS. Interactions between the factors listed in the diagonal panels can be identified by different 1205 
slopes in the adjacent panels for other factors. See Montgomery (2013) for additional guidance on interpretation. 1206 
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 1207 
Figure 10. ModelE a) Daily maximum solar downward flux at surface over small region across all simulations with fire 1208 
and b) difference between fire and no-fire experiments over the same region. Dashed lines are for experiments with OMA 1209 
aerosols and solid lines are for experiments with MATRIX aerosols.  1210 
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 1211 
Figure 11. Same as Figure 10 but for planetary boundary layer (PBL) height.  1212 
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 1213 
Figure 12. Same as Figure 10 but for surface temperature. 1214 
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 1215 
Figure 13. Average change in temperature profile over August 12-27 2017 between ModelE experiments with and without 1216 
fire.1217 
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 1218 
Figure 14. Observed and NCEP GFS 24-forecasts of daily maximum surface temperature at the ten stations listed in 1219 
Table 8, with the average GFS bias during the July 1 to August 11 background period and the August 12-27 plume 1220 
period, the latter shown by the grey shading.  1221 
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 1222 
Figure 15. GFS-estimated smoke effects on surface temperature from Table 8. 1223 

 1224 
Figure 16. Daily difference between observations and GFS forecast of daily maximum surface temperature, with the 1225 
ModelE fire-no-fire temperature averaged difference permissible experiments (all excluding #5 and #13). The GFS-1226 
estimated regional smoke effect on Tmax during August 12-27 is -3.7 oC.  The ModelE estimate excluding experiments 5 1227 
and 13 was -3.0 oC. 1228 
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 1229 
Figure 17. Vertical temperature anomalies relative to July-August 2017 mean for a) Suomi-NPP CrIMSS over the small 1230 
region and b) radiosonde at Baker Lake, Nunavut, station #3 in Table 8.  1231 
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 1232 
Figure 18. As in Figure 10 but for cloud optical depth.  1233 


