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Abstract

This feasibility study examined whether total backscatter and depolarization measurements from
Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) in combination with
sparse surface meteorological data and other information permitted qualitative assessment of
simulated vertical and horizontal distributions of aerosols from wildfires over Interior Alaska.
Comparisons between co-located WRF/Chem cross-sections and CALIPSO curtains showed tem-
poral and spatial differences in smoke-plume height above ground, vertical and horizontal exten-
sion. Simple estimates of contributions of errors and processes elucidated that the different spa-
tial and temporal resolution of model grid-cells and the lidar scan could provide offsets of the
magnitude found in the comparison. The overestimation of 10 m wind speeds by on average 1.33
m-s-1 contributed to the offset. Energy estimates suggested that the energy needed for permafrost
thawing may contribute to discrepancies between simulated and CALIPSO indicated plume height.
A sensitivity study with lower emission rates showed similar features. The study demonstrated
that use of CALIPSO data in combination with data from other sources than air-quality networks
could serve for identification of potential model shortcomings by assessment of magnitudes of er-
ror and process impacts.
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1. Introduction

In the boreal forests of Alaska and northern Canada, particulate matter from wildfire smoke often endangers
human health as well as prohibits small aircraft and ground traffic due to decreased visibility. Efforts in fire
suppression, flight route planning, and public health advisories require information on plume propagation, ex-
tension, and height. The local weather offices issue forecasts of smoke propagation on a regular basis during the
fire season (May/June to September). Due to the lack of surface air-quality monitoring networks and air-quality
model simulations, these forecasts currently draw upon the experience of forecasters in interpreting numerical
weather prediction and satellite data in terms of plume propagation, visibility reductions, and the potential of
low air-quality in communities downwind of wildfires.

In North America, wildfire particulate matter is associated with increased hospitalizations and physician visits
for respiratory issues and eye irritation [1]. The carbon monoxide and aldehydes released by wildfires can cause
nausea, headaches, nasal irritation and/or enhance risks for cardiopulmonary complications [2]. In recent years,
efforts to improve public air-quality awareness during wildfire episodes have been successful [3].

While the performances of various air-quality models in predicting anthropogenic and wildfire-caused aerosol
distributions have been evaluated by means of data from surface and aircraft measurements [4], such evaluations
are nonexistant for Interior Alaska. Here, the lack of data from aircraft field campaigns and the sparse availabil-
ity of air-quality surface observations has limited the assessment of model performance.

Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) data can provide information
on aerosol distributions with height along the flight path of the satellite [5] [6]. Moreover, the polarization lidar
technique allows distinguishing between spherical and nonspherical atmospheric particles. It can determine un-
ambiguously the thermodynamic phase of clouds and often identify the type of atmospheric aerosols because of
its sensitivity to particle shape [7] [8]. Spherical aerosols (e.g. haze, aqueous smoke particles) produce little or
no change in the polarization state of backscattered light [7] [8]. Intermediate and increasing depolarization ra-
tios are found for aged (i.e. crystallized) sulfate haze and smoke aerosols [8].

In the past, space-borne lidar observations have proved themselves powerful tools for the evaluation of large-
scale models [9]-[12]. CALIPSO, for instance, carries the Cloud Aerosol Lidar with Orthogonal Polarization
(CALIOP) that provides vertical profiles of attenuated backscatter [6]. Fractional cloudiness derived from
CALIPSO data revealed shortcomings in simulated cloudiness by a climate model in a more pronounced fashion
than evaluations based on passive observations [9]. CALIPSO lidar curtains and in situ aircraft measurements
were analyzed to assess the model performance during the POLARCAT field campaign [11]. CALIOP data
were used to evaluate Weather Research and Forcasting model [13] inline with chemistry (WRF/Chem) [14]
simulated wildfire-plume heights over Asia [12]. Comparison of CALIPSO aerosol observations with aerosol
simulations from the Goddard Chemistry Aerosol Radiation Transport (GOCART) model and aerosol optical
depth (AOD) measurements from the MODerate resolution Imaging Spectroradiometer (MODIS) revealed that
GOCART well captured the geographical patterns and seasonal variations of AOD especially near source re-
gions [10]. It also identified regions where further development in simulating the magnitude of AOD was
needed. This regional study considered, among other things, aerosols, and smoke from biomass burning in the
midlatitudes and tropics.

In the subarctic, CALIPSO data provide curtains at relatively high spatial resolution (Figure 1). Given the
successful use of CALIPSO data for large-scale model applications in mid and low latitudes and the high spatial
resolution of CALIPSO data in the subarctic, we examined their feasibility for enhancing the predictability of
aerosol distributions during wildfire plumes. Thus, we turned to level 1B CALIPSO products, surface meteoro-
logical, chemical and ground data to examine whether together they can provide useful information on WRF/
Chem’s performance in predicting plumes from boreal wildfires and reasons for potential shortcomings.

2. Experimental Design
Our feasibility study focused on the Minto Flats South wildfire that was ignited by lightning on June 21, 2009.
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Figure 1. Model domain (a) location (red box) and (b) WRF/Chem terrain height (color
shades), locations of observations stations, CALIPSO scan lines and the location of the Fair-
banks Metropolitan region (blue circle). Red triangles, black crosses, black squares, and solid,
black dots indicate the locations of remote automatic weather stations (RAWS), automated
surface observing systems (ASOS), road weather information systems (RWIS) and snow
telemetry stations (SNOTEL), respectively. The red lines indicate the cases discussed in the
text. The blue lines represent scans excluded from explicit discussion. See text for details.
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This fire was the largest fire in the Railbelt Complex of fires named so due to the fires’ vicinity to the railroad
tracks. The fire burned over 300,000 acres (121,406 ha) by the end of July. This fire gained huge public interest
due to an oil-drilling rig in the area. Our period of interest covered June 20 to July 30 of 2009, the day before the
end of the Minto Flats South wildfire’s main growth.

2.1. Model Setup

For our feasibility study, we used the WRF/Chem [14] in its Alaska-adapted [15] version with the Advanced
Research WRF (ARW) [13] core. In WRF/Chem, meterorological, chemical, aerosol, and removal processes run
in-sync with the same time step in the physical and transport schemes. The setup of WRF/Chem closely fol-
lowed [16]’s Interior Alaska case study on the impacts of wildfires on weather. This setup included the interac-
tion of clouds with aerosols and radiation [17], and the impact of absorbing gases and clouds on photolysis rates
that are vital for air-quality simulations [18].

The Purdue-Lin scheme [19] and the Grell-3 scheme [20] considered cloud microphysics and cumulus con-
vection at the resolvable- and subgrid-scale, respectively. Shortwave and long-wave radiation processes were
calculated by the Goddard two-stream multi-band scheme [21] and the Rapid Radiative Transfer Model [22],
respectively. Aerosol-radiation feedbacks were calculated following [17]. The Eta similarity scheme and the
Mellow-Yamada-Janji¢ scheme [23] [24] considered surface and atmospheric boundary layer (ABL) processes.
The improved Rapid Update Cycle land surface model [25] calculated heat and moisture fluxes, and considered
soil moisture, frozen ground and soil temperature processes.

The chemical concentrations of reactive air constituents were calculated following [26]. The [27] scheme de-
termined the frequencies of photolysis for 21 reactions as a function of, among other things, actinic flux, vertical
profiles of cloud, aerosol, and other absorbing species. The Modal Aerosol Dynamics Model for Europe [28]
and the Secondary Organic Aerosol Model [29] simulated the dynamics and reactions of organic and inorganic
aerosols, and considered some aqueous-phase reactions. Dry deposition calculations followed [30] with the
modifications for Alaska by [15].

2.2. Emissions

The Emission Database for Global Atmospheric Research version 4.1 [31] provided global annual anthropogen-
ic emission data for several greenhouse and precursor gases on a 1° x 1° grid. The data was downscaled onto the
WRF/Chem domain using the method by [32]. Biogenic emissions of isoprene, monoterpenes, and volatile or-
ganic compounds from plant foliage, and nitrogen oxides from soil bacteria, were calculated inline with the
emissions depending on land-cover, soil type and meteorological conditions [33] [34].

We used the Brazilian Biomass Burning Emissions Model (3BEM) [35]-[37] to estimate fire emissions and
plume-rise characteristics. Daily data on wildfire location and spatial extension stemmed from the MODIS and
the Fire Information for Resource Management System. This spatial and temporal wildfire information was
merged with land-cover [38], and vegetation datasets [39] of 1 km resolution to determine factors of emission,
carbon density characteristics, and combustion for the various boreal land-cover vegetation types [40] [41]. The
masses of pyrogenic emissions within each fire pixel were calculated as a function of vegetation-type, the avail-
ability of above-ground biomass, and the area of burning land [16]. The 3BEM calculated plume-rise based on
the aforementioned environmental datasets, remote sensing data and thermodynamical concepts of pyro-con-
vection. The one-dimensional time-dependent cloud model by [36] served to calculate the convective transport.
Herein, the calculation of plume rise and height considers the surface heat flux and positive buoyancy produced
by the fire and release of latent heat, the reduction of buoyancy and plume dilution by mixing with ambient air,
and the thermodynamic stability of the environment [16]. The plume-height locations were fed into the emission
field of WRF/Chem [36] [42]. The emitted materials were dispersed and were transported in dependence of the
simulated wind fields.

2.3. Simulations

The domain of interest covered Interior Alaska with 200 x 160 grid points (Figure 1) of 2 km increment and 28
vertical layers from the surface to 100 hPa. Meteorological initial and boundary conditions were downscaled
from the 1° x 1° 6 h resolution global final analyses [43] from the National Centers for Environmental Predic-
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tion.

Idealized vertical profiles of average Alaska chemical background concentrations served as initial and lateral
boundary conditions. Sensitivity studies showed that in pristine areas, differences in the order of natural varia-
tion in the lateral boundary conditions still allow for acceptable signal-to-noise ratios for single anthropogenic
emission sources [44]. The first three days of the simulation period were discarded for spin-up of the chemical
fields.

Meteorological fields were re-initialized every five days. The chemical fields obtained at the end of the pre-
vious day served as initial values for the next day. Note that due to this procedure some inconsistencies between
the chemical and meteorological fields may occur at the beginning of each re-initialization. However, [45]
showed that these effects are marginal most of the time confirming the earlier findings by [15].

2.4. Analysis

WRF/Chem results were compared with hourly surface meteorological observations of 2 m temperature, 2 m
relative humidity, precipitation, 10 m wind speed and direction, sea-level pressure, daily accumulated downward
shortwave radiation, daily accumulated precipitation, and daily maximum and minimum 2 m temperatures. The
observations stemmed from multiple sources due to observation station scarcity (Figure 1). Hourly measure-
ments were conducted by 32 remote automatic weather stations (RAWS; Western Regional Climate Center), 11
automated surface observing systems (ASOS; National Climatic Data Center), four road weather information
systems (RWIS; Alaska Department of Transportation and Public Facilities), and ten snow telemetry sites
(SNOTEL,; U.S. Dept. of Agriculture’s Natural Resources Conservation Service). Some of the 57 observation
sites only reported a subset of the aforementioned meteorological quantities. We evaluated WRF/Chem’s me-
teorological performance based on all available data by determining the bias (simulated minus observed), root
mean square error (RMSE), standard deviation of error (SDE), and correlation skill scores.

Due to the remote location, hardly any chemical monitoring existed [15]. Measurements of particulate matter
of 2.5 um (PM,;) and 10 um (PMyg) in diameter were available from the Denali Interagency Monitoring of Pro-
tected Visual Environments (IMPROVE) site on a 1-in-3-days basis with some data missing. Furthermore,
hourly and 24 h means of PM, s were available from the Fairbanks State Office Building site. Due to the limited
amount of surface particulate-matter data, calculations of skill-scores are of low meaning. Therefore, compari-
son served only to assess whether simulated and observed data agree within a factor of two and had similar
temporal evolution.

Within the framework of this study, we focused on the 0.532 pm wavelength of CALIOP. In addition, back-
scatter data were used to express the sizes, shapes, and orientations of suspended aerosols through the linear de-
polarization ratio (LDR) following [7] [8] [46] [47]. The LDR is a ratio of backscattering powers (as a function
of range) in both polarization planes (perpendicular to parallel) [46]. In theory, if particles are perfectly spherical,
no backscattering in the perpendicular, or orthogonal plane, should occur. This means irregularly shaped par-
ticles cause perpendicular backscattering [7] [48].

Smoke particles are generally spherical in nature [49]. Thus, they produce near-zero perpendicular backscatter
and very little depolarization [50] [51]. Slightly elevated depolarization values are associated with aged smoke,
which may be due to particle coagulation or an inclusion of soil matter into the plume [49]. Previous studies
found that depolarization values of 6% typically occur in the upper part of a smoke layer, and comparatively
lower depolarization percentages occur below the active layer [50] [52]. Depolarizations of 3% and 5% indicate
fresh smoke and smoke layers at higher altitudes, respectively [48].

Our analysis focused on overpasses with as few clouds as possible, as clouds affect the depolarization ratio
and overshadow smoke signatures [48]. Moreover, our analysis used nighttime CALIPSO data to reduce possi-
ble interference from the Sun. During nighttime, namely, the 0.532 pum calibration constant can be determined
for each 55 km averaged profile (11 frames) by means of the 0.532 um parallel signals in 30 - 34 km height and
the molecular and ozone number densities obtained from a scattering model [5]. However, during daytime, solar
light degrades the backscatter signal-to-noise ratio below usuable levels. The noise associated with solar back-
ground light makes the application of the aforementioned calibration technique impossible. Therefore, the cali-
bration constants of a daytime orbit’s adjacent nighttime orbits are interpolated to determine the calibration con-
stant for the daytime portion of the orbit [5].

In the comparisons between WRF/Chem simulated aerosol distributions and CALIPSO lidar curtains, we as-
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sumed that the particles observed by CALIPSO have diameters less than or equal to 10 um. CALIPSO back-
scatter and depolarization data were compared along the same latitude and longitude to WRF/Chem simulated
PM,. Cross-section comparisons over the satellite path evaluated how WRF/Chem simulated smoke plumes as
a function of location, height and horizontal extension. Figure 1 features CALIPSO scan tracks and their re-
spective dates.

3. Results and Discussion

Various studies concluded that accurate performance with respect to the meteorological variables is essential for
acceptable chemical transport simulations [53] [54]. Therefore, we presented an evaluation first prior to the dis-
cussion of WRF/Chem’s performance with respect to predicting particulate matter vertical and horizontal (along
the flight path) distributions.

3.1. Meteorology

WRF/Chem well captured the temporal evolution of 2 m air temperature and its variation over the domain
(Figure 2). Skill scores indicated a slight overestimation of hourly temperatures, an underestimation of the di-
urnal temperature range, and an underestimation of the spatial variability of observed temperatures (Table 1,
Table 2). Some of the overestimation can be attributed to underestimations in simulated cloud cover according
to comparison of WRF/Chem’s cloud related fields with the CALIPSO and MODIS data. WRF/Chem namely
started with zero cloud and precipitation particles in every re-initialization period (Section 2.1). Furthermore,
comparison of cloud-free MODIS visible images of summer 2009 and the WRF/Chem used fuel-type and
land-cover data showed notable discrepancies similar to the discrepancies reported for land-cover data by [55].
[56] showed that some errors in 2 m temperatures were attributable to differences in land-cover/use and
soil-type, and terrain height. The performance with respect to 2 m temperature was similar to that of past WRF
studies in Alaska [15] [57] [58] and other polar regions [55] [59].

WRF/Chem acceptably captured the temporal evolution of relative humidity, but overestimated relative hu-
midity (Figure 2; Table 1, Table 2). Skill scores were similar to those from previous WRF studies in Alaska
[57]. The overestimation of precipitation was a logical consequence of the slightly too wet and too warm at-
mosphere. According to MODIS data and the time of precipitation, most precipitation was convective. The low
correlation between simulated and observed precipitation is typical for convective precipitation.

We compared WRF/Chem simulated cloudiness with MODIS data. This comparison revealed that WRF/Chem
underestimated cloudiness under convective situations. Discrepancies mainly occurred in the mountainous re-
gions of the domain. Here, valleys that are of subgrid-scale often triggered convection over the mountain ranges.
Discrepancies also occurred where notable differences in land-cover occurred in either the model or nature.
Similar discrepancies were found for summer convection over Siberia by [55]. Furthermore, WRF/Chem failed
to capture pyro-clouds. Recall that only the wildfire emission pre-processor considered pyro-convection to de-
termine the wildfire emissions [36].

WRF/Chem adequately simulated the temporal evolution of observed 10 m wind speeds (Figure 2), but over-
estimated its magnitude by 1.33 ms* (Table 1). The skill scores fell in the typical performance range seen in
previous WREF studies of the subarctic (e.g. [55] [57]). Note that WRF/Chem is known to overestimate wind
speeds under calm synoptic conditions (e.g. [60]). Some errors were attributable to the representation of terrain
height by the grid-cell mean terrain height and the assumption of the dominant land-cover type being representa-
tive for the area covered by the grid-cell. Comparison of MODIS visible and near-infrared images with the land-
cover and terrain distributions showed that even at a 2 km increment, many of the complex terrain and very he-
terogeneous land-cover features are still of subgrid-scale. Both those assumptions meant a smoother surface in
the model than in nature, leading to enhanced wind speeds in comparison to observations [56]. Various long-
term evaluations by radio soundings of WRF/Chem simulated vertical profiles of wind speed suggested increas-
ing performance above 1 to 2 km height (e.g. [15] [61]).

WRF/Chem acceptably captured the temporal evolution of 10 m wind direction (Figure 2; Table 1, Table 2)
with similar accuracy to past studies (e.g. [15]). The simulated and observed scalar 10 m mean wind directions
were 181° and 163°, respectively.

WRF/Chem also adequately captured the temporal evolution of observed pressure with overall hourly mean
bias, RMSE, SDE, and correlation of —0.4 hPa, 0.9 hPa, 0.8 hPa, and 0.993, respectively (Table 1).
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Figure 2. Temporal evolution of spatial daily mean 2 m temperature, 2 m relative humidity, 10 m wind speed, downward
shortwave radiation (DSR), and 10 m wind direction. Black dots and bars represent the spatial daily means of the obser-
vations with spatial standard deviations (averaged over all sites with available data). The blue line and grey shade represent
the spatial daily mean of the simulated quantity at the grid points of the observational sites and the daily mean spatial
standard deviation of the quantity at these grid points.

Table 1. Summary of skill scores for hourly data. Data columns include the mean * the standard deviation, the root-mean
square error (RMSE), the standard deviation of error (SDE), the bias (simulated minus observed), and the correlation (R) for
period averages of available meteorological data during the period of interest.

Hourly data
Quantity
Simulated Observed RMSE SDE Bias R
2 m temperature (°C) 16.7£5.3 16.5+6.1 3.2 3.2 0.1 0.847
2 m rel. humidity (%) 9.2+37 74+32 41 3.7 18 0.455
Precipitation (mm) 0.1+05 01+04 0.5 0.5 ~0 0.215
10 m wind speed (m's ™) 3.08 + 1.65 176 £1.79 2.35 1.94 1.33 0.367
10 m wind direction (°) 181 + 100 163 + 102 115 111 13 0.338
Sea-surface pressure (hPa) 1013.04 £7.90 1013.41 £ 8.06 0.9 0.8 -04 0.993
Shortwave radiation (W-m2) 289 * 269 220 £ 232 173 158 71 0.810
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Table 2. Summary of skill scores for daily data. Data columns include the mean + the standard deviation, the root-mean
square error (RMSE), the standard deviation of error (SDE), the bias, and the correlation (R) for period averages of available
meteorological data during the period of interest.

Daily data
Quantity
Simulated Observed RMSE SDE Bias R
2 m temperature (°C) 16.6 £3.9 16.6 +3.8 1.6 1.6 0.1 0.913
2 m rel. humidity (%) 61.9+156 57.7+13.2 13.0 12.3 42 0.646
Precipitation (mm) 01+02 01+0.2 0.2 0.2 0.3 0.536
10 m wind speed (m's %) 31+11 18+14 19 14 1.3 0.469
Sea-surface pressure (hPa) 1013.1+7.8 10134 +7.8 0.8 0.8 -0.3 0.994
Shortwave radiation (W-m?) 288 + 59 220+ 74 97 70 68 0.473
Maximum temperature (°C) 221+438 23.1+55 4.0 3.9 -1.0 0.722
Minimum temperature (*C) 11.2+31 9.6+4.2 3.8 34 15 0.589
Accum. precipitation (mm) 0.1+£0.2 0.1+0.2 0.2 0.2 ~0 0.530

On average over the period and all sites, WRF/Chem overestimated daily-accumulated downward shortwave
radiation by less than 21% (Figure 2, Table 2). Overestimations of this magnitude were also found in other
WREF studies (e.g. [58]). WRF/Chem missed the observed downward trend in incoming solar radiation near the
end of the episode (Figure 2).

A combination of things played together. Only 36 sites reported downward shortwave radiation. Thus, small
offsets of the plume due to biases in simulated wind speed and/or directions were decisive, whether or not a site
was located under the wildfire plume and/or simulated clouds that blocked incoming radiation. Some errors in
simulated downward shortwave radiation stemmed from the empirical parameterizations of the radiative effects
of trace gases, aerosols, and emissions as well as errors in emissions and simulated concentrations.

In general, cloudiness was too low at the beginning of re-initialization periods if re-initialization coincided
with cloudy conditions. In addition, as mentioned above, WRF/Chem tended to underestimate cloudiness. Ac-
cording to MODIS data, cloudiness was convective and locally triggered over mountain ridges by slope winds at
the end of the simulation period. Under such conditions, the aforementioned discrepancies in land-cover and ter-
rain height and subgrid-scale valleys and ridges led to discrepancies in sensible and latent heat fluxes, buoyancy,
cloud formation and hence incoming solar radiation.

Some of the failures of capturing the low daily-accumulated downward shortwave radiation at the end of July
were related to the response of permafrost to overlying fire. While WRF/Chem considered the emissions of trace
gases and aerosols from biomass burning [16] [36], it did not consider thawing and sublimation of ice, nor the
evaporation of water from permafrost underneath the fire that can be appreciable [62]. At the end of July, the
fire namely had moved towards the Nenana River. This area is underlain by discontinuous permafrost, meaning
permafrost exists mainly along creeks, rivers and on north facing slopes.

During FROSTFIRE, observations showed fire-induced changes in soil temperature, total volumetric soil wa-
ter content (liquid plus solid) and its partitioning between the ice and liquid phase [63]. Sensitivity simulations
suggested that two days with 600 K at the soil-fire interface increased soil temperatures on average about 3.1,
1.9,2.1,and 1.6 K at 0.05, 0.13, 0.32, and 0.80 m depth, respectively [62]. Concurrently, total volumetric water
content was reduced to 86.4%, 83.1%, and 80.4% of its original values in the upper 3 soil layers [62].

Most soil types when fully saturated have total volumetric water content between 39.5 (sand) and 49.2% (silty
clay) except for peat that has about 86.3% [64]. An initially saturated sand layer of 0.05 m thickness and 2 km x
2 km, for instance, would contain 79 000 m® of water. Assuming the 13.6% loss from the above study [62]
10744 m® of water would be released from this layer alone. Thus, the unaccounted for water-vapor emissions
from thawing permafrost and subsequent formation of pyrocumulus also contributed the overestimation of ac-
cumulated downward shortwave radiation at the end of the episode.
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3.2. Fairbanks Air-Quality and IMPROVE Data

The Denali IMPROVE 1-in-3-days observations suggested slightly elevated PM,, background concentrations
until July 3, 2009. Concentrations between 10.1 and 45.3 ug-m* between July 6 and July 18 suggested the
presence of wildfire smoke. The following days stayed at background concentrations. On July 30, the observed
27.8 ug-m > of PMy, indicated again the presence of wildfire smoke (Figure 3). A statistical evaluation in terms
of skill scores based on 15 data points (one missing value) is meaningless.
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Comparison of the temporal evolution of these few observations suggested that WRF/Chem captured the situ-
ation broadly (Figure 3), but seemed to underestimate peak concentrations up to about a factor of two and
slightly elevated concentrations by a factor of 5 to 10. The latter may be related to using mean background con-
centrations as lateral boundary conditions. The former was partly related to 1) offsets in wind direction, 2) local
channeling effects inherent to the observations that are of subgrid scale in the model, 3) discrepancies in rainout
due to discrepancies related to convective precipitation, and 4) keeping the wildfire emissions constant for 24
hours. Typically, wildfire emissions vary with time as they progress into areas with different fuel type and den-
sity and show a diurnal course. Furthermore, WRF/Chem simulated volume averages the grid-cell of the site,
while the observations are point measurements. A sensitivity study that assumed wildfire emissions reduced by a
factor of 100 provided a similar temporal evolution, but of course much lower concentrations [56].

Like for PM,, peaks WRF/Chem also underestimated the magnitudes of peak concentrations at the PM, 5 sites
(Figure 3). Hourly PM, s data correlated weaker than 24 h averages as temporal offsets become more obvious
on short periods than on daily periods. In case of the Fairbanks PM, s site, local sources may have contributed to
discrepancies too, as the site is located near parking lots and a major highway. Nevertheless, these data sug-
gested that WRF/Chem underestimated the PM, 5 concentrations notably. Some of this error can be attributed to
the slightly too wet near-surface atmospheric conditions (Figure 2). Hyrophil PM, 5 swells and converts to PMy,
when enough water vapor is available [65].

Only the Denali IMPROVE site had PM, 5 and PMy, data. These data suggested that most of the particulate
matter was PM, 5. This means it was in the range where it is health adverse.

3.3. Plume Distribution

Only the so-called nighttime CALIPSO scans were included for consistency of data quality (see Section 2.4).
The CALIPSO scan tracks were indicated in Figure 1.

Smoke particles are generally spherical, and would be characterized as having signatures of light backscatter,
near-zero perpendicular backscatter, and low LDR. On July 14 and 21, the area of interest was nearly overcast
and did not allow for any assessment of the wildfire plume height due to the attenuation by the clouds. On July 5
and 13, the scans were outside of any smoke and/or significant wildfire activity. Due to partial cloudiness, many
overpasses only allowed assessment of WRF/Chem’s performance in predicting aerosols in small sections with-
in the lidar curtain. However, these overpasses supported the basic findings and conclusions that we presented
here by four examples. Note that the cloudy sections of these overpasses were considered in the above evalua-
tion of cloudiness.

The four example cases were chosen as they had the fewest cloud contaminations according to the MODIS
data (not shown). On those days, the general cloud distribution acceptably agreed with those found in the
MODIS data with similar offsets for convective clouds than found for the smoke plumes in the ABL. In the fol-
lowing, we mainly focused on the smoke-plumes and showed examples for various cloudiness situations, i.e.
thermodynamic conditions.

3.3.1. Nearly Cloud-Free Cases

The CALIPSO scan track and the July 18 qualitative comparison were featured in Figure 1 and Figure 4, re-
spectively. According to CALIPSO data, July 18 was largely cloud-free in the southern half of the cross-section.
The CALIPSO data should predominantly feature wildfire related aerosols as the scan track was outside of the
downwind influence of the Fairbanks metropolitan region. Other settlements within the area have less than 500
inhabitants.

Figure 4 indicates light total backscattering between 65.41 and 63.7 N latitude below an altitude of 3 km. In
addition, the perpendicular backscattering was near zero and the LDR was low. These criteria indicated the
presence of smoke (see Section 2.4). Here, WRF/Chem and CALIPSO showed a plume-rise near the northern
edge of the area of interest (the black box), however CALIPSO showed the plume rising lower toward the south.
In addition, the WRF/Chem-simulated PM;, near the surface was skewed toward the north by several kilome-
ters.

This spatial offset can be partly explained by the overestimation of wind speeds in the ABL and by the dif-
ferent nature of a WRF/Chem cross-section and a lidar curtain. Lidar-curtain soundings were made one after the
other as time progresses, while model data shared the same time throughout the cross-section. The data in a
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Figure 4. The nighttime CALIPSO total attenuated backscatter, perpendicular at-
tenuated backscatter, and LDR for 18 July 1203 to 1204 UTC, and the WRF/Chem
model cross-section of PMy, concentration at 18 July 1200 UTC. Black boxes
show areas with smoke activity. Smoke activity to the north is not highlighted as
clouds block CALIPSO’s view.

WRF/Chem cross-section represented volumes of 2 km in horizontal and different vertical extension. The spatial
and temporal resolution of the lidar was 100 m and 1 s, respectively. Thus, the temporal difference between a
model vertical profile and CALIPSO was about 20 minutes at maximum.

Since these facts applied to all comparisons, we presented the discussion of reasons in a generalized way
based on the means of the entire episode rather than July 18. Assuming a mean 10 m wind speed of 1.76 m's * as
observed on average over the episode (Table 1), an air parcel would move about 2 km during that 20 minutes of
time. However, WRF/Chem simulated a mean 10 m wind speed of 3.09 m-s ™, i.e. the air parcel would have tra-
veled nearly 4 km.

In addition, WRF/Chem predicted a plume-rise that was higher in altitude than suggested by the CALIPSO
data (Figure 1, Figure 4). Potential reasons besides plume ejection height were the vertical resolution of the
model, different fuel-types between the model and reality, and the neglect of thawing permafrost. In nature,
some of the energy created by the fire was consumed for thawing of the permafrost and evaporating the resulting
water in permafrost areas. Thus, in nature less energy was available to produce buoyancy. Water vapor is lighter
than dry air and the (estimated) amount of water vapor released from permafrost should lead to buoyancy at
higher levels upon condensation. Of course, vertical resolution, plume ejection height as well as the assumption
of constant wildfire emission for the length of the day and at the same location contributed to discrepancies be-

tween simulated and observed plume aerosols.
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The CALIPSO scan track and the July 27 qualitative comparison were featured in Figure 1 and Figure 5, re-
spectively. High clouds blocked CALIPSO readings of the near surface, south of the high terrain, while the scan
otherwise was cloud-free. Figure 5 indicated light total backscattering between 66.75 and 65.41 N latitude be-
low 2 km. In addition, little perpendicular backscattering and low LDR existed in the same region, which indi-
cated the presence of smoke. At higher levels, condensation may occur, which led to buoyancy by the release of
latent heat. This means that in the immediate vicinity, the vertical profiles of buoyancy differed. A study inves-
tigating various combinations of heat, ash and water-vapor release during a volcanic eruption suggested that
such differences can affect cloud formation and vertical temperature and moisture profiles up to 50 km down-
wind [66].

Like in the example of July 18 (Figure 4), WRF/Chem predicted notable amounts of PMy,, but the PMyq
plume reached higher in altitude than what the total backscatter and LDR indicated (Figure 5). The WRF/Chem-
simulated PM,, showed again a northward skew by several kilometers. These discrepancies were similar to
those found on other days and can be explained as above.

3.3.2. Presence of High Thin Clouds

The CALIPSO scans for July 9 and 11 were featured in Figure 6 and Figure 7. Like the cases presented above,
WRF/Chem predicted PMy, in areas of light backscattering and near zero depolarization; however, the
WRF/Chem simulated PMyq for July 9 was slightly shifted toward the north (Figure 6) as winds blew from a
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Figure 5. The nighttime CALIPSO total attenuated backscatter, perpendi-
cular attenuated backscatter, and LDR for 27 July 1156 to 1157 UTC, and the
WRF/Chem model cross-section of PMy, concentration at 27 July 1200 UTC.
Black boxes show areas with smoke activity. Smoke activity to the south is
not highlighted as clouds block CALIPSQO’s view.



J. M. Madden et al.

. 0.09
0.05

6.0
E 0.01
s 40 0.0065
T 0.0045
£ 5 I 0.0025
< = 0.0009
0.0005
0.0 0.0001
0.09
6.0 . 0.05
E 0.01
s 40 0.0065
-] 0.0045
£ 5, [ 0.0025
< = 0.0009
0.0005
0.0 0.0001
6.0 0.85
€ 0.45
:— 4.0 0.25
el
2 0.1
= 20
< 0.05
0.0 oot
6.0 20
15
E 50 125
o 4.0 10
S 30 8
E N 6
< 2.0 ) t 4
1.0 Q t:’\’l"‘)* & 2
| T —
. e

67.41 66.75 66.08 65.41 64.74 64.06
-147.57 -148.28 -148.97 -149.62 -150.23 -150.83

Figure 6. The nighttime CALIPSO total attenuated backscatter, perpendicular
attenuated backscatter, and LDR for 9 July 1209 to 1210 UTC, and the WRF/
Chem model cross-section of PM,, concentration at 9 July 1200 UTC. Black
boxes show areas with smoke activity. CALIPSO readings are blocked on the
northern edge of the cross-section due to high cloud presence.

different direction on July 9 than on July 18 and 27 (Figure 4, Figure 6, Figure 8). WRF/Chem predicted a
plume-rise that was slightly more north than what CALIPSO indicated. WRF/Chem clouds were lower in alti-
tude by at least a kilometer, and clouds (higher than 6 km) blocked CALIPSQO’s readings farther north.

The CALIPSO data of July 11 showed a small presence of smoke at the southern end of the cross-section
(Figure 7). Like the other cases, WRF/Chem PM presence was more north by several kilometers, and the simu-
lated PM was lower in both altitude and vertical extent. WRF/Chem also predicted cloud presence at the 4 to 6
km height level, within relatively the same ranges as what CALIPSO indicated; however, WRF/Chem cloud
presence near the surface could not be evaluated as CALIPSO readings were blocked. This qualitative compari-
son provided evidence that WRF/Chem captured concentration gradients with height in an adequate manner, and
supported the premise that discrepancies in plume location were caused by the overestimation of wind speed
(Table 1, Table 2).

3.4. Discussion

Theoretically, model inaccuracies of temperature, humidity and/or downward shortwave radiation may cause
errors in SOA formation. Analysis of the speciation, however, suggested only small shifts in the aerosol split of
emitted and simulated aerosols.

Of course, WRF/Chem’s well-known dampening of the diurnal temperature cycles [61] [67] needs to be ad-
dressed. It can affect convective available potential energy, reduce vertical mixing and the ABL height. However,
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Figure 7. The nighttime CALIPSO total attenuated backscatter, perpendicular
attenuated backscatter, and LDR for 11 July 1157 to 1158 UTC, and the
WRF/Chem model cross-section of PMy, concentration at 11 July 1200 UTC.
Black boxes show areas with smoke activity. Clouds block CALIPSO’s view
of the surface to the north.

these errors alone were too small to explain the discrepancies in plume vertical extension.

The release of heat from the fire, the release of water vapor from thawing permafrost, and the fire-related
chemical reactions add appreciable buoyancy into the ABL. These releases can locally dominate the energy
budget. The fact that both overestimation and underestimation in plume height occurred, hint at the interaction
permafrost-fire as an important cause.

The analysis of permafrost maps in conjunction with MODIS and CALIPSO data suggested release of appre-
ciable amounts of water vapor from the thawing permafrost under the wildfire. Such water-vapor release could
explain the too high values of accumulated downward shortwave radiation predicted at the end of the episode.
At least in the immediate vicinity of the source, those releases can affect vertical mixing and cloud processes
notably or even significantly [66].

Water vapor, however, plays important roles in the atmospheric water, energy, and trace gas cycles. It affects
temperature, and/or downward shortwave radiation as well as gasphase, aqueous phase and aerosol chemistry
processes [65]. Since some of the gases released during the burn are involved in photochemistry as well as in
aerosol formation, errors in simulated downward radiation may affect the atmospheric reaction paths and hence
atmospheric composition. For all these reasons, the substantial release of water vapor from wildfires burning in
permafrost regions should be included in future studies.

While CALIPSO permitted an excellent, qualitative evaluation of smoke presence, it has its limits. Some cas-
es of excellent smoke activity had to be excluded from the analysis, simply because clouds blocked CALIPSQO’s
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Figure 8. Mean wind directions and daily mean PMy, concentrations at about 1 km above
ground level as obtained for (a) July 9, (b) July 18 and (c) July 27.

view, or because the CALIPSO scan path was too far away from any smoke activity. However, they were valua-
ble in the evaluation of simulated cloudiness. Even when the CALIPSO scan path does come close to smoke ac-
tivity on the ground, it may not pass over the most intense regions. On the available cloud free days, WRF/
Chem’s smoke concentrations in the CALIPSO flight path were relatively low as compared to other areas of the
plume or other times.

Additional research into quantitative CALIPSO analyses of smoke at the surface should be undertaken for the
Acrctic as it had been done for mid and low latitudes (e.g. [10] [12]). In these regions, studies that involved the
use of aerosol optical depth and extinction showed promise [10] [12] [68]. However, this research must also
feature the challenging task of sampling particulate matter concentrations at the surface to obtain a dataset that
permits linking CALIPSO data to concentrations. Such data could be sampled, for instance, by unmanned air-
craft in unaccessable areas, and/or by multiple ground-based air-quality measurements outside of city limits.
Further analyses in this regard would permit improvement of the current state of the air-quality modeling in high
latitudes. Such improvement is required for reasonable management decisions and air-quality advisories as the
population grows in subarctic regions.

4. Conclusions

In high latitudes, hardly any surface observations of trace species and particulate matter exist. The few existing
sites are biased toward regions of easy accessibility. Thus, air-quality model evaluations have been limited to
short field campaigns. Therefore, we examined whether level 1B products from CALIPSO data in conjunction
with other available data may provide means for evaluation and insights of model shortcomings that were
needed for further development. The Minto Flats South wildfire near Fairbanks, Alaska served as a testbed to
assess the performance of WRF/Chem in simulating the vertical and horizontal extent of wildfire-smoke plumes

qualitatively over Interior Alaska.
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The qualitative comparison applied CALIPSO lidar curtains and WRF/Chem cross-sections of particulate
matter concentrations along the same latitude and longitude. It indicated that 1) WRF/Chem predicted notable
amounts of particulate matter in areas where backscatter and LDR plots indicated smoke presence, and 2) the
predicted smoke-plume position and extent were acceptable. The different spatial and temporal resolutions of
the WRF/Chem cross-sections and the lidar curtains contributed to offsets of several kilometers in the horizontal
positioning of the plume. Furthermore, the overestimation of wind speeds led to too fast dispersion of smoke
plumes. According to the few available observations, there is an offset of a factor of 2 or more in the PM con-
centrations. Systematic errors related to injection height, terrain height, model grid increments, and the discreti-
zation and treatment of soil- and land-cover type affected the magnitude of wildfire emissions. The constant
emission rates over 24 hours led to further discrepancies in plume extension. A sensitivity study with a factor of
100 reduced wildfire emissions showed similar temporal evolution, but of course with much lower concentra-
tions [56].

Estimates suggested that the errors in simulated 2 m temperatures were too small to explain differences in the
vertical extent of the WRF/Chem simulated and CALIPSO observed smoke plumes. Thus, one has to conclude
that WRF/Chem’s lack of parameterizations to describe pyrocumulus clouds from wildfires and the daily con-
stant emission rates are major contributors for errors in vertical extent.

While uncertainties in fuel-type and emission-gjection heights are potential reasons for the discrepancies in
vertical plume extension, the combined data from permafrost maps, radiation measurements, MODIS and
CALIPSO suggest the lack of water-vapor emissions due to thawing of underlain permafrost as a major issue.
Thus, one has to conclude that developing a parameterization for the permafrost-fire interaction has high poten-
tial for improved results. Such parameterization, among other things, must consider the release of heat from the
fire, the release of water vapor from thawing permafrost, and the fire-related chemical reactions in the soil, the
flames, and the surface energy budget. In light of these shortcomings, WRF/Chem performed relatively well in
predicting the spatial extent of smoke plumes over Interior Alaska.
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