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ABSTRACT
During the 2010 Bio–Hydro–Atmosphere Interactions of Energy, Aerosols, Carbon, H2O, and Nitrogen
(BEACHON) experiment in Colorado, nighttime temperatures over a site within the 2002 ‘‘Hayman’’ fire scar
were considerably warmer than over the ‘‘Manitou’’ site that was located outside the fire scar. Temperature
differences reached up to 7 K at the surface and extended to an average of 500 m AGL. Afternoon temperatures
through the planetary boundary layer (PBL) were similar at the two locations. PBL growth during the day was
more rapid at Manitou until 1300 local time, after which the two daytime PBLs had similar temperatures and
depths. Observations were taken in fair weather, with weak winds. Runs of the Advanced Research version of
the Weather Research and Forecasting model (ARW-WRF) coupled to the Noah-MP land surface model
suggest that the fire-induced loss of surface and soil organic matter accounted for the 3–4-K warming at Hayman
relative to its prefire state, more than compensating for the cooling due to the fire-induced change in vegetation
from forest to grassland. Modeled surface fluxes and soil temperature and moisture changes were consistent
with observational studies comparing several-year-old fire scars with adjacent unaffected forests. The remaining
difference between the two sites is likely from cold-air pooling at Manitou. It was necessary to increase vertical
resolution and replace terrain-following diffusion with horizontal diffusion in ARW-WRF to better capture
nighttime near-surface temperature and winds. Daytime PBL growth and afternoon temperature profiles were
reasonably reproduced by the basic run with postfire conditions. Winds above the surface were only fairly
represented, and refinements made to capture cold pooling degraded daytime temperature profiles slightly.

1. Introduction
2

In June of 2002, over 550 km of evergreen (ponderosa
pine and Douglas fir) forest west of Colorado Springs,
Colorado, was devastated by the ‘‘Hayman’’ fire (Fig. 1).
In August of 2010 as part of the Bio–Hydro–Atmosphere
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Interactions of Energy, Aerosols, Carbon, H2O, and
Nitrogen (BEACHON) project, the impacts of the vegetation and soil changes in the fire scar were assessed by
comparing fair-weather meteorological observations at
two sites that are 15 km apart: one within the fire scar
and one outside it. The fire-impacted site (hereinafter
Hayman) had a ground cover of sparse grass with charred
tree stumps, and the unaffected site (hereinafter Manitou)
was surrounded by ponderosa pine on the order of 10 m
high. The weather was mostly fair with weak winds
during the period of observations.
The drastic change in vegetation and likely reduction
of surface and soil organic matter at Hayman can potentially have a large impact on postfire atmosphere–
surface interaction. The high-severity-fire designation in
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FIG. 1. Fire scar and contours with Hayman and Manitou land cover. (left) Terrain with contours at 50-m intervals
and thick contours at 250-m intervals. Fire extent, burn severity, and observation sites are included. Terrain above
2500 m is gray shaded. The burn-severity data are from the U.S. Geological Survey (http://burnseverity.cr.usgs.gov/
show_fire.php?intID555). (right) Photographs of the (top) Hayman and (bottom) Manitou sites. The fact that all that
remains of the trees at Hayman is charred stumps is consistent with a severe burn.

Fig. 1 is consistent with near-complete to complete loss of
surface leaf litter and organic matter in the upper soil
layer (definitions are in Table 2 of Romme et al. 2003)
and a decrease from an ;30%–60% canopy cover
(Fig. 28 in Finney et al. 2003) to sparse grasses 8 yr after
the fire. Comparison of burned areas with unburned areas
for another Colorado fire site with similar vegetation (the
2010 Four Mile Canyon fire) revealed significant losses of
organic matter in the top ;3 cm of the soil (Moody and
Nyman 2013). Studies of boreal forests (Viereck 1982;
Chambers and Chapin 2002; Chambers et al. 2005; Amiro
et al. 2006; Euskirchen et al. 2009; Randerson et al. 2006;
Jin et al. 2012) indicate that fire-induced changes in
vegetation, soils, and surface organic matter have significant influence on surface properties and thus on energy
and water vapor exchanges for several years, including
for summer a drastic reduction in surface roughness (and
hence atmosphere–surface coupling; Chen and Zhang
2009), increased albedo, lower net radiation, higher surface and soil temperatures, higher soil moisture, a range
from similar to smaller sensible heat flux magnitudes, and
greater heat flux into and out of the soil.

Similar behavior should be expected in the case that
is presented here. For example, Dore et al. (2012) observed significant reduction in net radiation and significant increases in soil temperature and soil heat flux
magnitudes 10–15 years after the fire for a burned
ponderosa pine forest in Arizona, when compared
with a nearby unaffected forest. As in the case of Hayman,
the burned area was devoid of live trees, with only low
ground cover. Slow recovery of ponderosa pine forests
after severe fires is common (e.g., Roccaforte et al. 2012;
Savage and Mast 2005; Strom and Fule 2007). Likewise,
Chen and Zhang (2009) used several datasets to show that
shorter vegetation reduced atmosphere–surface coupling,
which would lower sensible heat flux magnitudes.
Cornford (1938), Oke (1987), and LeMone et al. (2003) all
reported that reduced ground cover resulted in higher
observed surface air temperatures at night.
We focus here on the impact of the fire-induced
changes in vegetation and soil through the diurnal cycle
by comparing the temperatures at Hayman with those at
Manitou. Prefire measurements are unfortunately not
available for the Hayman site, and postfire measurements
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are limited to surface and profile temperature, humidity,
and wind. Furthermore, we cannot totally attribute the
differences between Hayman and Manitou to local fireinduced surface changes, since both sites lie in complex
terrain, which can have profound influence on temperatures, especially at night (e.g., Whiteman 2000). Therefore we rely heavily on numerical simulations to explain
the observations.
The outline of the paper is as follows. After documenting the observations, weather, and terrain in section 2,
in section 3 we show that Hayman is considerably
warmer than Manitou by early morning and that the
differences extend upward hundreds of meters. In
section 4, we describe simulations that use the Noah
land surface model with multiparameterization (Noah-MP;
Niu et al. 2011; Yang et al. 2011a,b; Barlage et al. 2015)
coupled to the Advanced Weather Research form of the
Weather Research and Forecasting model (ARW-WRF,
hereinafter simply referred to as WRF) to replicate the
temperature observations and explore the contributions
of local surface effects and mesoscale terrain-induced
flows. Section 5 is devoted to conclusions and discussion.
Additional figures and tables that describe preliminary
offline Noah-MP simulations and further details about
the WRF results are provided in the online supplemental
material.

2. Observations and data analysis
a. Data collection
Intensive observations (NCAR Earth Observing
Laboratory 2010a,b,c) at Hayman and Manitou were
conducted during two 48-h periods: from 1200 UTC (0500
LST) 12 August to 1100 UTC 14 August, and from 1200
UTC 21 August to 1100 UTC 23 August, with nearsimultaneous radiosonde releases from the two sites at
1–2-h intervals (Fig. 2). In addition, continuous surface
(2 m) observations were collected from a surface tower
used as a reference for each radiosonde. Vaisala, Inc.,
model RS902-SGP radiosondes were used, with Vaisala
WXT510 weather sensors for the surface tower. Radiosonde data were collected at a 1-s data rate; surface-tower
data were recorded once per second at Manitou and once
every 4 s at Hayman. Comparisons of averages and standard deviations for the full dataset and for every fourth
point at Manitou indicated that sampling rate affected
neither significantly. Radiosonde temperature-sensor
uncertainty is ;0.2 K, with wind speed uncertainty of
;1 m s21. Accuracy for the surface-reference instruments
is ;0.2 K for temperature and ;108–158 and 1 m s21 for
wind direction and speed, respectively.
As can be seen in Fig. 1 (and later below in Fig. 8), two
ridges (up to 400 m higher) separate the two sites. The
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FIG. 2. Radiosonde target release times. The shading indicates the
time between sunset and sunrise.

Hayman site lies on a west-facing slope, whereas the
Manitou site is 0.5 km east of and ;34 m higher than
Trout Creek, the base of a nearly north–south valley
(aligned roughly from 1738 to 3538 azimuth). The elevations of the two sites differ by 32 m, with Hayman at
2404 m1 and Manitou at 2372 m.
We also used measurements of wind and temperature
from the Manitou Experimental Forest Observatory
micrometeorological tower (MEFO; NCAR Earth
Observing Laboratory 2010d) for comparison with
numerical simulations. The MEFO tower (elevation
2385 m) is 0.75 km west of Trout Creek and approximately 45 m higher; it is only 1.4 km to the west (2588)
and 10–15 m higher than Manitou. Although these sites
are close to one another, the effects of fetch and canopy
density on the two sets of measurements can lead to
considerable differences (e.g., Belcher et al. 2012). The
MEFO site was located to ensure a fetch with trees
(Ortega et al. 2014), whereas the Manitou site was located in a more open area to enable releasing radiosondes. These uncertainties will be taken into account in
the discussion.
MEFO tower data were collected at five levels (2.04,
7.42, 16.06, 29.9, and 42.86 m), using Campbell Scientific, Inc., model CSAT3 sonic anemometers and
NCAR–Vaisala aspirated hygrothermometers, respectively (Ortega et al. 2014). Although transducer
shadowing affected the wind measurements (Horst
et al. 2015), S. Oncley (NCAR Earth Observing
Laboratory, personal communication 2015) suggests a
maximum of 3% error in each wind component, with

1
Note that 15 m was added to the elevations on the Hayman
and Manitou radiosonde headers, which did not include the
geoid correction. The corrected elevations match those that are
based on the U.S. Geological Survey 7.5-min Mount Deception
Quadrangle.
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TABLE 1. Winds just before sunrise. Wind direction (8) is to the left of the slash, and wind speed (m s21) is to the right. For the surface,
the standard deviation of the wind speed is given in parentheses. Layer-averaged wind directions are from a vector average; surface wind
directions are simply averaged. The wind direction is such that 3608–08 shifts are not a factor.
Avg in lowest 1 km

Avg in lowest 500 m

1-h avg at surface

Date and time (UTC)

Hayman

Manitou

Hayman

Manitou

Hayman

Manitou

1200 13 Aug
1100 14 Aug
1200 21 Aug
1200 22 Aug

238/3.45
218/4.86
202/8.47
234/6.05

243/5.07
233/3.12
196/7.22
237/6.05

192/2.23
218/3.97
211/6.40
212/5.76

195/4.16
193/5.09
186/4.72
220/4.90

149/1.73 (0.70)
195/0.54 (0.48)
172/2.48 (0.24)
190/2.72 (0.42)

163/0.98 (0.44)
166/0.53 (0.24)
159/0.74 (0.36)
146/0.91 (0.35)

temperature error of the same order as that for the
radiosonde surface stations.
The weather was mostly fair during the two observing
periods, with winds weak for the nights analyzed (Table 1).
Although there were weak showers on 12 August, only
decaying convection was in the area by 0000 UTC
13 August. GOES-13 satellite images show that skies were
virtually clear on most of 13 and14 August, as well as during
the presunrise hours of 21 and 22 August. On the other
hand, images reveal scattered-to-broken cumulus clouds
developing during the day on 21 and 22 August, with
maximum tops at ;263 K (3500–4500 m above Hayman
and Manitou, or 5900–6900 m MSL on the basis of the
soundings). Middle clouds started to increase above the
decaying cumulus around 2300 UTC 22 August. The soils
were drying out during the observation period, after heavy
rains (peak stage-4 precipitation of 60 mm at Manitou and
40 mm at Hayman) between 5 and 10 August (NCEP
Climate Prediction Center and UCAR Joint Office for
Science Support 2000).
The nighttime boundary layers for Hayman and
Manitou are far more isolated from each other than the
daytime boundary layers. The nighttime Hayman balloon trajectories travel only short distances in the
lowest 500 m. From an average wind of 5 m s21 and a
balloon rise rate of 3 m s21 this distance would be 833 m;
the actual distances in online supplemental Fig. S1 of
;500 m or less are consistent with a faster balloon rise
rate. This is consistent with measurements only west of
the eastern 100–3001-m ridge that separates Hayman
from Manitou (Figs. 1 and 8, described below). In a
similar way, the Manitou measurements remain to the
east of the ridge. Given the wind directions in Table 1,
the stable stratification, and likely weak turbulence,
there was likely little horizontal exchange across the
ridge. During the day (PBL depth , 3.5–4 km; Figs. 5–7,
described in more detail below), the Hayman radiosonde trajectories remain over the burn area while they
are sampling boundary layer air and the Manitou trajectories remain over unburned terrain (Fig. S1). The
air engulfed into both boundary layers growing during
the day likely originates from far upstream, however,

and thus is unaffected by the burn area. Also, since the
PBL depths every day were much higher than the intervening terrain and since radiosonde trajectories remained
within 15 km of each other, horizontal mixing of the two
PBLs by convectively driven large eddies was likely.
Thus, we expect less difference during the day.

b. Data analysis
Temperatures for each sounding were averaged into
5-hPa intervals after replacement of missing data with interpolated values. The smoothed soundings were then
interpolated to common heights and then in time to correspond to nominal sounding times (since sounding times did
not always correspond to those in Fig. 2, and some soundings were missing or unusable). The resulting temperature
profiles were adjusted for adiabatic lapse rate using pressure
altitude (above ground level, or AGL) to facilitate comparison with surface temperatures and to more clearly display site differences and time evolution. The PBL depth
was subjectively identified as the base of the first height
interval exceeding the 2 K km21 threshold (for the vertical potential-temperature gradient) of LeMone et al.
(2013, hereinafter L2013), which was based on model
profiles with roughly similar vertical spacing.

3. Observational results
a. Near the surface
Figure 3 shows that the 2-m temperatures at Hayman
are between 4 and 7 K higher than those at Manitou on all
four mornings. The temperatures at the two sites converge
during the day, becoming nearly equal around local noon
(1800–2000 UTC) on 13 August and by midmorning (1600
UTC or 0900 LST) on 21–22 August. Hayman remains
slightly warmer than Manitou on 21–22 August,
however, in part because of slightly fewer clouds. Note
that these differences are in contrast to the recent
paper by Alkama and Cescatti (2016), in which satellite and climatological surface observations were used
to find significantly warmer maximum temperatures and
similar minimum temperatures for deforested areas
relative to nearby forested areas.
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FIG. 3. The 2-m air temperatures at Hayman and Manitou for
fair-weather portions of the two intensive observing periods. Times
between sunset and sunrise are shaded.

Local fire-induced surface changes likely contribute to
keeping Hayman’s nighttime temperatures warmer than
Manitou, but mountain–valley flows should be a factor
as well. Figure 4 shows the nighttime 2-m wind speed,

wind direction (found from the half-hour averaged
components), and temperature for the three cool-down
periods. From Fig. 1, the wind direction at Manitou is consistent with down-valley winds, which are associated with
cooler air (e.g., Whiteman 2000), with occasional easterly
excursions between 0700 and 1000 UTC (0000–0300 LST).
On all three nights, the coolest temperatures are mostly
associated with near-calm winds, consistent with reduced
downward mixing of warmer air and nocturnal cold-air
pooling.
The Hayman observations were taken from the
western slope of a hill with a peak that is located about
400 m higher and between 3 and 4 km to the east (Fig. 1),
which would suggest terrain-induced east winds according to Whiteman (2000). The Hayman winds in
Fig. 4 are mostly from the south and roughly parallel to
the contours, however, with few easterly-wind events.
Thus a simple link of the wind direction to the local
terrain is not evident, although Hayman lies in a
larger-scale north-northeast–south-southwest valley
(Fig. 8, below). Moreover, the early-morning balloon
trajectories in Fig. S1 indicate average southerly winds
in the lowest 200–500 m.

b. Boundary layer
The temperature profiles for the three warming sequences, adjusted for the adiabatic lapse rate, appear for
Hayman and Manitou in Fig. 5. In all cases, the PBL at

FIG. 4. The 2-m air temperature and winds for the cooldown periods of Fig. 3.
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FIG. 5. Warming sounding sequences for 13, 21, and 22 Aug, averaged over 5-hPa layers and
then interpolated to the indicated times. For ease in distinguishing the two sites, the temperatures are corrected for the adiabatic lapse rate. The height z above ground level is relative to Manitou.

Hayman starts out at sunrise as warmer and much less
stable than Manitou, with the two sets of soundings
becoming more similar during the day. As can be seen
from Fig. 6, this behavior is particularly obvious when
the early-morning and early-afternoon soundings are
averaged.
In Fig. 7, the average daytime PBL depths at Manitou
are greater than at Hayman between approximately
1600 and 2000 UTC (0900–1300 LST) and are about
the same afterward. The earlier more rapid growth at
Manitou is consistent with the expected greater sensible
heat fluxes, given the stronger coupling and smaller albedo for evergreen trees than for grasses (Table 3, described in more detail below; see also Table S1 in the
online supplemental material), whereas similar PBL
depths at the two locations later in the day are consistent
with horizontal mixing of air influenced by different

surface fluxes over the long fetch associated with PBL
depth (e.g., Reen et al. 2006).

4. WRF setup and numerical experiments
a. Model setup
We have established that there are considerable differences between the temperatures at Hayman and
Manitou during the night and that they become small
during the day. WRF simulations enable us to examine
how local fire-induced surface modifications and mesoscale terrain-induced flows contribute to these changes.
We start with two runs using WRF, version 3.6 (v3.6):
a ‘‘Fire’’ run that represents vegetation/soil changes resulting from the 2002 Hayman fire and a ‘‘No Fire’’ run
that incorporates the vegetation and soil properties if
those changes had never happened.
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FIG. 6. For early morning (1200 UTC 13, 21, and 22 Aug; 1100 UTC 14 Aug) and early afternoon (2000 UTC 13,
21, and 22 Aug), (left) average height-adjusted temperature profiles and (right) differences between the profiles.
Height z (AGL) is defined according to the sounding origin for early-morning soundings and relative to Manitou for
the early afternoon and for the dotted early-morning sounding.

The setup for the WRF simulations is summarized
in Fig. 8 and Table 2. Domains 1–4 going inward have
horizontal grid spacings of 13.5, 4.5, 1.5, and 0.5 km.
There are 50 vertical layers in the Fire and No Fire
runs, with the lowest grid level around 27.6 m (vertical
spacing at the lower levels is illustrated in the 2200
UTC sounding in Fig. 12, described below). There is
two-way nesting between the outer two domains (1
and 2) but one-way nesting between the inner three
domains (2 and 3; 3 and 4) to keep the outer domains
similar for the Fire and No Fire runs. Lateral boundary conditions are from the NOAA/NCEP (2000)
Final Analysis (FNL) data, available every 6 h at
18 resolution. The WRF runs extend from 0000
UTC 20 August to 0000 UTC 23 August,2 with initial
surface and soil conditions from two sets of 3-yr offline
Noah-MP spinup runs.

2

We simulate only the second period of observations, which has
the benefit of simpler initial conditions (there was rainfall at the
beginning of the first period).

Vegetation and soil characteristics for the Fire and No
Fire runs are summarized in Fig. 8 and Table 3; we use the
default soils, which were mostly sandy loam (the Manitou
soil type) or loamy sand (the Hayman soil type) in and

FIG. 7. For the three days in Fig. 5, average objectively determined
PBL depths found by applying the L2013 criterion to 13, 21, and 22 Aug.
Error bars indicate ranges for each site. Height above ground level is
found by subtracting 2357 m for Manitou and 2389 m for Hayman.
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FIG. 8. The setup for WRF simulations: (a) the domains (the smallest unmarked domain is domain 4, and the
next-smallest domain is domain 3), (b) the domain-4 terrain, domain-4 vegetation for the (c) No Fire and (d) Fire
runs, and (e) domain-4 soils for both Fire and No Fire runs (note, however, that the top 10 cm of soil is ‘‘organic’’ if
the vegetation type is evergreen needleleaf).

around the fire scar. On the basis of the results of the
offline Noah-MP simulations, which was chosen because
of more freedom to change vegetation parameters (the
details are given in online supplemental Figs. S2–S4 and
Table S1; Moore 1992; Mesinger et al. 2006), we replace
the top 10 cm of soil with organic matter when the vegetation is evergreen needleleaf to represent leaf litter and

organic material in the soil. The properties of this organic
matter are from Lawrence and Slater (2008).
Vegetation in the fire scar is set to grassland for the Fire
run, whereas the default vegetation (mostly evergreen
needleleaf) is used for the No Fire run. Some parameters for grassland and evergreen needleleaf vegetation in Table 3 are modified to be more consistent with
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TABLE 2. The WRF model physics schemes that were used.

Process

Parameterization

PBL scheme
Land surface
Longwave radiation
Shortwave radiation
Microphysics
Cumulus scheme

Yonsei University (YSU; Hong et al. 2006)
Noah-MP (Niu et al. 2011) with radiation option 3 (vertical; see section 4b) and vegetation option 4 (constant
vegetation fraction; seasonal variation through monthly LAI)
Rapid Radiative Transfer Model (Mlawer et al. 1997)
Dudhia (1989)
WRF single-moment three-class (WSM3; Hong et al. 2004)
Kain–Fritsch (KF; Kain 2004)

the shorter grasses and trees observed in the Hayman–
Manitou area (D. Gochis 2014, personal communication). These modifications are applied to all grid points
with those vegetation types. The vegetation types for
the No Fire run and for the fire run outside the fire
scar are shown in Fig. 8. Default WRF parameters are
used for vegetation types other than grass and evergreen needleleaf, with type-specific constant vegetation fraction that is based on pre-2002 AVHRR data
and monthly leaf area index (LAI) that is based on
2010 MODIS data.
An important aspect of nighttime terrain-induced
flows is cold pooling, which is difficult to capture in
mesoscale models but likely contributes to the very cool
Manitou nighttime temperatures. Therefore, additional
Fire runs were conducted with horizontal instead of
terrain-following (i.e., grid-layer-following) diffusion

(F1HD), with vertical resolution enhanced by adding
a new grid layer at 12.5 m (;10 m; hence F110m), and
with both modifications (F1HD110m), as recommended
by Zangl (2002, 2005) and Billings et al. (2006) for better
capture of cold-air pooling. For the ‘‘110m’’ runs the
second grid layer is at ;37.85 m, with the remaining grid
layers at heights similar to the other runs. Because model
code limitations in WRF v3.6 precluded a successful
F1HD110m run, F1HD-3.6.1 and F1HD110m-3.6.1
were both run using WRF v3.6.1. The runs are listed in
Table 4.

b. Comparisons between Fire and No Fire runs
Figure 9 shows the Fire and No Fire maps of the diagnosed Noah-MP 2-m temperature T2M for late afternoon and early morning. Whereas the effective height of
T2M for grassland is just over 2 m, those for evergreen

TABLE 3. The land surface parameters used for the WRF spinup and actual runs (also see Fig. 8).
Parameter

Inside fire scar for Fire runs

Outside fire scar for Fire runs; all points for No Fire run

Soil type

Default soil (Fig. 8; for Hayman, the default soil is
loamy sand)

Vegetation type
Vegetation fraction
LAI (monthly)

Grassland
0.344
Monthly values are extracted from 2010 1-km 8-day
MODIS values for Haymanb (0.678 for August)

Canopy height

0.2 m (default 5 1 m)

‘‘NROOT’’
‘‘ZOM’’ (surface
roughness length)
Albedoc

2 (roots down to 0.40 m)
0.024 m (default 5 0.12 m)

Default soil (Fig. 8) with the top 10 cm being organic for
evergreen needleleaf (EN) vegetation [for Manitou,
this means the default soil (sandy loam) for the lower
three soil layers but the top 10-cm layer is organic
material]a
MODIS categories (5EN for Manitou)
WRF map, as based on 0.144-deg AVHRR
Default monthly values, except for EN, which is
assigned Manitou valuesb (1.829 for August) and
grass, which is assigned Hayman values
Default except 10 m for EN (instead of 20-m default)
and 0.2 m for grass
Default except NROOT 5 2 for grass
Default except 0.545 m (default 5 1.09 m) for EN and
0.024 for grass
Calculated; for EN, the avg daily range for the coupled
Fire run is 0.1201–0.1487

Calculated; the avg daily range for the coupled Fire
run is 0.2024–0.2549

a

The organic properties are from Lawrence and Slater (2008).
Evergreen needleleaf and grassland are assigned LAI values extracted from 2010 1-km 8-day MODIS values for Manitou and Hayman;
see https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mcd15a2.
c
Albedo in Noah-MP is independent of soil type, and therefore organic layer does not affect albedo. Albedo is a weighted average of
vegetation albedo and soil albedo, which varies with soil moisture [the default range for visible (near infrared) radiation is 0.09–0.18
(0.18–0.36), with lower numbers for wetter soils]. See Yang et al. (2011a, pp. 9–10) for details.
b
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TABLE 4. WRF simulations.
Run

Description

No Fire (or NF)
Fire (or F)
F1HD-3.6
F110m-3.6
F1HD-3.6.1
F1HD110m-3.6.1

Vegetation and soils as if no fire had occurred; organic matter added to soil for EN
vegetation (see Table 3)
Vegetation in fire scar modified to grassland; soil has no organic material (see Table 3)
Horizontal diffusion option added
Grid layer added at 12.5 m AGL; second grid layer raised by ;10 m
Horizontal diffusion option added
Horizontal diffusion and 12.5-m grid layer added

needleleaf at Manitou and Hayman are 5.8 m and 5.7 m,
respectively.3 With this in mind, we see that the daytime
temperatures and the nighttime temperatures outside the
fire scar from the two runs are almost indistinguishable.
The nighttime temperatures within the fire scar show
considerable differences, however. For the Fire run, the
temperatures in the fire scar (which has grass and no organic layer) are warmer, with much more turquoise-togreen color (;285–287 K) in the figure than for the No
Fire run (mostly evergreen needleleaf forest with a 10-cm
layer of decaying vegetation), which has more blue shades
evident (280–282 K).
Figure 10 compares the Fire and No Fire diagnosed
2-m temperature T2M with observations at Manitou
and Hayman along with a new diagnostic temperature
T2Munder, which has an effective height of two meters.
We start with the 2-m temperature under the canopy
(T2Vunder), which is found from the canopy air temperature TAH and the surface temperature TGV by
following the method of Niu and Yang (2004), and using
the resistances rah for layer 1 between roughness length
z0 and 2 m and for layer 2 between 2 and 6.5 m:
T2Vunder 5

WRF version

rah1 TAH 1 rah2 TGV
.
rah1 1 rah2

(1)

The temperature T2Munder can then be found from the
weighted average:
T2Munder 5 f T2Vunder 1 (1 2 f )T2B,

(2)

where T2B is the 2-m temperature above bare ground
and f is the vegetation fraction. This calculation was not
necessary for grassland.
In Fig. 10, T2M values for the Fire run are mostly within
1 K of the observed temperature at Hayman through the

3
These values are vegetation-fraction-weighted averages of
9.045 m for the canopy (2 m 1 canopy displacement height of
6.5 m 1 roughness length z0 5 0.545 m) and 2.01 m for bare ground
(2 m 1 z0 5 0.01 m), where vegetation fraction f 5 0.5456 for
Manitou and 0.5257 for Hayman for the No Fire run.

3.6
3.6
3.6
3.6
3.6.1
3.6.1

diurnal cycle and are also within 1 K of the observed
daytime temperatures after 1600 UTC at Hayman,
Manitou, and the MEFO micrometeorological tower
Also, T2M follows the observed temperature well into
the night of 22 August at Manitou and the MEFO tower,
despite the 1.4-km horizontal separation between the
two locations (T2M at MEFO is also close to that at
Manitou; online supplemental Fig. S7). The impact of soil
and land-cover changes is reflected by the nighttime
surface air temperatures at Hayman for the Fire run being 3–5 K warmer than for the No Fire run. On the other
hand, nighttime T2M values for the No Fire run are often
warmer at Manitou than at Hayman. This result, along
with observed 2-m temperatures being up to 7 K cooler
than modeled values at Manitou, supports our suspicion
that WRF has failed to simulate cold-air pooling.
Use of T2Munder leads to a 1–2-K improvement in the
modeled nighttime temperatures in the presunrise hours of
21 August at Manitou but leads to only a slight improvement
in other nighttime temperatures. As expected, Fire and No
Fire temperatures are nearly identical at Manitou, except for
some afternoon excursions due to clouds, which were observed on both 21 and 22 August and are reflected in the
modeled surface energy budget in Fig. 11 for 22 August.
Note that T2Munder is too warm during the day at both locations for the Fire run. This situation is due to large values
of the surface temperature beneath the evergreen needleleaf
trees (TGV), which actually exceeds the bare-ground surface temperature (TGB). This curious behavior has its origins in the treatment of downwelling solar radiation under
Noah-MP radiation option 3, which assumes that solar radiation comes straight down through the canopy. Solar
absorption at the ground (SAG) beneath the vegetation is
reduced by absorption by the canopy overhead, relative to
the absorption on the bare ground. In the calculation of the
energy budget beneath the canopy, however, SAG is set
equal to the weighted average of the canopy and bareground values, as a way of partially accounting for sunlight
coming in from the sides of the vegetated portion of the grid
square. Because the surface beneath the canopy loses less IR
energy to space than does the bare ground, daytime TGV
ends up larger than TGB. During the night, TGV does not
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FIG. 9. For 21 Aug, maps of Noah-MP temperature T2M for (top) late afternoon and (bottom) early morning before
sunrise for the (left) No Fire and (right) Fire runs; 10-m wind speed vectors are included, and the fire scar is outlined in red.

have this problem, since the surface energy budgets for
vegetation and bare ground are handled separately.
Fire-induced changes in the Hayman surface energy
budget (Fig. 11) are consistent with daytime summer
measurements in areas where more shallow vegetation
has replaced forest as a result of fire. From the figure, the
Rnet change going from No Fire (evergreen needleleaf) to
Fire (grass) is consistent with the increased albedo for the
postfire replacement of forest by shallow vegetation or
sparser, younger trees that was observed by Amiro et al.
(2006; ;10 yr after the burn) for forest; by Chambers and
Chapin (2002; first decade), Jin et al. (2012; 5 yr), and Liu
and Randerson (2008; 4 yr) for boreal forests; and by
Dore et al. (2012; 10–14 yr) for a ponderosa pine forest.
In a similar way, reduced sensible heat flux (SH) and
latent heat flux (LH) at Hayman for the Fire run relative
to Hayman No Fire values and Manitou Fire values
(which are nearly identical to the Manitou No Fire
values), are consistent with the expected weaker coupling
(Chen and Zhang 2009) and higher albedo associated

with grass. Lower SH in a postfire environment is consistent with observations over fire-succeeding shallow
vegetation that were documented in Chambers and
Chapin (2002), Liu and Randerson (2008), and Liu et al.
(2005; 3 and 15 yr). Reduced LH is similarly consistent
with changes over summertime boreal-forest grasses in a
3-yr-old burn scar, as documented by Liu and Randerson
(2008) and Liu et al. (2005), relative to nearby unaffected
forest. Also, loss of the insulating effect of the organic
layer increases the diurnal amplitude of the heat flux into
the soil Gsfc, consistent with the postfire changes observed
by Chambers and Chapin (2002), Dore et al. (2012), Liu
and Randerson (2008), and Liu et al. (2005).
In comparing the nighttime fluxes and temperature at
Hayman for the Fire and No Fire runs in Fig. 10, it is clear
that the warming effects of heat flow from the uninsulated
(no organic matter) soil more than compensate for less
downward heat flux at Hayman with a grassy surface.
This is confirmed in the offline Noah-MP runs (Fig. S4),
which show the warming effect of going from insulated
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FIG. 10. Comparison of 2-m temperatures from the Fire and No
Fire runs with observations. For (top) for Hayman and (middle)
Manitou, green is the No Fire run and brown is the Fire run;
(bottom) results for the No Fire run are highlighted for both sites.
For all panels, T2M and T2Munder are shown by upward-pointing
and downward-pointing triangles, respectively. For grass, T2Munder
is set equal to T2M. Times from sunset to sunrise are shaded. Note
that the y axis for the top panel stops at 305 K.

to uninsulated soil is 4 times that of the cooling effect of
replacing evergreen needleleaf vegetation with grass.
As previously noted, Alkama and Cescatti (2016)
found near-identical nighttime surface air temperatures
and much warmer daytime temperatures over deforested
areas when compared with nearby forested areas. One
potential source of the nighttime discrepancy between
the two studies is the warming that is due to loss of surface
and soil organic matter as a result of fire in our case, which
more than compensates for the cooling that is due to
reduced downward sensible heat flux in the presence of
shorter vegetation. While such loss of organic matter is
associated with deforestation by severe burns (Table 2
in Romme et al. 2003), it does not necessarily occur
with deforestation from other causes or less severe
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fires. Why do they see a significant difference in the
daytime when we do not? As discussed in the foregoing,
our daytime similarity in temperature is likely related
to the short distance between Hayman and Manitou—
only a few boundary layer depths apart during the
afternoon.
Model profiles of height-adjusted temperature at
Hayman in Fig. 12 show that near-sunrise (1200 and 1300
UTC) differences between the Fire and No Fire runs are
concentrated near the surface. Once the sun rises, the No
Fire PBL warms faster, but the Fire and No Fire profiles
are almost identical by ;1800–2000 UTC. Reflecting the
vertical grid spacing, the modeled soundings are too
smooth, failing to capture the multiple stable layers in
the observed soundings. Model–observation differences
likely also result from the horizontal separation between
the vertical model profiles and the slanted profiles from
radiosondes, which are ;5–10 km to the east of their
launch location by the time they reach 5 km AGL
(Fig. S1). Especially by the third day of simulation (initial
time is 0000 UTC 20 August), the modeled temperatures
above ;2–3 km are colder than the observed ones.
The top four frames of Fig. 13 show that, for the Fire
run, daytime PBL depths at Hayman and Manitou, defined using the same 2-K threshold as the observations
(L2013), are mostly within 300 m of the observed values
from about 1700 to 2200 UTC (1000–1500 LST, the time of
maximum surface heating in Fig. 11). Modeled L2013
depths tend to exceed observed values at other times. PBL
depths from the Yonsei University scheme (YSU), which
are based on a PBL Richardson-number criterion, are
mostly consistent with those that are based on the 2-K
threshold. Modeled daytime PBL depths at Manitou are
mostly greater than that at Hayman until about 2000 UTC,
and are similar thereafter,4 as is observed (Fig. 11). This is
also true for the No Fire run (bottom two frames), even
though PBL at Hayman is slightly deeper because of
stronger surface buoyancy fluxes associated with the evergreen needleleaf ground cover (Fig. 11). Both PBL
depths are more irregular on the afternoon of 22 August,
probably because of the presence of more modeled clouds.

c. The impact of adding horizontal diffusion and an
additional grid layer
In this section, we focus on the effects of WRF adjustments designed to improve the representation of nighttime

4
Note that, since height is defined relative to profile location
and Hayman is ;30 m higher than Manitou, Hayman aboveground-level PBL depths will appear to be about 30 m shallower
than Manitou PBL depths when they are at the same height above sea
level; therefore, we focus only on differences greater than that.
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FIG. 11. Comparison of the Hayman surface energy budget from the Fire and No Fire runs with that of Manitou
for the Fire run; Rnet 5 net radiation, SH 5 sensible heat flux; LH 5 latent heat flux, and Gsfc 5 flux into the soil.
Times from sunset to sunrise are shaded.

cold-air pooling. After showing the resulting changes in
1200 UTC T2M and T2Munder in the Hayman–Manitou
area, we examine time series of near-surface winds and
temperatures at Manitou, MEFO, and Hayman. We then
examine the vertical extent of the resulting modifications
using the early-morning (1200 UTC) and early-afternoon
(2000 UTC) temperature and wind profiles.
Maps of T2M and T2Munder in Fig. 14 show that horizontal diffusion and an additional grid layer produce
cooler air in the Trout Creek valley in which Manitou is
located, especially for T2Munder. While there are slight
changes with the introduction of horizontal diffusion,
the biggest change is with the introduction of the new
grid layer at 12.5 m, with the darkest blues in the figure
(;280 K) penetrating to Manitou and southward. Consistent with this, T2Munder at Manitou for the Fire run
with both modifications (F1HD110m-3.6.1; Fig. 15)
was closest to (and sometimes cooler than) observations, reaching close to the observed 279 K at 1200
UTC 21 August and matching the minimum temperature of 281 K at 1000 UTC 21 August (hour 34 in Fig. 15),
but 2–3 h too early. The effects of horizontal diffusion
alone, although often small, cooled temperatures noticeably around 1000–1200 UTC 21 August (note also
that F1HD T2Munder values for WRF v3.6 and v3.6.1
are almost identical). As in Fig. 10, T2Munder in Fig. 15
tends to be too high during the day. T2M itself would
follow the daytime observed 2-m temperature much as it

does in Fig. 10, however, because the addition of horizontal diffusion and an additional grid layer has little
effect (online supplemental Fig. S5).
The model wind directions at Manitou are close to
observations for all runs that are shown. The model 2-m
wind speeds in Fig. 15 are found by first replacing ‘‘10 m’’
with ‘‘2 m’’ in the output code to find the above-canopy
and bare-ground wind speeds at heights closer to the
measurement height and then performing a vegetationfraction-weighted average. The resulting values are only
25%–50% (1–2 m s21) higher than observations during the
day. Nighttime overestimates reach 100% (1 m s21), but the
F1HD110m simulation dropped wind speeds enough to
match observations closely approximately one-half of the
time. For both day and night, part of the discrepancy could
be traced to the effective height of the 2-m wind being at
5.8 m AGL. Use of a method analogous to Eqs. (1) and (2)
to find undercanopy wind speed at 2 m leads to consistent underestimates, and therefore a more sophisticated
method that incorporates canopy structure is needed. High
near-surface wind speed biases are a well-known problem
in WRF (e.g., Jimenez and Dudhia 2012, and references
therein) that persists to this day (Barlage et al. 2016).
In Fig. 15, the observed winds at the two lowest levels
of the MEFO tower tend to be more westerly (downslope) at night and much weaker through the period
shown, relative to the observed winds at Manitou and
the modeled winds at both locations (see the MEFO
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FIG. 12. Sequential soundings at Hayman for 21–22 Aug. Points on the 2200 UTC soundings
for the Fire run are highlighted to show vertical grid points. Model profiles are instantaneous
and vertical. Observed profiles follow the balloon location; they have been vertically
smoothed and interpolated in time to the hour. The insets show the first three profiles, near
the surface.

modeled results in online supplemental Fig. S6). Nevertheless, the F1HD110m-3.6.1 simulation does capture
some downslope flow: nighttime (0200–1215 UTC) vectoraveraged modeled wind directions at MEFO and Manitou
are respectively 2118 and 1688 for 21 August and respectively 1878 and 1678 for 22 August, suggesting a downslope
wind component for both locations (the local orientation
of Trout Creek is north–south). Furthermore, the tower
winds become more southerly with height (Fig. S7), although not as southerly as in the model. Vertical changes
in wind direction through a canopy, also observed in
Burns et al. (2011) at another mountain location under
stable conditions, are not allowed in Noah-MP.
The weakness of the lowest-level winds at the MEFO
tower relative to those at Manitou and in the model results
likely is from the simulation not correctly capturing the
difference between the vegetation at the two sites. Relative to Manitou, the MEFO tower is in a denser group of
trees forming a deeper (16 m) canopy. In contrast, the
simulations use the same 10-m canopy height at both locations, and the model vegetation fraction is actually
smaller (0.5424) at the MEFO tower than at Manitou
(0.5456). The wind speeds at the two highest tower levels
(29.9 and 42.86 m) in Fig. S7 are close to the modeled
10-m wind speeds (effective height 13.8 m). In a similar way, T2M (effective height 5.8 m) appears to

match temperatures at the three highest tower levels
(16.06–42.85 m) better than at the two lowest levels
(2.04 and 7.42 m).
Model refinements do little to change surface conditions at Hayman, as can be seen from Fig. 16.
Modeled wind direction and nighttime wind speeds
are close to observations, but modeled daytime winds
are 2–3 m s21 stronger than the observed 2–4 m s21
speeds.
How far do the near-surface horizontal differences extend upward? Figure 17 compares the 1200 UTC Hayman
and Manitou observed and modeled altitude-adjusted
temperature profiles. As expected from Figs. 15 and 16,
the near-surface profile changes are more sensitive to
model refinements at Manitou than at Hayman. The
profiles for the F1HD110m-3.6.1 run are generally
closest to observations; therefore, they are compared with
observations in the left panels. On 21 August, these profiles are consistent with observations above 400 m for
Hayman and above 500 m for Manitou. Below those
heights, modeled temperatures have a cool bias for
Hayman and a warm bias for Manitou. Hayman remains warmer than Manitou to ;300–400 m in the
model, in contrast to 500 m for the observations. On
22 August, Hayman remains warmer than Manitou to
;600 m for both model and observations, but modeled
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FIG. 13. PBL depths at (top) Hayman and (middle) Manitou, showing results from the Fire run in comparison
with observations. YSU PBL depth is based on a PBL Richardson number criterion and is part of WRF/YSU
output; L2013 PBL depth is based on LeMone et al. (2013). Modeled L2013 PBL depths for Manitou are superposed on Hayman for comparison purposes. (bottom) L2013 PBL depths at the two sites for the Fire run in
comparison with the No Fire run. For all panels, times between sunset and sunrise are shaded and height above
ground level is based on radiosonde-release elevation.

temperatures below 600 m are too warm for both. The
too-warm temperatures nearer the surface at Manitou
could be partially the result of timing: when the
F1HD110m-3.6.1 run produces the night’s coolest
2-m temperatures at 1000 UTC 22 August (Fig. 15), the
corresponding vertical profile shows temperatures that
are much cooler than those at 1200 UTC from the surface to
;150 m (Fig. 17). As noted earlier, the 1500-m heightadjusted temperature at Hayman is about 0.3 K cooler
than Manitou because the local height is used for the
adjustment.

Note that Hayman is actually cooler than Manitou at 28 m
for the No Fire run on 22 August. (This is easier to see
in online supplemental Fig. S8). As seen in Fig. 10, this
situation happened more than once at the surface. For
the Fire run, the 28-m Hayman temperatures are ;1 K
warmer than those at Manitou on both days. Differences are progressively closer to observations for the
F1HD and F1HD110m-3.6.1 runs, with the temperature spread reaching a maximum at 28 m for the latter
on 21 August and in the lower few hundred meters on
22 August.
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FIG. 14. Early-morning 21 Aug T2M, T2Munder, and diagnosed Noah-MP 10-m wind vectors for the Fire run (v3.6),
the F1HD-3.6.1 run, and the F1HD110m-3.6.1 run.

The 1200 UTC model and observed profiles of zonal
and meridional wind components U and V in Fig. 18
differ somewhat for both 21 and 22 August, with slightly
better agreement for U than for V on 22 August. Adding
horizontal diffusion and an extra grid layer had only
a minor effect except near the surface at Manitou,
where the F1HD110m-3.6.1 run brings the nearsurface wind closest to its observed value—but it is
still too strong. The modeled winds corresponding to
the F1HD110m 1000 UTC temperature minimum on
22 August (Figs. 15 and 17) are appropriately weak
near the surface, however.
Daytime profiles of height-adjusted temperature appear in Fig. 19. Because the profiles are deeper, and
because we want to assess the similarity in temperature
at the two sites through the PBL and above, altitudes
above ground level and adjusted temperatures are calculated using the surface elevation at Manitou. All of
the simulations produce similar temperature profiles

that match observations through the PBL on 21 August,
with temperatures above the PBL having a low bias,
consistent with Fig. 12. Temperature spread among
model runs and model differences from observations within the PBL increase on 22 August, especially at Hayman. Some of the spread is due to the
presence of convectively induced secondary circulations (CISCs; Ching et al. 2014; Zhou et al. 2014), which
are a common feature of fine-grid simulations (e.g.,
LeMone et al. 2010), including this one (online supplemental Fig. S9). Horizontal averaging makes the profiles
from the F1HD2 and F1HD110m runs (Fig. 19 inset)
nearly identical and clearly separates them from the Fire
and No Fire runs, which are closer to observations. Horizontal standard deviations at this time are less than
;0.2 K for all runs at Manitou and Hayman on 21 August,
and, although they have similar values at Manitou on
22 August, horizontal standard deviations increase by
up to 0.7 K for all runs including HD at Hayman. Given
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FIG. 15. Observations from Manitou and the 2.04- and 7.42-m levels
on the MEFO micrometeorological tower (1.4 km to the west), in
comparison with T2Munder and Noah-MP 2-m wind speed and direction from different model runs. The Noah-MP 2-m wind speed is
found the same way as the 10-m wind speed is but by using 2 m instead
of 10 m; wind direction at 2 m is assumed to be the same as at 10 m. For
observed wind speed, the solid and dashed black lines represent the
vector average and the scalar average, respectively. A 1808 line is included for wind direction. Times from sunset to sunrise are shaded.

the ;0.5-K expected horizontal variability in temperature that is due to large eddies in the daytime PBL
(e.g., Weckwerth et al. 1996), the model–observation
temperature differences are surprisingly small.
The 2000 UTC wind profiles in Fig. 20 deviate even
more from observations than those at 1200 UTC, especially on 22 August, with model–observation differences
greatly exceeding differences between the model
versions. As a result, horizontally averaged profiles
were computed, but they did not differ much from the
time-averaged profiles (not shown). As in the case of
temperature, horizontal standard deviations for U and
V at Hayman on 22 August for the HD run were larger
by about the same factor when compared with 21 August
and Manitou values. The lack of improvement is not

FIG. 16. As in Fig. 15, but for the Hayman site.

surprising: the model refinements were designed for stable
boundary layers.
The differences between model and observed winds
are more likely a result of model shortcomings than of
sampling problems. The standard deviations, which
are largest at the surface and largest for F1HD110m-3.6.1,
fall short of explaining the difference between observed and modeled winds, even in the presence of
CISCs: Take a worst-case scenario, in which the radiosonde samples a horizontal-wind extremum for a
sinusoidal CISC with standard deviation s. If the model
winds represent a CISC average, then the maximum
difference between the instantaneous observation and
the mean modeled wind would be 1.4s, which even for
the HD runs is far less than the difference between the
modeled and observed winds at most heights. We also
looked at the horizontally averaged model profiles corresponding to the balloon location when it was ;250 m
below PBL top for 22 August (3.5 km to the northeast of
Hayman and 0.53 km north-northeast of Manitou), and
found them—not surprisingly—to be very similar to
those centered on the sounding origins.
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FIG. 17. Presunrise profiles of altitude-adjusted temperature. For the model, hour averages, centered at 1200 UTC over Manitou and
Hayman, are shown. Also included is the hour-averaged 1000 UTC model profile corresponding to minimum 2-m temperature for
F1HD110m-3.6.1 on 22 August at Manitou (Fig. 15). For the observations, vertically smoothed soundings interpolated to 1200
UTC are shown. Manitou heights above ground level are relative to Manitou, and Hayman heights above ground level are relative
to Hayman.

5. Conclusions
Comparisons of observed surface temperatures and
temperature profiles at a grassy site that was severely
burned 8 years earlier (Hayman) with an unaffected
forested site 15 km to the southeast (Manitou) reveal
much warmer nighttime temperatures at Hayman.
Daytime temperatures and afternoon boundary layer
depths were nearly the same at the two sites. Nighttime temperature differences extended from an average height of 500 m AGL to the surface, where
Hayman temperatures are up to 7 K warmer than
those at Manitou. Weak winds and the higher terrain
that separates the two sites allow these differences to
develop.
A series of fine-grid WRF simulations coupled to the
Noah-MP land surface model suggests that fire-induced
surface changes account for approximately one-half of
the difference in nighttime 2-m temperatures between
the two sites, with cold pooling at Manitou accounting
for the other half. The fire scar (including Hayman) was
represented in the Fire run by grassland with no organic
material in the soil; the surface in and around the fire
scar was represented in the No Fire run by prefire vegetation (mostly evergreen needleleaf). If the vegetation was evergreen needleleaf, a 10-cm organic layer

replaced the top soil layer in Noah-MP. These fireinduced changes raised the modeled surface air temperature at Hayman by 3–5 K, to values close to what
was observed. Examination of the surface energy budget
reveals that the relative nighttime warmth is due to the
release of stored heat from the uninsulated (organic
free) soil, which has a much larger effect than the weaker
downward heat fluxes associated with the change from
trees to grass. In general, the modeled changes in the
surface energy budget are consistent with changes resulting from vegetation and soil changes in 3–15-yr-old
fire scars observed at several locations. The Manitou and
Hayman nighttime temperatures were about the same
for the No Fire run.
Introduction of an extra grid layer and horizontal
diffusion (as opposed to terrain-following diffusion)
(run F1HD110m) to the Fire run was necessary to fully
represent the other half of the nighttime 2-m temperature difference between Hayman and Manitou, which
was associated with the lowering of temperatures by
cold-air pooling in the Trout Creek valley, where the
Manitou and MEFO sites were located. The same
changes did not significantly affect nighttime 2-m temperatures at Hayman, which was on a slope. The vertical
extent of the temperature differences at 1200 UTC
in the fully modified simulation is within ;100 m of
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FIG. 18. As in Fig. 17, but for zonal and meridional wind components U and V.
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FIG. 19. As in Fig. 17, but for 2000 UTC (1300 LST) and use of Manitou model and actual elevations for height above ground level and
computation of height-adjusted temperature for both sites. The insert includes 9 3 9 point (4.5 km 3 4.5 km) average profiles centered at
Hayman at 2000 UTC, referenced to average surface elevation centered at Hayman.

observations, but the magnitude of the differences was
too small. Given that the coolest modeled and observed
near-surface temperatures at Manitou occurred at different times, this discrepancy could in part be a matter
of timing.
At the surface, the southerly wind direction at
Manitou and Hayman and the nighttime wind speed
at Hayman were well replicated for all runs. The
F1HD110m-3.6.1 run did the best job of simulating the
observed nighttime Manitou wind speeds, matching
them about one-half of the time. The modeled nighttime
winds at the MEFO micrometerological tower only
1.4 km west of Manitou were more southerly than the
observed downslope winds, however, especially at the
lowest levels. Also, the observed near-surface winds at
the tower were weaker than both those modeled and
those at Manitou though the diurnal cycle, a likely result
of the taller and denser trees. During the day, the
modeled surface winds at all sites tended to be too high.
Winds in the lowest 1500 m were not as well reproduced
in the model.
The Fire simulation represented the similarity in
the daytime temperature profiles reasonably well. As
observed, the modeled PBL tended to grow faster,
with greater depths at Manitou than at Hayman until
;2000 UTC, after which the two depths were similar.

This evolution likely reflects larger surface buoyancy
fluxes at Manitou gradually being offset by horizontal
mixing and ingestion of air that was unaffected by the
fire scar into the growing PBL at the two sites. Simulation refinements had little effect on daytime temperature profiles at 2000 UTC 21 August but appeared to
degrade the Hayman profiles on 22 August. There were
considerable differences between modeled and observed 2000 UTC wind profiles, even allowing for the
effects of partially resolved PBL convection, especially on 22 August.
Although the simulations did a reasonable job of
separating out the roles of local surface modification and
mesoscale terrain-induced flow in determining the differences between Hayman and Manitou, there is room
for improvement. More realistic prefire conditions
would have been desirable. The choice of 10 cm for the
thickness of the organic layer was dictated by the
thickness of the top soil layer in Noah-MP: the organic
layer was not necessarily either that thick or that solid.
Also, although we modified the near-surface model
winds and temperatures to better correspond to the
heights of our observations, continued development of
more compatible surface diagnostics and observation
strategies is needed for better model–observation
comparisons.
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FIG. 20. As in Fig. 18, but the wind components U and V at 2000 UTC are averaged horizontally over 81 grid
points (4.5 km 3 4.5 km). The largest horizontal standard deviations, for F1HD110m-3.6.1, are shown. Local
averaged elevations are used to calculate height above ground level.
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