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Abstract. This study presents a large-eddy simulation (LES) study of the convective boundary layer
on August 1, 1999 over Philadelphia, PA during a summer ozone episode. The study is an evaluation
of the Colorado State University’s Regional Atmospheric Modeling System Version 4.3 (RAMS4.3)
with the LES option using Northeast Oxidant and Particulate Study (NE-OPS) data. Simulations
were performed with different imposed sensible heat fluxes at the ground surface. The model was
initialized with the atmospheric sounding data collected at Philadelphia at 1230 UTC and model inte-
grations continued till 2130 UTC. The resulting mean profiles of temperature and humidity obtained
from the LES model were compared with atmospheric soundings, tethered balloon and aircraft data
collected during the NE-OPS 1999 field campaign. Also the model-derived vertical profiles of virtual
temperature were compared with NE-OPS Radio Acoustic Sounder System (RASS) data while the
humidity profiles were compared with NE-OPS lidar data. The comparison of the radiosonde data
with the LES model predictions suggests that the growth of the mixing layer is reasonably well
simulated by the model. Overall, the agreement of temperature predictions of the LES model with
the radiosonde observations is good. The model appears to underestimate humidity values for the
case of higher imposed sensible heat flux. However, the humidity values in the mixing layer agree
quite well with radiosonde observations for the case of lower imposed sensible heat flux. The model-
predicted temperature and humidity profiles are in reasonable agreement with the tethered balloon
data except for some small overestimation of temperature at lower layers and some underestimation
of humidity values. However, the humidity profiles as simulated by the model agree quite well with
the tethered balloon data for the case of lower imposed sensible heat flux. The model-predicted virtual
temperature profile is also in better agreement with RASS data for the case of lower imposed sensible
heat flux. The model-predicted temperature profile further agrees quite well with aircraft data for the
case of lower imposed heat flux. However, the relative humidity values predicted by the model are
lower compared with the aircraft data. The model-predicted humidity profiles are only in partial
agreement with the lidar data. The results of this study suggest that the explicitly resolved energetic
eddies seem to provide the correct forcing necessary to produce good agreement with observations
for the case of an imposed sensible heat flux of 0.1 K m s−1 at the surface.
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1. Introduction

1.1. RATIONALE

There is an ever increasing need to enhance our understanding of and quantify
the role of turbulence in atmospheric planetary boundary layer (PBL) processes.
Indeed, turbulence in the PBL plays a very central role in determining the trans-
fer of heat, momentum and mass (including pollutants) between the earth surface
and the atmospheric environment. Models which provide for explicit resolution of
eddies in the PBL, such as large-eddy simulation (LES) models, can improve the
characterization of phenomena of turbulent transport and mixing. Also, a better
understanding of turbulence can lead to improved PBL models which in turn can
contribute to more refined air quality models [1]. An important attribute for any
LES model is the ability to correctly simulate the structure and characteristics of
atmospheric turbulence in the PBL. Hence, there is a need to perform an evalu-
ation of LES modeling with appropriate observations in order to understand the
limitations as well as strengths of the LES approach and its implementation.

It is also currently becoming recognized that point estimates of ambient pol-
lutant concentrations, representing ensemble means of volume averages (over the
computational cells of urban or regional models) cannot provide the information on
subgrid variability that is needed in population exposures studies. Current efforts
aim to provide probabilistic descriptions of local (neighborhood scale or census
tract/block scale) air quality that incorporate both uncertainty and variability in
ambient concentrations. Large-eddy simulations can in principle be used to fulfill
this goal. Large-eddy simulations can also be valuable in studies of turbulent chem-
ical interactions in the convective boundary layer (CBL). In a non-LES chemistry
transport model study, due to the volume averaging of the turbulent medium, large
scale eddies in the CBL can contribute to chemical structures which are at variance
with reality. However, large-eddy simulation combined with chemistry can define
appropriate averages and provide for uncertainties and fluctuations in concentration
estimates. In a recent study, Ching et al. [2] examine the various issues involved
in modeling particulate matter (PM) and air toxics concentration fields and their
role in human exposure models. Ching et al. [2] produced gridded air quality fields
over Philadelphia using the Models-3/Community Multiscale Air Quality (CMAQ)
modeling system and compared with results obtained from turbulence induced
concentration fluctuations using a large-eddy simulations technique as well as re-
sults obtained from dispersion of point, street and area sources from street canyon
flows using a combination of computational fluid dynamics (CFD) and wind tunnel
modeling techniques. This analysis, in fact indicated that the extent of the resolved
scale spatial variability varies with each pollutant species.

The North American Research Strategy for Tropospheric Ozone – Northeast –
Oxidant and Particle Study (NARSTO-NE-OPS) [3] has developed meteorolog-
ical and air quality databases utilizing a variety of advanced measurement plat-
forms such as instrumented aircraft, wind profiler, Radio Acoustic Sounder System



LARGE-EDDY SIMULATION STUDY 307

(RASS), lidar, tethered balloon sondes and rawinsondes. In the present study an
evaluation of the large-eddy simulation option of the Colorado State University’s
Regional Atmospheric Modeling System (RAMS 4.3) in modeling a convective
boundary layer over Philadelphia, PA is undertaken by comparing the RAMS-LES
results with aircraft, lidar, tethered balloon, RASS and radiosonde observations
during a 1999 summer ozone episode.

1.2. BACKGROUND

Large-eddy simulation (LES) studies of the atmospheric planetary boundary layer
(PBL) are being increasingly employed to characterize processes affected by tur-
bulence. LES is a numerical modeling technique designed to explicitly resolve the
more energetic eddies in the PBL. In LES studies, the unresolved (subgrid-scale)
motions chiefly contribute to dissipation of resolved turbulent energy. Several LES
models were developed [4–7] following the pioneering work by Deardorff [8].
Since LES studies resolve explicitly the energetic eddies in the PBL, the horizontal
grid resolution utilized in these studies is typically of the order of 100 m. A majority
of LES studies reported in the literature have dealt with convective boundary layer
(CBL) over homogeneous land surface [6, 9–11]. However, there have been studies
that focused on aspects of land surface heterogeneity [12–16].

Hadfield et al. [7, 17] utilized the LES option of the Colorado State University’s
Regional Atmospheric Modeling System (RAMS) [18, 19] to study the impact of
high amplitude surface heat flux patterns on the CBL and found that under no
background wind conditions, the CBL was marginally affected by relatively large
heat flux pattern. Young [20] compared the profiles of turbulence statistics obtained
from aircraft observations and numerical studies in rolling and flat terrain. Young
[20] found no significant difference in the turbulent structure from results obtained
with a uniform terrain as well as results obtained with topographical features of
the order of 100 m. However, other studies [12, 21] provide evidence of impact of
land surface heterogeneity on the CBL. Avissar and Schmidt [15] investigated the
effects of surface heterogeneities resulting from surface sensible heat fluxes with
different means, amplitudes and wavelengths on the convective boundary layer,
by utilizing the LES option of RAMS. Their results indicate that the impact of
amplitude and wavelength of a heat wave is nonlinearly dependent upon the mean
heating rate and that circulations resulting from surface heterogeneity are stronger
when the amplitude and wavelength of the heat wave are larger. Avissar et al. [22]
performed LES studies by utilizing RAMS to simulate the convective boundary
layer on July 1, 1987 over the region of the First International Satellite Land
Surface Climatology Project Field Experiment (FIFE). Avissar et al. [22] utilized
in their simulation the diurnal variation of mean surface fluxes and their spatial
variation obtained from the FIFE observational network and compared the model
results with observed atmospheric soundings as well as with volume-imaging li-
dar picture. Their results indicated that the model performed quite well, with its
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estimates being within 1 K and 1 g kg−1 of the observed atmospheric soundings.
Gopalakrishnan et al. [16] utilized the LES option of RAMS to evaluate the scale at
which topography starts to significantly affect the mean characteristics and struc-
ture of turbulence in the convective boundary layer. Their results indicated that
topography had very little impact on the mean properties of the CBL at horizontal
length scales of less than 5 km while there were some effects at larger horizontal
scales.

Large-eddy simulations of dispersion in the convective boundary layer [23,
24] as well as in the stable boundary layer [25, 26] have been performed in re-
cent years. Gopalakrishnan and Avissar [23] utilized the LES option of RAMS
to study the impacts of land surface heterogeneity on dispersion in the convective
boundary layer and found that the surface heat flux heterogeneities tend to generate
atmospheric circulations which impede vertical mixing and hence have a marked
influence on particle dispersion in the CBL. Fast [27] studied the relative role of
local and regional scale processes on ozone in Philadelphia for the period July
15–August 4, 1999 by utilizing a non-LES coupled meteorological and chemical
modeling system, the PNNL Eulerian Gas and Aerosols Scalability Unified System
(PEGASUS) [28]. RAMS is the meteorological component of PEGASUS with
the latter utilizing four nested grids with horizontal resolutions of 48, 24, 8 and
4 km, respectively. The two innermost grids were centered over Philadelphia while
the outermost grid encompassed the eastern United States and the remaining grid
encompassed regions of north-central and north-eastern United States and southern
Canada. The mesoscale model results were evaluated with radar wind profiler and
radiosonde data while the chemical transport model results were evaluated with
aircraft, ozonesonde and surface monitoring data. The results indicated little model
bias in the simulated model wind speed as compared to the wind profilers but the
simulated wind direction was more westerly by about 15 degrees. The mixing
layer temperature and specific humidity simulations were within 1–2 K and 1–
2 g kg−1 of the corresponding observational values. Ding et al. [29, 30] performed
large-eddy simulation of the atmospheric boundary layer using a new subgrid scale
model for unstable, neutral, weakly and moderately stable cases and obtained sat-
isfactory results using the new subgrid-scale model. More recent studies exist in
the literature where the LES option of RAMS is utilized [31–37].

1.3. A BRIEF OVERVIEW OF NARSTO-NE-OPS

The North American Research Strategy for Tropospheric Ozone – Northeast – Ox-
idant and Particle Study (NARSTO-NE-OPS) is a multi institutional collaborative
research program set up under EPA initiative, to improve current understanding
of the underlying causes for the occurrence of high ozone concentrations and in-
creased levels of fine particles in the north-eastern United States. Various advanced
meteorological (aircraft [38], lidar [39], tethered balloon [40] and radar wind pro-
filer/RASS sounder [3, 41]) and air chemistry (ground based particle/chemical
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samples [3]) measurements were made at the NE-OPS site at the Baxter Water
Treatment Plant, Philadelphia, PA (40.0764◦ N, 75.0119◦ W) during three field
campaigns conducted during the summers of 1998, 1999 and 2001 [3]. During
the 1999 campaign (June 28 to August 19) eight pollution episodes occurred over
Philadelphia (July 3–5, July 8–10, July 16–21, July 23–24, July 27–August 1,
August 7–8, August 11–13, August 15–17, 1999), all of them resulting in mea-
surements of high ozone concentration over Philadelphia. Pennsylvania State Uni-
versity Radar wind profiler/RASS sounder and lidar were operated at the Baxter
Water Treatment Plant NE-OPS primary site while the radiosondes were released
at Philadelphia by the Pacific Northwest National Laboratory (PNNL). The Univer-
sity of Maryland aircraft [38] and the DOE–G1 aircraft by the Brookhaven National
Laboratory were operated over a region extending six square miles around the NE-
OPS site at Baxter Water Treatment Plant, Philadelphia. Millersville University
[40] performed tethered balloon measurements at the NE-OPS Baxter Water Treat-
ment Plant site at Philadelphia. The present investigation is primarily focused on
an ozone episode that took place on August 1, 1999 over the Philadelphia region.
The temperature and humidity profiles obtained from the LES model are compared
with the PNNL radiosonde, tethered balloon, aircraft and lidar observations while
the virtual temperature profiles obtained from the model are compared with the
RASS observations.

2. Description of the LES Option in RAMS 4.3

The LES model utilized in the present study is the Colorado State University’s
Regional Atmospheric Modeling System (RAMS) version 4.3 [18, 19]. A detailed
description of the LES option in RAMS is provided by Pielke et al. [42] and hence
only a brief summary is presented here. The horizontal grid adopted for the various
simulations consisted of 46 cells in the east-west (x) direction and 40 cells in the
north-south (y) direction with a grid resolution of 125 m. Fifty layers in the vertical
direction with vertical grid spacing ranging from 10 m near the ground surface and
increasing up to a maximum of 125 m, with a vertical grid stretch rate of 1.1 was
adopted for this study. The height of the highest model level considered in this
study is 3898.5 m. The study utilized the 1.5 order-of-closure scheme proposed by
Deardorff [43] for subgrid-scale turbulence. Momentum fluxes were calculated at
the bottom boundary according to Louis [44] and the sensible heat flux was directly
imposed at the bottom boundary. The land-processes scheme, the cloud micro-
physics scheme and the radiation schemes were deactivated [23]. Cyclic conditions
for the lateral boundary were utilized. A rigid lid was employed as top boundary
condition with a Rayleigh friction scheme applied to the seven top layers in the
vertical direction. This type of boundary condition absorbs spurious gravity waves
and reduces reflection from the upper part of the simulated domain and is normally
utilized in studies such as these [23].
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The LES model was initialized with the temperature and water vapor mixing
ratio profiles observed at 1230 UTC on August 1, 1999 over the NE-OPS site at
the Baxter Water Treatment Plant, Philadelphia. The hot weather conditions were
prevalent over the North East U.S. during the ozone episode (July 27–August 1,
1999), with temperatures of 34.44 ◦C reported on August 1 over the region. Broken
high clouds were seen during the day with winds being predominantly westerly on
August 1, 1999. A cold front finally crossed the region on August 2, 1999 ending
the ozone episode. The temperature and moisture profiles were available from air-
craft, RASS, tethered balloon, lidar and radiosonde during the NE-OPS campaign
on August 1, 1999 and since this day also characterized typical midlatitude mid-
summer conditions, the above day was chosen for the simulation. Some previous
studies have utilized theoretical profiles to initialize the LES model (e.g., [14, 15])
while other studies have utilized sounding profiles to initialize the model (e.g.,
[22, 23]). In this study we have opted for the sounding profiles to initialize the
model. Also, in all the simulations the domain was heated by a mean, constant
kinematic sensible heat flux of either 0.1 or 0.2 K m s−1 at the ground surface [23].
The convective scales resulting from these mean heating rates compare well with
studies of Deardorff [10] and Lamb [45]. Usually in LES studies, the land processes
are not activated and hence it was decided to deactivate the land processes scheme
in this study. Also, observed sensible heat flux information at the ground surface
was not available and so it was decided to impose a constant uniform sensible heat
flux at the lower boundary. Since the objective of this study was to evaluate the LES
option of RAMS with NE-OPS observations, it was decided to use the topography
(DEM 30 sec) and land use data from the RAMS database. It should be noted
that the above data are not available in scales of the order of 100 m; however, one
can expect that this limitation is unlikely to critically impact model results. Model
simulations were started at 1230 UTC and continued for 9 h till 2130 UTC with a
time step of integration of 2 s.

3. Results and Discussion

3.1. COMPARISON OF LES-RAMS PREDICTIONS WITH NE-OPS OBSERVATIONS

The number of LES studies has been steadily increasing in recent years due to
the rapid development of faster affordable computing machines. However, there
have not been many studies designed to evaluate the ability of LES to adequately
simulate the structure and characteristics of turbulence in the PBL. The main reason
for the limited number of LES evaluation studies has been the lack of appropriate
observations. In fact, a comprehensive LES evaluation study requires 3-D obser-
vations of wind components, temperature and scalars in the PBL with very high
resolution in both spatial and temporal scales [22]. The NE-OPS 1999 field cam-
paign did provide advanced measurement platforms such as instrumented aircraft,
wind profiler, RASS, lidar, tethered balloons and radiosondes thus facilitating the
present attempt to evaluate the LES option of RAMS by comparing the mean pro-



LARGE-EDDY SIMULATION STUDY 311

files of temperature and moisture with aircraft, RASS, tethered balloon, lidar and
radiosonde data. All heights noted in the following figures refer to height above
mean sea level.

3.1.1. Comparison of LES-RAMS Predictions with Radiosonde Data

Figures 1 and 2 show comparisons of RAMS-LES predictions of mean temperature
and water vapor mixing ratio with PNNL radiosondes at Philadelphia for the case
where the entire domain is heated by a mean constant kinematic sensible heat flux
of 0.2 K m s−1 at the ground surface. While Figure 1 presents the comparison for
August 1, 1999; 1430 UTC (top panels) and 1630 UTC (bottom panels), Figure 2
shows the comparison for the same day at 1900 UTC (top panels) and 2130 UTC
(bottom panels). The temperature profiles, as seen from radiosonde observations at
1430 UTC, 1630 UTC and 1900 UTC, are characterized by inversions (increase of
temperature with height) around 950 hPa, 900 hPa and 820 hPa, respectively. Also,
the observed water vapor mixing ratio profiles, at the above mentioned times, reveal
the presence of uniform humidity values extending to around 960 hPa at 1430
UTC, to 900 hPa at 1630 UTC and to 825 hPa at 1900 UTC, respectively. The
above radiosonde observations suggest that the mixing layer steadily increases its
vertical extent from around 950 hPa at 1430 UTC to around 825 hPa at 1900 UTC.
The temperature predictions by the LES model (Figures 1 and 2) clearly show
the presence of inversion at around 925 hPa at 1430 UTC and around 820 hPa at
1900 UTC. Also, the humidity predictions by the LES model (Figures 1 and 2)
reveal the presence of uniform humidity values extending to 925 hPa at 1430 UTC,
to 875 hPa at 1630 UTC and to 825 hPa at around 1900 UTC. The above model
results suggest that the mixing layer does steadily increase from 1430 UTC to 1900
UTC as required by observations and the growth of the mixing layer is reasonably
well simulated by the LES model. The grid cell size in the vertical direction for the
LES model is 50 m around 950 hPa and 125 m around 875 hPa. Hence, even the
best simulation of the mixing layer by the model will result in small differences of
the order of 50 m in the mixing layer height as compared to observations. Also, it is
clear from Figures 1 and 2 that the temperature predictions are robustly simulated
by the LES model and the agreement with radiosonde observations is good. It is
pertinent to note here that the model results are averaged over a grid cell and model
timestep while the observations are primarily point measurements. However, the
humidity predictions by the LES model appear to somewhat underestimate the
observations, especially in the lower layers with the model showing a difference
of 1–2 g kg−1 with observations.

In order to study the sensitivity of the imposed constant sensible heat flux,
LES simulations were performed with a different value of 0.1 K m s−1 for the
kinematic sensible heat flux at the ground surface. Figures 3 and 4 show the com-
parison of RAMS-LES predictions of mean temperature and water vapor mixing
ratio profiles with PNNL radiosondes at Philadelphia for the case when the entire
domain is heated by a mean constant kinematic sensible heat flux of 0.1 K m s−1
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Figure 1. Comparison of radiosonde observations with RAMS-LES predictions of mean pro-
files of temperature and water vapor mixing ratio for August 1, 1999; 1430 UTC (top panels)
and 1630 UTC (bottom panels) at Philadelphia for a constant surface sensible heat flux of
0.2 K m s−1.
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Figure 2. Comparison of radiosonde observations with RAMS-LES predictions of mean pro-
files of temperature and water vapor mixing ratio for August 1, 1999; 1900 UTC (top panels)
and 2130 UTC (bottom panels) at Philadelphia for a constant surface sensible heat flux of
0.2 K m s−1.
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Figure 3. Comparison of radiosonde observations with RAMS-LES predictions of mean pro-
files of temperature and water vapor mixing ratio for August 1, 1999; 1430 UTC (top panels)
and 1630 UTC (bottom panels) at Philadelphia for a constant surface sensible heat flux of
0.1 K m s−1.
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Figure 4. Comparison of radiosonde observations with RAMS-LES predictions of mean pro-
files of temperature and water vapor mixing ratio for August 1, 1999; 1900 UTC (top panels)
and 2130 UTC (bottom panels) at Philadelphia for a constant surface sensible heat flux of
0.1 K m s−1.
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at the ground surface. The above-mentioned figures present the comparisons for
the same times as Figures 1 and 2; they clearly reveal that the decrease in the
imposed sensible heat flux at the ground surface caused a decrease in the mixing
layer height. This is understandable, since a decrease in the imposed sensible heat
flux will result in reduced convective activity and contribute to reduced vertical
mixing thus causing a decrease in the mixing layer height. However, the water
vapor mixing ratio predictions by the LES model reveal a better agreement with
observations as far as values in the mixing layer are concerned, with the model
showing an increase of 0.5–1.0 g kg−1 as compared to Figures 1 and 2 in the mixing
layer. The reason for the decrease of humidity values predicted by the LES model
for the case of higher imposed sensible heat flux appears less straightforward. In
the present study the LES option in RAMS was utilized assuming that water can
exist in the vapor phase and that there is no condensation. Considering the above
assumption, higher imposed sensible heat flux will cause greater convection and
more vigorous vertical mixing with drier air aloft which can then contribute to
lower values of humidity. Also, unlike Figures 1 and 2, the temperature predictions
reveal that the temperature values in the mixing layer are lower than corresponding
observations. In the present study, a horizontal homogeneous initialization of the
LES model using the observed temperature and water vapor mixing ratio profile
was performed. Since the soil and vegetation models were deactivated for the LES
study and since actual soil moisture data were not utilized in the initialization,
there is a possibility that the model may simulate lower humidity values close to
the surface. A decrease in the imposed sensible heat flux will produce mixing layer
depths of smaller vertical extent. Also, with the model simulating lower humidity
values close to the surface, the above will result in moisture being vertically mixed
over smaller vertical depths which may be responsible for the higher values of
humidity in the lower troposphere. The situation for the higher imposed sensible
heat flux will correspond to lower values of humidity since the moisture will be
mixed vertically over a larger vertical depth.

3.1.2. Comparison of LES-RAMS Predictions with Tethered Balloon Data

Figure 5 shows the comparison of RAMS-LES predictions of mean temperature
and relative humidity with tethered balloon data at the NE-OPS Baxter Water
Treatment Plant site, Philadelphia for the case where the entire domain is heated
by a mean constant kinematic sensible heat flux of 0.2 K m s−1 at the ground
surface. Figure 5 shows the comparison for August 1, 1999, at 1500 UTC (top
panels) and 1600 UTC (bottom panels), respectively. Two tethered balloons (7 m3

and 100 m3) were utilized by Millersville University during the NE-OPS program.
The small balloon which recorded meteorological variables was utilized in a series
of ascent/descent soundings to an altitude of 300 m at a rate of approximately
0.15–0.2 m s−1. Typically one vertical profile was obtained every 30 min with a
vertical resolution of 1–3 m. While the LES model appears to reasonably simulate
the mean temperature profile at 1600 UTC, the model appears to overestimate
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Figure 5. Comparison of tethered balloon observations with RAMS-LES predictions of mean
profiles of temperature and relative humidity for August 1, 1999; 1500 UTC (top panels)
and 1600 UTC (bottom panels) at Philadelphia for a constant surface sensible heat flux of
0.2 K m s−1.
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the temperature values at 1500 UTC. The relative humidity predictions by the
LES model appear to underestimate the observations, with the model showing a
difference of 6–8% with observations. Figure 6 shows the comparison of RAMS-
LES predictions of mean temperature and relative humidity with tethered balloon
data over Philadelphia for the case where the domain is heated by a mean constant
kinematic sensible heat flux of 0.1 K m s−1 at the ground surface. Figure 6 provides
the comparison for the same times as Figure 5. It is clear from Figure 6 that the
relative humidity profile as simulated by the LES model is in very good agreement
with the tethered balloon data for both times (1500 and 1600 UTC). The decrease
of the model humidity value with increase of imposed sensible heat flux is evident
again. Unlike Figure 5, the LES model predicts temperature values that are lower
than the tethered balloon observations for the case of lower imposed sensible heat
flux.

3.1.3. Comparison of RAMS-LES Predictions with RASS Data

Figure 7 presents a comparison of RAMS-LES predictions of virtual tempera-
ture with RASS data obtained at the NE-OPS Baxter Water Treatment Plant site,
Philadelphia for the case where the entire domain is heated by a mean constant
kinematic sensible heat flux of 0.2 K m s−1 at the ground surface. Figure 7 shows
the comparison for August 1, 1999; at 1500 and 1800 UTC (top panels) and at
1900 and 2000 UTC (bottom panels), respectively. While the virtual temperature
prediction agrees with observations at times 1800 and 1900 UTC, the model ap-
pears to overestimate the virtual temperature values at times 1500 and 2000 UTC.
Angevine et al. [46], while comparing the wind profiler and RASS measurements
with 450 m tall tower measurements, observed that the virtual temperature as mea-
sured by RASS may only be accurate to about 0.5 ◦C. Also Zhang et al. [47] discuss
the uncertainties associated with the different measurement platforms and provide
evidence (Figure 8 of their paper) of differences of 1–2 ◦C in the virtual temperature
profile between the aircraft, tethered balloon and RASS measurements during the
NE-OPS campaign around July 17, 1999; 2000 UTC. Zhang et al. [47], while
comparing the NE-OPS RASS measurements, to NE-OPS tower based measure-
ments, found the mean bias and standard deviation of the biases to be about 1 ◦C.
Figure 8 shows the same information as Figure 7 except that the former is for the
case when the entire domain is heated by a mean constant kinematic sensible heat
flux of 0.1 K m s−1 at the ground surface. Due to the reduced value of the imposed
sensible heat flux, the virtual temperature predicted by the LES model is lower
than that presented in Figure 7. However, the agreement with the RASS virtual
temperature data is much better for this case of lower imposed sensible heat flux
value. The virtual temperature profile depends on both temperature and humidity
values. With an increase of imposed sensible heat flux at the surface, an increase of
model temperature and, as explained earlier, a decrease in the model humidity value
are to be expected. However, the dependence of temperature on virtual temperature
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Figure 6. Comparison of tethered balloon observations with RAMS-LES predictions of mean
profiles of temperature and relative humidity for August 1, 1999; 1500 UTC (top panels)
and 1600 UTC (bottom panels) at Philadelphia for a constant surface sensible heat flux of
0.1 K m s−1.
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Figure 7. Comparison of RASS observations with RAMS-LES predictions of mean profiles
of virtual temperature for August 1, 1999; 15 and 18 UTC (top panels) and 1900 and 2000
UTC (bottom panels) at Philadelphia for a constant surface sensible heat flux of 0.2 K m s−1.
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is more, and this is reflected as an increase of virtual temperature values with an
increase of imposed sensible heat flux at the surface.

3.1.4. Comparison of RAMS-LES Predictions with Aircraft Data

Figure 9 shows the comparison of RAMS-LES predictions of mean temperature
and relative humidity with aircraft measurements over Philadelphia on August 1,
1999; 1430 UTC, for the case where the entire domain is heated by a mean constant
kinematic sensible heat flux of 0.2 K m s−1 (top panels) and for the case where the
imposed sensible heat flux is 0.1 K m s−1 (bottom panels), at the ground surface.
The relative humidity observation values, shown in Figure 9 are characterized by
very high values (85% or above) with values occasionally reaching 100%. While
the LES model appears to reasonably simulate the temperature, except for slight
overestimation close to the ground for the case of higher imposed sensible heat
flux, the model appears to underestimate the relative humidity values. However, the
figures in the bottom panel reveal that the LES model agreement with the aircraft
temperature data is quite good for the case of lower imposed sensible heat flux.
Also, the relative humidity as predicted by the model in the lower layers assumes
higher values for the case of lower imposed sensible heat flux. Despite the under-
estimation of the humidity values, Figure 9 shows that the model does appear to
simulate well the trends in the structure of the humidity profile.

3.1.5. Comparison of RAMS-LES Predictions with Lidar Data

Figure 10 presents the comparison of RAMS-LES predictions of mean water va-
por mixing ratio with lidar data over Philadelphia on August 1, 1999; 1700 and
1800 UTC, for the case where the entire domain is heated by a mean constant
kinematic sensible heat flux of 0.2 K m s−1 (top panels) and for the case where
the imposed sensible heat flux value is 0.1 K m s−1 (bottom panels) at the ground
surface. The comparisons with lidar data were restricted to humidity profiles, as no
temperature data were collected on August 1, 1999. The water vapor mixing ratio
observations, as seen in Figure 10, appear to increase with a height up to 500 m.
The LES model is unable to successfully simulate the above feature. It should be
noted that uncertainties exist among different measurement platforms. Figure 11
displays typical water vapor mixing ratio and temperature profiles on August 1,
1999; 1500 UTC. The water vapor mixing ratio profile utilizes data from aircraft,
lidar, tethered balloon and radiosonde while the temperature profile utilizes data
from aircraft, tethered balloon and radiosonde. While there is reasonable agreement
for the temperature profile between the different measurement platforms, the same
is not true for the humidity profile. For the latter, there is acceptable agreement
only between the tethered balloon and radiosonde data. The aircraft data are ac-
ceptably close to the radiosonde data only at heights of 2000 m and above. Also,
the aircraft water vapor mixing ratio data assume high values (6–8 g kg−1 higher)
in the lower layers as compared to the radiosonde and tethered balloon data. It is to
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Figure 8. Comparison of RASS observations with RAMS-LES predictions of mean profiles
of virtual temperature for August 1, 1999; 1500 and 1800 UTC (top panels) and 1900 and 2000
UTC (bottom panels) at Philadelphia for a constant surface sensible heat flux of 0.1 K m s−1.
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Figure 9. Comparison of aircraft observations with RAMS-LES predictions of mean profiles
of temperature and relative humidity for August 1, 1999; 1430 UTC at Philadelphia for a
constant surface sensible heat flux of 0.2 K m s−1 (top panels) and for 0.1 K m s−1 (bottom
panels).
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Figure 10. Comparison of lidar observations with RAMS-LES predictions of mean profiles
of water vapor mixing ratio for August 1, 1999; 1700 and 1800 UTC at Philadelphia for a
constant surface sensible heat flux of 0.2 K m s−1 (top panels) and for 0.1 K m s−1 (bottom
panels).
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Figure 11. Comparison of observations from different platforms (aircraft, lidar, tethered bal-
loon, sonde) on August 1, 1999; 1500 UTC for water vapor mixing ratio (top left panel) and
for temperature (top right panel) at Philadelphia.

be noted that the aircraft spiraled over a region extending six square miles around
the NE-OPS Baxter Water Treatment Plant site while the lidar, tethered balloon
and radiosonde were set up exactly at the NE-OPS Baxter Water Treatment Plant
location in Philadelphia. The lidar water vapor mixing ratio data is characterized
by increasing values with height, a feature not seen in the data obtained on other
measurement platforms.

4. Conclusions

This study presented an evaluation of a RAMS large-eddy simulation of the con-
vective boundary layer on August 1, 1999 over Philadelphia, PA during a summer
ozone episode. Simulations were performed with two different imposed sensi-
ble heat fluxes at the ground surface. Comparisons of observations from different
measurement platforms indicate that while there is acceptable agreement for the
temperature values, the same is not true for the humidity values. The humidity val-
ues obtained from aircraft and lidar were found to depart from the radiosonde and
tethered balloon data with the latter two being reasonably close to one another. The
comparison of the radiosonde data with the LES model suggests that the growth of
the mixing layer is reasonably well simulated by the model. Overall, the agreement
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of temperature prediction of the LES model with the radiosonde observations is
good. The model appears to underestimate the humidity values for the case of
higher imposed sensible heat flux. However, the humidity values in the mixing
layer agree quite well with radiosonde observations for the case of lower imposed
sensible heat flux. The model-predicted temperature and humidity profiles are in
reasonable agreement with the tethered balloon data except for some small overes-
timation of temperature at lower layers and some underestimation of the humidity
values. However, the humidity profiles as simulated by the model agree quite well
with the tethered balloon data for the case of lower imposed sensible heat flux. The
model-predicted virtual temperature profile is in better agreement with RASS data
for the case of lower imposed sensible heat flux. The model-predicted temperature
profile agrees quite well with aircraft data for the case of lower imposed heat flux.
However, the relative humidity values predicted by the model are lower compared
with the aircraft data. The model-predicted humidity profiles are only in partial
agreement with the lidar data. The decrease in humidity values with increase of the
imposed sensible heat flux suggests that increased convection and vigorous mixing
of dry air aloft may contribute to lower humidity values. Overall, the agreement
of the humidity predictions of the LES model with observations is better for the
case of lower imposed sensible heat flux while the agreement of the temperature
predictions of the LES model with observations is good. The results of this study
suggest that the explicitly resolved energetic eddies seem to provide the correct
forcing necessary to produce good agreement with observation for the case of an
imposed sensible heat flux of 0.1 K m s−1 at the surface.
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