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1. INTRODUCTION 
 
 The International H2O Project (IHOP), which 
occurred over a six-week period in the southern Great 
Plains of the U.S. (Weckwerth et al. 2004), provided 
an unprecedented set of data to examine the detailed 
vertical structure and characteristics of density 
currents, bores, and solitons. Density currents are 
primarily horizontal mass flows driven by their greater 
density relative to their environment.  In a stratified 
atmosphere, a density current may generate a 
hydraulic jump (a bore), associated with a sudden 
increase in the depth of the layer beneath the 
inversion (Simpson 1987; Crook 1988; Rottman and 
Simpson 1989).  Under proper conditions, a bore may 
evolve into a family of solitary waves known as a 
“soliton” (Christie et al. 1979).  A solitary wave 
consists of a single wave of elevation that, owing to a 
balance between nonlinearity and dispersion, 
propagates without change of form.   
 
 Bores and solitons were observed repeatedly by 
a large multitude of ground-based and airborne 
remote sensing systems.  The primary objective of 
this study is to increase understanding of the mixing 
processes associated with these phenomena, and 
how this mixing affects the distribution of water vapor 
and aerosols.  Two main types of instability are known 
for creating turbulent mixing in density currents: 
Kelvin-Helmholtz billows that roll up in the region of 
speed shear above the head of the current, and lobes 
and clefts formed by frictional effects on the lower part 
of the leading edge of the density current. The lobes 
lead to static instability through an overrunning of the 
denser fluid in the nose of the current over the lighter 
fluid.  Billows appear to be the primary means by 
which air originating from above the inversion is 
 
 
 
 
 

 
mixed into a density current (Drogemeier and 
Wilhelmson 1985; Geerts et al. 2006). 
 
 When the depth of the density current (db) is 
greater than the depth of the stably stratified layer 
(h0), the flow of the denser fluid within the density 
current is partially blocked and a bore is generated. 
The bore may separate from the density current and 
propagate ahead of it.  Mixing processes in bores and 
solitons increase with the bore strength, defined as 
the ratio of the mean bore depth to the depth of the 
inversion layer (db/h0).  Laboratory experiments 
predict that when the bore strength lies in the range of 
2 < db/h0 < 4, mixing commences behind the bore 
head on the downstream side of the first solitary 
wave, as well as at points further downstream where 
Kelvin-Helmholtz instability may arise (Rottman and 
Simpson 1989).  However, very little is known about 
the nature of such mixing in the real atmosphere, nor 
how it may impact moisture and aerosol distributions. 
 
 The structure and dynamics of two bores 
generated during the early morning of 4 June 2002 
over the Great Plains provide the basis of this study. 
This paper describes the instruments and analysis 
techniques used, the design of the nested high-
resolution model experiments, and the results of the 
observational analysis and the model simulations, so 
as to develop a conceptual framework for 
understanding the nature of entrainment and turbulent 
mixing processes by the bores and solitons. 
 
2. INSTRUMENT DESCRIPTION 
 
 All of the ground-based remote sensing systems 
were located at Homestead (HISS) in the Oklahoma 
Panhandle, with the exception of the S-POL radar, 
which was located 15 km to the west of Homestead.  
S-POL is an S-band dual-polarization Doppler radar, 
which also provided estimates of the low-level index 
of refraction within ~40 km from the radar following 
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the technique described in Fabry et al. (1997).  The 
refractivity is a function of two terms: a dry density 
term and a moist term. As air temperature increases, 
the moist term increasingly dominates over the dry 
density term.  High correlation between S-POL radar 
refractivity and that derived from nearby mesonet 
observations has been found (Weckwerth et al. 2005).  
A vertically pointing FM-CW radar detected 
fluctuations in the index of refraction over the lowest 
2.5 km of the atmosphere with very high sensitivity to 
fluctuations as small as a few meters.  The NCAR 
Multiple Antenna Profiler (MAPR) provided 
measurements of the horizontal and vertical wind 
components with 30-sec time resolution and 60-m 
height resolution to 4.0 km (Cohn et al. 2001).  A 
Scanning Raman Lidar (SRL, Whiteman et al. 2006) 
and the Holographic Airborne Rotating Lidar 
Experiment (HARLIE, Schwemmer et al. 1998) were 
also used in this study.  The SRL provided mixing 
ratio data with a temporal resolution of 2 min and a 
vertical resolution of ~30 m to 200 m.  HARLIE is an 
aerosol backscatter lidar with an effective altitude 
resolution of ~50 m below 2-km altitude, degrading 
with height to ~250 m.  Retrieved profiles of 
temperature and moisture were provided below cloud 
base every 10 min by the Atmospheric Emitted 
Radiance Interferometer (AERI) (Feltz et al. 2003; 
Knuteson et al. 2004) in the planetary boundary layer 
(PBL) below 2.5 km. with a vertical resolution of 50 m 
below 1 km, degrading to 250 m in the 2–3 km layers. 
 
 Special surface and sounding systems were also 
used in this study. Surface data with temporal 
sampling ranging from 1 min to 60 min were available 
from a collection of surface mesonetworks.  The 
Integrated Sounding System (ISS, Cohn et al. 2001) 
provided detailed soundings at 3-h intervals.  Lastly, 
the University of Wyoming King Air (UWKA) provided 
in situ measurements.  The UWKA flew along a set of 
paths directed perpendicular to bore B. 
 
3. NUMERICAL MODEL CONFIGURATION 
 
 Idealized numerical model simulations of density 
currents, bores, and solitons have added significantly 
to our understanding of these phenomena (e.g., 
Droegemeier and Wilhelmson 1985; Crook 1988; 
Haase and Smith 1989a, b; Jin et al. 1996), but the 
ability to simulate these phenomena accurately using 
a numerical weather prediction model initialized with 
actual observations is unproven.  This study 
addressed this challenge by running a very high-
resolution version of the MM5 model initialized with 
real data.  The model was set up in a quadruple, one-
way nested-grid configuration, at resolutions of 18, 6, 
2, and 0.7-km grid mesh sizes, with the coarsest 
domain run initialized at 0000 UTC 4 June 2002.  All 
but the finest grid used 32 vertically stretched sigma 
coordinate surfaces; the 0.7-km domain was run with 
44 vertical levels, half of which were contained below 
the 1.5 km level to provide very high vertical 

resolution where it was most needed.  The Burk and 
Thompson (1989) 2.5-level closure PBL scheme, the 
Blackadar surface scheme (Zhang and Anthes 1982), 
Reisner et al. (1998) mixed-phase microphysics, and 
the Mlawer et al. (1997) radiation scheme were 
employed.  An experiment was also performed to 
examine the sensitivity of the results using the Eta 
model PBL scheme. 
 
 Dispersion of water vapor and aerosols is 
enhanced by the interaction of vertical shear and 
buoyancy.  Under stable conditions, vertical mixing is 
delayed until the Richardson number becomes small 
enough to permit development of turbulent bursts.  
The Turbulent Kinetic Energy (TKE) provides the most 
direct measure of the turbulence intensity.  At a grid-
mesh size of 0.7 km, the MM5 model simulations 
approach the energy-containing eddy range of 
resolved turbulence.  Although a true large-eddy 
simulation would require further decrease in the mesh 
size by a factor of ~10, an inverse cascade of energy 
toward larger scales from the resolvable scales may 
still occur in the finest mesh model run. 
 
4. OBSERVATIONAL ANALYSES 
 
 The IHOP remote sensors sampled two bores 
during the early morning of 4 June 2002.  Bore A 
developed from an outflow boundary that originated 
from convection in eastern New Mexico and crossed 
the Oklahoma Panhandle to the south of a synoptic 
quasi-stationary frontal boundary.  The temperature 
contrast across this convergence boundary had 
already disappeared by 0430 UTC, two hours prior to 
its passage through the Homestead region.  Bore B 
developed in association with postfrontal precipitation 
in west-central Kansas to the north of the east-west 
synoptic front.  By the time that this bore reached the 
Homestead network at ~1030 UTC, there was no 
discernible cooling associated with its passage. 
 
a. FM-CW, MAPR, SRL, and HARLIE observations 
 
 Passage of Bore A is apparent in the FM-CW 
reflectivity data (Fig. 1a) and the MAPR reflectivity 
and vertical motions (Figs. 1b, c).  The bore had 
evolved into a soliton composed of waves with a 
horizontal wavelength of 15–16 km [estimated using 
time-to-space conversion and the bore propagation 
speed of 9.8 m s-1].  The depth of the antecedent PBL 
(0.75 km) abruptly jumps to 1.3 km following the 
passage of the bore front at 0630 UTC, according to 
both FM-CW and MAPR.  The MAPR signal-to-noise 
ratio data (Fig. 1b) imply an indirect influence of the 
bore to at least 3 km (increasing with the passage of 
the second and third waves at 0705 and 0735 UTC). 
The MAPR data reveal a quadrature (900) phase 
relation between the vertical motions and fluctuations 
in the height of the inversion. Updrafts of 1-1.5 m s-1 
result in 0.6–0.8 km of lifting, which agrees quite well 
with the observed increase of the PBL depth. 



 

 
Fig. 1.  a) FM-CW reflectivity (turbulence structure 
function   units), b) MAPR signal-to-noise ratio (dB), c) 
MAPR vertical motions (m s-1, red updrafts, blue 
downdrafts, and d) SLR mixing ratios (g kg-1) for the 
period 0600–0900 UTC.  Displays extend to 4.0 km 
AGL for purpose of making comparisons, though 
there is no FM-CW data above 2.5 km.  Bore A 
passes sensors at 0630 UTC, resulting in sudden 
deepening of the stable boundary layer originally of 
0.7 km depth to ~1.3 km depth, followed by three 
amplitude-ordered solitary waves. 
 
 HARLIE observations of aerosol backscatter 
returns are shown in Fig. 2a for the lowest 12 km of 
the atmosphere for a ±3.5-h period of time 
surrounding the passage of bore A and in Fig. 2b for 
the lowest 4 km for a ±1.0-h time segment centered 
on 0700 UTC.  The larger-scale display illustrates the 
dramatic effects of mixing by the bore and subsequent 
waves, as aerosols are wafted through a 4-km deep 
layer following soliton passage; in addition, there is 
evidence of cloud development well above the bore.  
The zoomed-in display presents a clear picture of the 
bore and subsequent waves, and their influence on 
lifting and dispersing an elevated layer of high aerosol 
content originally present in the 1.5–2.0 km layer to 
above 4 km.  This influence is likely the result of 
induced gravity waves in the overlying stable layer. 
 
b. UW King Air observations 
 
 Bore B is readily apparent in measurements 
collected from the 1850 m flight leg of the UWKA 
aircraft as it flew through the crests of the solitary 
waves (Fig. 3).  The aircraft intercepted the bore at 
10:50:25 UTC just as it was passing over the 

Homestead facilities.  Also apparent are two 
amplitude-ordered solitary waves with horizontal 
wavelengths of ~7 km.  Changes experienced by the 
UWKA as it penetrated the bore consisted of 3 g kg-1 
moistening, 3 C cooling, and 4 m s-1 increase in wind 
speed directed towards the rear of the bore.  The 
sustained nature of the changes supports the 
interpretation of their source being a bore. 
 
 The small 0.15 hPa magnitude of the pressure 
jump suggests that the top of the bore is at 2.2 km, or 
0.3 km above the flight level.  The fact that the bore-
relative winds are all negative means that the flow at 
the flight altitude is directed away from the bore head 
toward its rear, adding further support to the notion 
that the aircraft was flying near the top of the bore.  
This bore depth from the UWKA falls between the 
~2.0 km estimate from FM-CW and the ~2.7 km 
obtained from MAPR.  We suggest that a best 
estimate of the bore depth is 2.3±0.3 km. 

a) 

 

b) 

 
 
Fig. 2. HARLIE aerosol backscatter logarithmic signal 
displays of a) the lowest 12 km of the atmosphere 
from 0300–1000 UTC and b) the lowest 4 km of the 
atmosphere from 0600–0800 UTC (region depicted by 
white box in panel (a)).  The stable boundary layer 
structure associated with the nocturnal inversion is 
disrupted by passage of bore A at 0630 UTC.  
Aerosols are subsequently wafted through a 4-km 
deep layer, as induced lifting above the bore 
associated with upward propagation of solitary wave 
energy forces vigorous mixing and possibly promotes 
cloud development at higher altitudes. 



 

 
 

 
 
Fig. 3. Flight-level data from UW King Air flight taken 
from 1047–1055 UTC along a track perpendicular to 
bore B at 1850-m AGL.  Top, middle, and bottom 
panels show, respectively, traces of: a) potential 
temperature (K, light line), mixing ratio (g kg-1, thick 
line), b) bore-relative wind component assuming a 
bore velocity of 10.2 m s-1 from 3300 (m s-1, light line, 
with negative values indicating flow from the front to 
the back of the bore) and vertical velocity (m s-1, thick 
line), and c) pressure perturbation (hPa).  Aircraft 
passed through the bore front at nearly the same time 
that the bore passed over Homestead (10:50:24).  
Note antiphase relationships between perturbations in 
potential temperature and pressure, and quadrature 
(quarter-wavelength) relationship between potential 
temperature and vertical velocity perturbations. 
 
 
c. AERI observations of the bore thermodynamics 
 
 AERI time-height displays over the lowest 2 km of 
the atmosphere of refractivity (N), mixing ratio, and 
potential temperature, as well as “perturbation” fields 
(defined as a difference from the average at each 
level calculated over the entire time window), are 
presented in Fig. 4.  These displays clearly reveal a 
bore signature consisting of an abrupt cooling of 1-3 C 
(strongest in the 500–1200 m layer) and rapid 
moistening throughout this layer.  The lack of near-
surface cooling is a feature characteristic of bores.  A 
rapid increase of mixing ratio occurs with bore A, but 
less so with bore B, primarily because ample moisture 
had been infused into a 2 km deep layer by the earlier 
passage of bore A and the subsequent wavetrain 
(resulting in a doubling of the precipitable water from 
the surface to 2.5 km).  The more gradual deepening 
of moisture above the PBL seen in the AERI data 
after ~0630 UTC corroborates the HARLIE 
observations indicative of aerosol wafting throughout 
the lowest 4 km. 
 

 Both bores produced pronounced increases of 
refractivity of ~6–8 units associated with sudden 
increases of mixing ratio of ~ 1–2 g kg-1 and slight 
cooling (except for the lowest 50 m).  Note also the 
existence of a very shallow (<200-m deep) moist layer 
near the surface with no evidence of drying or 
refractivity decreases.  Only 15 km to the west, near-
surface refractivity change fields computed from S-
POL and surface mesonet data during the times of 
bore passage both showed a band of pronounced rate 
of decrease in N (-7 to -10 units in 12 min) in 
association with the passage of bore A in the central 
Oklahoma Panhandle region.  The primary cause for 
this sudden decrease in refractivity was a rapid drop 
in water vapor mixing ratio with negligible temperature 
change.  However, this band virtually disappeared 
during its short progression to the Homestead facility.  
 
 These measurements made by AERI at the 
Homestead facility and the refractivity changes 
computed from S-POL and the mesonet data, 
together suggest that at earlier times, when the 
bore/soliton system was much stronger, downward 
mixing of warm, dry air from above the inversion 
within the solitary waves produced strong surface 
drying and decreases in refractivity.  However, with 
the demise of the bore/soliton system near 
Homestead, this mixing apparently became much less 
vigorous.  Consequently, during bore demise, lifting of 
air by the bore head only produced adiabatic cooling 
aloft with no surface drying, and distributed the very 
moist air near the surface upwards through the bore 
depth and beyond by the waves.  This hypothesis 
lends itself to testing using the numerical model, as 
discussed next. 
 
 
5. NUMERICAL MODEL RESULTS 
 
 None of the model simulations were able to 
produce anything like bore A.  The reason for this 
failure is that the MM5 did not predict any deep 
convection over New Mexico or the western 
Oklahoma Panhandle from 0000 to 0900 UTC.  On 
the other hand, the models successfully produced an 
impressive bore corresponding well in timing and 
location with observed bore B, because the models 
were able to better handle the quasi-stationary frontal 
system and the post-frontal precipitation.  
Furthermore, the highest-resolution (0.7 km) model 
was able to produce a soliton from this bore with 
characteristics nearly identical to those observed.  
These results indicate that the ability of NWP models 
to simulate observed bores and solitons is predicated 
on their ability to accurately simulate precipitation and 
to have sufficient resolution. 
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Fig. 4. AERI time-height displays from 0400–1200 UTC of a) refractivity (N units), b) perturbation refractivity (N 
units), c) mixing ratio (g kg-1), d) perturbation mixing ratio (g kg-1), e) potential temperature (K), and f) perturbation 
potential temperature (K).  Passage of bores A and B occurs at 0625 and 1050 UTC, respectively. 
 



 

 
Fig. 5.  Simulated potential temperature (1K isentropes), Turbulent Kinetic Energy (TKE, color-fill, J kg-1), and two-
dimensional vertical circulation fields at (a) 0800 from 2-km resolution model, (b) 0800 from 0.7-km resolution model, 
(c) 0900 from 2-km resolution model, and (d) 0900 UTC from 0.7-km resolution model.  Cross section for both models 
is the same. Note that northwest (southeast) is to the right (left), in order to make comparison with the remote sensing 
systems more direct.  Bore B (BB) propagates ahead of density current (DC) and evolves into an amplitude-order 
solitary wave system.  Soliton never fully develops in 2-km simulation through the end of the model run.  Bore speed 
is 9.5 m s-1 in 2-km simulation, 8.4 m s-1 in 0.7-km nested run. 
 
 
a. Sensitivity to model grid resolution 
 
 The 0.7-km nested grid simulation and the 2-km 
resolution simulation both produced the density 
current and a phenomenon akin to observed bore B, 
and the high-resolution model also contained several 
solitary waves, as shown in a vertical cross section 
taken perpendicular to the bore (Fig. 5).  The solitary 
waves display amplitude ordering and a horizontal 
wavelength of 9.3 km, which is comparable to 8.3 km 
averaged from the FM-CW, MAPR, and UWKA data.  
By contrast, the very weak waves in the 2-km 
simulation have an average wavelength of 11.6 km, 
which is smaller than six times the grid spacing, thus 
they are poorly resolved. The three waves 
composing the soliton at 0900 UTC in the fine-grid 
simulation increased to five waves during the 
subsequent hour, but did not multiply further 

afterwards.  This behavior compares nicely with the 
observations. 
 
 The antecedent inversion surface is abruptly lifted 
during the progression of the bore to the southeast at a 
speed of 9.5 m s-1 in the fine grid simulation (compared 
to 10.2 m s-1 in the observations).  The parent density 
current (the cold front) is visible 10 km to the northwest 
of the incipient bore at 0800 UTC, but this distance 
increases to nearly 30 km by 0900 UTC as the bore 
propagates ahead of the density current. 
 
b. Turbulence and mixing in the simulations 
 
 The fine grid simulation places the strongest 
mixing (TKE) within the moist PBL ahead of the bore, 
directly behind the bore head, and underneath the 
solitary waves.  The first of these three regions is 
easily understood to be the result of the shear stress 



 

related to the strong along-bore flow associated with 
the low-level jet.  This conjecture is supported by an 
independent calculation of this term (not shown).  
The other two regions are actually related to the 
same process, as revealed by detailed analysis of 
15-min resolution plots. That analysis revealed the 
following repetitive process: (1) a local maximum in 
TKE originates in the first solitary wave trough right 
behind the bore head, (2) this local anomaly is 
advected rearward and downward by the vertical 
motions associated with this wave into the ridge 
region of the second wave, where it is subjected to 
vertical deformation, and (3) subsequently the 
anomaly undergoes a similar advection and 
stretching process as it progresses through the 
trough following the second wave and is mixed into 
the ridge of the third wave.  As this feature makes its 
way rearward and downward, it becomes 
increasingly subjected to less static stability and the 
buoyancy generation of TKE is more important. 
 
 Further analysis of the fine grid simulation 
mixing processes (to be shown at the conference) 
revealed that mixing ratio was substantially reduced 
within each solitary wave trough due to entrainment 
of dry air above the inversion and subsidence.  
These dry intrusions penetrated to within 800 m of 
the surface.  In addition, a drying effect also 
displaying a wavelike behavior was evident very near 
to the surface and under the wavetrain.  Between 
these two regions, a layer of high mixing ratio 
existed.  The bore-relative circulation revealed the 
existence of closed circulations beneath each of the 
waves within 500 m of the surface.  Since no 
moisture could be advected from the rear towards 
the bore front, any dry air that was brought down to 
these very low levels by the wave-induced 
subsidence would be trapped near the surface.  In 
fact, a time-height cross section of mixing ratio 
variations displayed very shallow drying at and 
following the bore passage.  These processes were 
active prior to bore demise. 
 
 The turbulence sensor on the UWKA provided 
additional evidence supporting the model simulations 
of TKE and mixing processes (not shown).  Strong 
turbulence was encountered at 240 m AGL behind 
the bore in association with the solitary waves. The 
TKE peaks displayed an average period of 111 sec, 
corresponding to a horizontal wavelength of 8.1 km 
given the ground speed of the aircraft minus the bore 
propagation speed.  These data corroborate the 
model predictions showing strong TKE generation 
beneath each of the solitary waves. 
 
 
6. CONCLUSIONS 
 
 Solitary wave trains associated with two bores 
were observed by a very large number of ground-
based and airborne profiling systems during the 

International H2O Project (IHOP) and also numerically 
simulated with a multiply-nested numerical model down 
to a resolution of 0.7 km. This study marks the first 
successful attempt to use such a high-resolution 
numerical weather prediction (NWP) model initialized 
with real data to simulate an observed bore and solitary 
waves.   The observations consisted of S-POL radar 
reflectivity data, three-dimensional winds from the 
NCAR Multiple Antenna Profiler (MAPR), boundary 
layer height fluctuations from a Frequency Modulation-
Continuous Wave (FM-CW) radar, profiles of 
temperature and moisture retrieved by an Atmospheric 
Emitted Radiance Interferometer (AERI), and the 
NCAR Integrated Sounding System, all at the 
Homestead, Oklahoma observing site, plus surface 
mesonetwork data, and in situ measurements taken by 
the University of Wyoming King Air.   
 
 The model produced a feature that corresponded 
well in timing and location with the second of the two 
bores, but the first bore was not successfully simulated 
due to problems with forecasting convective 
precipitation correctly.  Although both bores were in 
their dissipating stage when they passed over the 
Homestead observing site, the remote sensing 
systems all showed that the antecedent nocturnal 
inversion depth was nearly doubled by the passage of 
the bore.  The observational and model data both 
showed that the bores wafted moist air up to the middle 
troposphere and weakened the capping inversion, thus 
reducing inhibition to deep convection development.  
Near-surface observations showed pronounced 
decreases in water vapor mixing ratio accompanied the 
passage of the bores during their active phase, but 
during bore collapse, moistening appeared in the 
lowest 0.5 km of the atmosphere. 
 
 The results indicate that low-level drying near the 
surface was due to vigorous downward turbulent 
mixing of air by the wave circulations.  Turbulent kinetic 
energy was generated immediately behind the bore 
head, then advected rearward and downward by the 
solitary waves.  During the dissipation stage, the lifting 
by the bore head produced adiabatic cooling aloft and 
distributed the very moist air near the surface upwards 
through the bore depth, but without any drying due to 
the absence of vigorous mixing. 
 
 This study shows that it is possible for NWP 
models to predict bores and solitons, and to be used as 
research tools, in combination with remote sensing 
systems, to understand the dynamics of these 
phenomena.  However, the value of the model 
depends upon whether it can skillfully forecast 
observed precipitation patterns, given the sensitivity of 
the density current and bore occurrence to this factor.  
Other necessary ingredients for successful numerical 
simulation include the proper simulation of the 
waveguide, such as a frontal system acting as a 
horizontal delimiter, and the strength of the low-level 



 

jet, which acts as an important mechanism for 
trapping vertical wave energy propagation. 
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