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Abstract

This paper describes the structure of gap flow through the Columbia River Gorge and examines the underlying dynamical processes controlling this flow. The paper is an extension of Sharp and Mass (2004), which describes the climatological impact of the Columbia Gorge.

A simulation of a significant Gorge wind event was made using the Pennsylvania State/NCAR Mesoscale Model, Version 5, (MM5) and is compared to available observations.  It is shown that Gorge gap flow can be accurately simulated provided appropriate grid resolutions and physical parameterizations are used.  

The atmospheric structures and dynamical processes occurring in and near the Gorge during a gap flow event were evaluated using conventional observations, data from non-conventional platforms such as ACARS and Doppler radar, and model results.  The study shows that the Venturi effect, which is often cited as a primary mechanism for gap flow, plays a secondary role.  Although weak acceleration occurs as air converges into the narrow central Gorge, most flow acceleration is found in the western portion of the gap in association with large pressure gradients created by shallowing (is this a word?) cool air.  Although the modulation of acceleration by channel geometry suggests the significance of hydraulic mechanisms, the nature of the flow and its evolution indicates the importance of other mechanisms, such as gravity wave dynamics and downslope flows.   Furthermore, semi-idealized modeling indicates that the structures of low and high Froude number flows are qualitatively similar, thus casting doubt on the dominance of hydraulic dynamics.

1.  Introduction

The Cascade Mountains divide the states of Washington and Oregon into two climatic regimes: moist and temperate maritime conditions west of the crest and dry, continental weather to the east (Fig. 1).  Differences in lower-tropospheric air temperature and density often create large east-west pressure gradients across the Cascades, especially when combined with favorably oriented synoptic-scale pressure patterns.  The resulting down-gradient air movement through gaps and passes is known as gap flow, a term first used by Reed (1931).  

The Columbia River Gorge, located on the border of northern Oregon and southern Washington, is one of the most important mesoscale features of the Pacific Northwest, being the only near sea-level gap through the Cascades.  Gap flow in the Gorge has a large impact on the regional climate within and near the Gorge, including the city of Portland.  The climatological effects, which include impacts on wind, temperature, and the frequency of freezing rain and snowfall, are described in Sharp and Mass (2004).  The current paper examines whether flow through the Columbia Gorge can be simulated realistically using a mesoscale weather prediction model, applies model and observational data to describe the structure of Gorge gap flow, and analyzes the dynamical mechanisms driving the flow.

2. Previous Gap Flow Research

Early studies found that gap winds are highly ageostrophic and driven by the along-channel pressure gradient, with air accelerating down-gradient from high to low pressure (e.g., Cameron 1931). Reed (1931) showed that the strong easterly gales in the Strait of Juan de Fuca could not be explained by gradient wind balance.  While Reed correctly identified the pressure gradient along the gap as being responsible for the flow acceleration, he incorrectly postulated that the Venturi mechanism was the primary cause of the large down-gap acceleration.  Based on simple mass conservation principles, the Venturi effect dictates that the strongest wind and lowest static pressure should be at the narrowest part of a gap, with flow decelerating in the exit region.  However, observations of gap flow in the Strait of Juan de Fuca and elsewhere indicate that the strongest winds and lowest pressure are generally located in the exit regions of gaps.  For example, Bendall (1982) used satellite imagery to show that the strongest easterly winds in the Strait of Gibraltar were to the west of the narrowest point and extended 100 km downstream of the gap exit. Observations of wind and pressure taken along the Strait of Gibraltar during a field study confirmed that the lowest pressure and highest winds occurred downstream of the gap exit (Dorman et al. 1995).  Consistent with these studies, flight level (50 m) and dropwindsonde aircraft observations during gap flow events in the Strait of Juan de Fuca showed that the strongest winds occur near the Strait exit (Overland and Walter 1981).  Colle and Mass (2000), using aircraft observations and output from high-resolution model simulations, also found that the greatest flow acceleration occurred near the exit of the Strait.  More recently, observations and high-resolution simulations of a Columbia Gorge gap flow event found the strongest winds and accelerations at the gap terminus (Sharp and Mass 2002).  Sharp (2002) noted that secondary wind maxima are associated with large local pressure falls in regions where the Gorge widens and the cool layer of air within the gaps shallows.  All of these studies indicate that the primary cause of the strong winds seen in gap flows is not the Venturi effect.  Rather, acceleration down the pressure gradient, which is often largest where the gap widens, plays the central role.

Using the simplest form of the Bernoulli Equation (
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p, is acting), Reed (1981) found that the pressure gradient across the Cascades was sufficient to account for the gap winds downwind of the Gorge during a November 1979 windstorm.  Using surface and flight-level data, Overland and Walter (1981) reached a similar conclusion after studying two gap flow events in the Strait of Juan de Fuca.  In both cases, the momentum of the flow increased along the length of the channel as the air accelerated down-gradient.  Scale analysis using the along-Strait momentum equation indicated that the pressure gradient and inertia (advection) terms were of primary importance. Thus, the momentum equation reduced to the Bernoulli equation, which produced realistic wind speeds and wind distributions in the channel.  (leave in?  Not vital, just seems relevant)
Applying scale analysis, Overland (1984) found approximate geostrophic balance across mesoscale gaps; a large down-gap Rossby number implied ageostrophic flow parallel to the gap axis, with the down-gap pressure gradient balanced by ageostrophic acceleration and drag.  A momentum balance calculated from aircraft data gathered in Shelikof Strait
 during a gap flow event confirmed Overland’s analytic findings (Lackmann and Overland 1989).  There was approximate across-strait geostrophic balance with approximately a three-way balance between acceleration, drag, and pressure gradient forces in the down-gap direction.  The observed ageostrophic acceleration was approximately 55% of that predicted by the Bernoulli equation using the observed along-strait pressure gradient.  The remaining pressure gradient force was balanced by drag due to entrainment at the top of the flow and surface friction.  

 Recent studies have also shown that drag (surface friction and the entrainment of air from above the channel) is often a significant term (e.g. Mass et al. 1995; Colle and Mass, 2000).  Mass et al. (1995) showed that for the Fraser River gap, the Bernoulli equation provided an upper limit to gap wind speed, with a more quantitatively correct result obtained by adding a drag term.  Specifically,
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where k is the combined friction and entrainment coefficient. In a sufficiently long channel the flow will continue to accelerate until drag, which generally increases with wind speed, becomes equal to the pressure gradient force.  In such a case, the flow is said to be in antitripticbalance. Observational and analytical results from a study in Howe Sound (Jackson and Steyn 1994a) suggested the same three-way balance (pressure gradient, inertia and drag), with the relative contribution of drag varying according to surface roughness, static stability, and the shear at the top of the gap-flow layer.

Gap flow often consists of a well-mixed lower layer, capped by a strong inversion.  Considering the rapid decrease of air density across the inversion, it has been suggested that gap flow can be approximated by the flow of water in a channel where the density discontinuity is analogous to the air-water interface (Jackson and Steyn 1994a).  This simple hydraulic analog is often modeled by the shallow water equations using reduced gravity to consider the buoyancy difference across the inversion (Arakawa 1968; Durran 1990).  According to shallow-water hydraulic theory, the behavior of the flow is determined by the value of the Froude number (F = u / (g’D)½, where g’ is reduced gravity and D is the depth of the layer) (Long 1953).  Specifically, a subcritical (F < 1) flow thins and accelerates as it enters a constriction and will first achieve criticality (F = 1) at the narrowest point in the constriction (assuming flat bottom topology).  In this case, the flow downstream of the constriction becomes supercritical (F > 1), and continues to thin and accelerate, eventually recovering to the ambient downstream conditions in a turbulent hydraulic jump.  Jackson and Steyn (1994b) used hydraulic theory to produce a computer model that captured the main features of the flow through Howe Sound.  Such simplified physics produced flows that compared favorably with output from a high-resolution mesoscale model simulation.

Recent research into the origins of gap wind acceleration has produced varying conclusions regarding the relative importance of the hydraulic response due to gap geometry changes (side wall constrictions and vertical sills), accelerations due to synoptic or regional mesoscale pressure gradients, and the response to pressure perturbations produced by gravity waves.  In a numerical study of the Yamaji-kaze, a local wind in the lee of an elevated gap in Japan, Saito (1993) found that gap flow strength was related to the non-dimensional mountain height, 
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, where N is the Brunt-Väisälä frequency, h0 is the barrier height and U0 is the initial upstream flow.  In the linear regime (small (), wind accelerated along the gap but remained much weaker than on the surrounding peaks, while in the non-linear regime ((>2) winds were much stronger in the lee of the gap than in the lee of the surrounding peaks.  Between these two limits, Saito found that the strongest winds were found in the immediate lee of the highest terrain surrounding the gap but prevailed for only a short distance from the mountain peaks before rapidly decelerating within a hydraulic jump-like feature. Zangl (2002b) performed idealized simulations with the MM5 and produced gap flows similar to those predicted by linear theory in circumstances where ( was small.  Zangl found that upon transition to a non-linear regime, gap wind speeds were up to double those predicted by linear theory.  In such cases, low-level wave breaking was observed, and the flow within the gap became decoupled from the flow over adjacent ridges and was driven by the low-level mesoscale pressure gradient across the barrier.  He also found that the influence of gap shape could be predicted by hydraulic dynamics.  Another idealized modeling study of a level gap by Gabersek and Durran (2004) suggested that mountain wave enhancement is responsible for the strongest gap flow winds.

The Mesoscale Alpine Program (MAP) produced a rich observational dataset for several alpine gap flow events through gaps such as Brenner Pass.  The conclusions drawn from case studies and modeling have been mixed, partly because of the elevated and complex nature of the gaps examined during this field experiment (Gohm and Mayr 2004, Flamant et al. 2002, and Beffrey et al. 2004, Zangl 2002b and Zangl 2003).  Some authors favored a hydraulic approach to explain the fluid dynamics, while others conclude that gap flow is largely forced by gravity waves.

3.  Motivation and objectives

As described above, gap flow has been the subject of recent research, with most studies examining sloping gaps in substantial terrain.  Narrow, level gaps such as the Columbia Gorge have received less attention, even though they offer simpler geometries and dynamics.  Although Columbia Gorge winds were described in some of the earliest literature on gap flow (Cameron, 1931; Cameron and Carpenter, 1936; Graham, 1953) and provide large societal and economic impacts, the meteorology of the Columbia Gorge, and particularly its persistent gap flow, have not been examined in detail.  The Columbia Gorge also offers substantial advantages for study, being nearly level, well instrumented, and accessible. 

Sharp and Mass (2002) provided a general review of Columbia Gorge gap flow and presented a summary of the December 2000 case study described in detail here.  A follow-on paper (Sharp and Mass, 2004) employed regional observations to quantify the impact of the Columbia Gorge on the weather and climate within and downstream of the gap and utilized NCEP reanalysis data to examine the influence of synoptic-scale flow on Gorge flow.  The current paper has two objectives.  First, to demonstrate that a mesoscale numerical weather prediction model such as the MM5 can be used to realistically simulate Gorge gap flow.  Second, to document the structure and evolution of a Gorge event and better understand the dynamical mechanisms at work by utilizing high-resolution observations and model output. 
A subsequent paper will describe semi-idealized modeling undertaken to catalog and diagnose the dynamical evolution of Gorge gap flow for a range of upstream and downstream conditions (maybe remove this para entirely).  

4.  Synopsis of the December 11-15, 2000 gap flow event

Between December 11 and December 15, 2000, a Gorge event brought sustained strong winds, freezing temperatures, and wintry precipitation to the Portland area.  The synoptic evolution was similar to that described in the composite event described in Sharp and Mass (2004).  On December 10, a high-amplitude upper level ridge approached the west coast of North America (Figure 2a).  To the east of the ridge axis, northerly flow pushed Arctic air and associated higher pressure southward through British Columbia. The Arctic Front entered Washington State around 1500 UTC on December 10 and pushed quickly southward across eastern Washington, accompanied by rapidly falling temperatures and dew points, and rising pressure.  West of the Cascades, the front was much weaker and was slowed by the blocking effect of the mountains.  By 1200 UTC December 11, the eastern portion of the front had moved into northeastern Oregon while west of the Cascades it had stalled over southwestern Washington (Figure 2b).  As a result, the pressure difference across the Cascades increased rapidly, initiating a Gorge gap flow event that continued until 0000 UTC December 15.

A regional pressure analysis at 1800 UTC December 13 (Figure 3a) shows a large pressure gradient across the Cascades and a nose of high pressure extending from the Columbia Basin into the Gorge that reflects the westward movement of cold air into the gap.  Observations in an expanded view (Figure 3b) illustrate the acceleration of air in the exit region of the Gorge, and the light winds on the eastern slopes of the Cascades.

 The event began with a surge of cold air through the Gorge manifest by the westward progression of strong winds, falling temperature, and declining dew point.  Initially, the strongest winds were observed near Cascade Locks (KCZK in Figure 1b) in the central Gorge.  Over the next few hours the cold air deepened east of the Cascade crest, where winds became light as cold air dammed up along the eastern slopes and the pressure gradient became focused west of the crest.  Strong winds then continued for several days in the western part of the Gorge, especially near the exit and Cascade Locks, with the depth of the outflow gradually declining.  The event ended abruptly when the pressure gradient in the western end of the Gorge was reversed by the passage of a Pacific front and associated trough.
Figure 4a shows the evolution of the along-Gorge pressure gradient as three successively stronger disturbances moved through the Pacific Northwest.  The first two were relatively weak, causing transient increases in the along-gap pressure gradient and wind, and did not remove the low-level cold pool over the Columbia Basin.  Passage of a cold front associated with the third, stronger system abruptly ended the easterly gap flow and removed the cold pool.  A strong correlation between the pressure gradient across the Gorge (Troutdale-The Dalles) and wind direction at Troutdale (KTTD), near the western exit, is apparent in Figure 4a, with easterly winds when pressure was higher east of the mountains.  The correlation between the along-gap pressure gradient and the wind speed at Troutdale is strong but not perfect (Figure 4b), indicating that other factors such as stability and mixing are also important.  Winds on the eastern side of the Cascades at The Dalles (KDLS) are weak throughout the event, except for brief peaks during the initiation of the easterly flow and as westerly winds surge through the Gorge at the end of the event.  Coincident with the establishment of easterly flow, temperature and dew point at The Dalles rapidly declined as cold, dry continental air entered the Gorge.

Part of the motivation for studying the December 2000 event was the availability of data from contemporary observing platforms such as the National Weather Service (NWS) WSR-88D weather radar and aircraft equipped with the Aircraft Communications Addressing and Reporting System (ACARS).  These platforms provided invaluable information for diagnosing the vertical structure of the gap outflow and verifying the mesoscale model simulation.  Figure 5a shows a sample of the ACARS soundings from commercial aircraft ascending or descending into Portland International Airport during the event.  Because the runway is oriented west-east, aircraft ascend or descend along the Gorge outflow axis.  The panels show the gap flow at three times: during initiation of the gap event, as the winds became easterly (001211/0708), when the gap flow was fully developed and deepest (001212/0534), and during the final stages of the event when strong southwesterly flow aloft was eroding the outflow, leaving only a shallow surface layer of cold easterly flow (001214/1646).  Figure 5b shows radial velocity data from the Portland WSR-88D, located to the west of Portland.  Unfortunately, the high elevation of the radar (514 m) allows only the upper portions of gap outflow to be observed.  The images in this figure are from early in the event when precipitation was present and the flow was still deep enough to be captured by the radar. For both the 0.5 and 1.5-degree elevation angles, the gap outflow is clearly visible as a narrow swath of inbound velocities between 25 and 35 knots to the southeast of the radar, with outbound flow to the northwest.

5.  A high-resolution simulation of Gorge gap flow

Can flow through a narrow gap, such as the Gorge, be successfully modeled by a high-resolution numerical weather prediction model?  To answer this question, the gap flow event of December 2000 was simulated using several configurations of the Pennsylvania State/NCAR MM5 mesoscale model, version 2.12 (Grell et al., 1994), and the output was compared to observations.  This section evaluates the horizontal and vertical resolution required to accurately reproduce the gap flow, and determines the physical parameterizations that are most appropriate for this kind of simulation. 

Five, one-way nested domains were used with a nesting ratio of 1:3.  The outer domain used 36 km grid spacing with nested domains of 12 km, 4 km, 4/3 km and 4/9 km.  These domains are shown in Figure 6, which also illustrates the model terrain.  Experiments were performed using vertical resolutions ranging from 32 to 50 sigma levels.  For each domain the standard time step of three times the horizontal grid-point spacing (km) in seconds was used.  Model terrain data were interpolated to each grid from 30 arc-second USGS elevation data (approximately 0.925 km), with the innermost domain utilizing the full resolution of the terrain data.  The land-use data required to determine surface physical parameters also had a 30 arc-second resolution.  Initial and boundary conditions for the outer domain were derived from NCEP Eta model output.  

The model was run in non-hydrostatic mode using Durran and Klemp’s (1983) upper radiative boundary condition.  The planetary boundary layer was parameterized using the MRF scheme (Hong and Pan 1996).  The Kain-Fritsch (1993) cumulus parameterization was applied in the 36 km and 12 km domains, while cumulus convection was explicitly resolved in the higher-resolution nests.  Several different microphysics schemes were investigated and the impact of cloud water initialization was evaluated.  Radiation was calculated using the Dudhia cloud radiation scheme (Grell et al. 1994) with radiation calculations performed at 30-minute time intervals.  Finally, a five-layer soil model was employed to model ground temperature (Dudhia 1996).

An extensive study of sensitivity to model configuration was undertaken.  This included investigation of the impact of horizontal and vertical resolution, mesoscale data assimilation, and varying model microphysical and boundary layer parameterizations.

a.  Sensitivity to parameterizations and initialization

The choice of microphysical scheme was found to be important; in addition, initialization of the model with a pre-existing cloud water field improved the spin-up of the cloud fields and the corresponding radiative effects.  The Dudhia Simple Ice scheme produced a poor representation of the temperature evolution in the Columbia Basin, which was the source region for much of the air flowing into the Gorge during this event.   Examination of the model radiation and moisture fields indicated that this scheme was unable to maintain the persistent cloud deck present over the lower Columbia Basin and eastern Columbia Gorge, leading to excessive radiational cooling at night and too much solar heating during the day.  Cloud water initialization did little to resolve the problem, as the resulting clouds quickly dissipated.  The lack of clouds was caused by the inability of the Simple Ice scheme to handle super-cooled water.  All clouds at a temperature below 0°C are considered ice and quickly precipitate.  Switching to a version of the Reisner-2 cloud microphysics scheme that includes super-cooled cloud water, allowed the cloud layer to be maintained and the diurnal cycle was reduced to a level consistent with observations.  (I think this is an important finding that illustrates the care that is needed in choosing parameterizations.  However, I agree it doesn’t completely fit with the core paper so I’m ok taking it out.  Just think it over one more time)Though not quite as good as the Reisner 2 scheme, the Reisner 1 scheme, which also handles super-cooled cloud droplets, also performed well.  Results using both the Reisner 1 and Reisner 2 scheme were further improved by cloud water initialization, as this created an initial cloud deck that made the rate of radiational cooling more realistic in the early stages of the simulation. Because results from the Reisner 1 and Reisner 2 simulations were similar, the Reisner 1 scheme was used in the 444 m nest as Reisner 2 is computationally expensive. 

The choice of PBL scheme had a significant impact on the wind speed and temperature profile in the lowest three to five model layers, especially in the Gorge exit area where there is considerable mixing.  The Blackadar, Burke-Thompson TKE and MRF schemes were tested, with the MRF scheme most closely matching observations.

b.  Sensitivity to horizontal and vertical model resolution

To determine the resolution required to resolve the mesoscale fields associated with the Columbia Gorge and surrounding terrain, a series of model runs were performed.  Because Gorge gap flow is relatively shallow and exhibits rapid transitions along its upper interface, it is important to examine the effects of both vertical and horizontal resolution.  The 36 km, 12 km, 4 km, and 1.33 km nests shown in Figure 6 were run for the same time period using 33, 39, 45 and 51 vertical levels
.  As described below, the optimum vertical resolution of 44 levels was determined by comparing simulations at different vertical resolutions with surface observations and vertical soundings derived from ACARS reports.  

Figures 7 to 9 illustrate the benefits of increased horizontal resolution at 300 m above sea level.  The 36-km domain produces weak offshore flow driven by a pressure gradient distributed evenly across the Cascades (Figure 7a).  At this resolution, the Gorge is represented as a mountain pass that is approximately 700 m above sea level (Figure 8). The model terrain throughout the entire area plotted lies above 300 m, while in reality most of the northern Willamette Valley and the Gorge lies below 100 m. Consequently, cold air remains dammed to the east of the Cascades and only a shallow layer of weak easterly flow develops.  Some improvement is seen at 12 km grid spacing, with channeling becoming evident and stronger winds developing to the west of the Cascade crest (Figure 7b and Figure 8b).  The pass height is still approximately 600 m, but the cooling effect of the outflow downstream of the Gorge can be seen in the 300-m temperature plot.  The lower terrain within the Gorge now allows cold air to extend farther to the west (Figure 8b); hence, high pressure bulges into the Gorge (Figure 8b), concentrating the pressure gradient in its central portion.  Temperature and wind fields indicate gap flow north of its true location, an artifact of the interpolation of the gap topography to 12-km resolution.  West of the Cascade crest, the terrain on the south side of the gap is much steeper than the terrain on the north side of the gap so interpolation to lower resolution shifts the channel northward.  At 4-km grid spacing, the model representation of Gorge terrain and its effects are improved.  A region of winds in excess of 10 m s-1 is present in the western part of the Gorge and the channeled flow is approximately parallel to the true orientation of the Gorge (Figure 7c and Figure 8c).  Though the thermal structure of the air dammed in the Gorge upstream of the Cascade crest is fairly well resolved, there is still a 400 m high saddle within the gap. 

A dramatic improvement is realized as grid spacing is reduced from 4 km to 1.33 km, with the terrain becoming sufficiently resolved to allow low-level air to flow through the gap rather than over the Cascades (Figure 7d and Figure 8d).  There is still a minor saddle (150 m high) at the narrowest point in the Gorge. The mesoscale wind structures are now predominately determined by changes in sidewall topography rather than changes in bottom topography. (may want to keep this – it is relevant) The close up of the high-resolution domains (Figure 9), where temperature is plotted at 150 m, shows the dramatic increase in cold low-level outflow at the western end of the Gorge with increasing resolution.  There is clear improvement in the mesoscale wind structure of the 1.33 km resolution simulation over the 4-km simulation with even the smaller scale drainage channels being resolved.  Increasing resolution to 444.4 m grid spacing produces some additional benefit, with the transitions within the flow becoming sharper, especially in zones where the flow becomes shallower and accelerates rapidly.  The improvement is not as dramatic as seen in the step from 4 km to 1.33 km grid spacing and comes with a large computational overhead. Figure 10 shows a time series of observed wind speed at Troutdale compared to model output for each of the five horizontal resolutions.  The forecasts improved with each successive increase in resolution over almost the whole period analyzed.

Increasing vertical resolution produces less dramatic differences in the simulations, even at high resolution. Model output at different vertical resolutions was analyzed using vertical cross sections (not shown) and by comparing model output to ACARS data from aircraft departing eastward from PDX (Figure 11).  Increasing vertical resolution improves the simulation by more clearly defining the inversion boundary and reducing mixing of air across the inversion.  The 44-level simulation captured the location of the inversion structure better than the 38-level and 32-level simulations.  The 44-level simulation was about 2.5(C too warm in the gap flow layer, but was far superior to the results using lower vertical resolution.  Above the inversion, the model winds are too weak, with the problem being worse in the 32 and 38-level simulations (not shown).  Results from the 50-level simulation show a reduction in the inversion height and slight degradation of the simulation, possibly because having many levels near the surface caused undesirable effects in the MRF PBL
 (should we drop the footnote?).

6.  Analysis of the December 11-15, 2000 event

Since the December 2000 event was realistically simulated by the MM5 when sufficient resolution and appropriate physical parameterizations were used, output from the high-resolution nests of the model simulation (Figure 12) were used in concert with surface, radar and ACARS observations to analyze the structures and dynamics in more detail.

a.  Overview of Gorge gap flow structure

Figure 13 illustrates the wind field from the 444 m nest on four sigma levels that are roughly equivalent to 30 m (σ=0.9965), 150 m (σ=0.9825), 300 m (σ=0.9650) and 470 m (σ=0.9450) above ground level.  Calm or variable winds exist at low levels in the eastern part of the Gorge (not shown).  Significant westward acceleration and changes in flow depth do not begin until near the Cascade crest.  Acceleration in the Gorge is seen at all levels between the Cascade crest and Cascade Locks (CZK), with the largest increase in speed in the lowest two sigma layers.  The highest wind speeds between Hood River, just east of the Cascade crest, and Cascade Locks are not where the Gorge constricts but where the river valley widens.  Near Cascade Locks, the north sidewalls become steeper and the orientation of the Gorge becomes more northeast to southwest.  Most of the air in the channel, especially at lower elevations, turns to follow the terrain and decelerates; however, on the northern (lower) side of the Gorge some air maintains an easterly trajectory and leaves the central channel of the Gorge.  About half way between CZK and the exit of the Gorge the air begins to accelerate rapidly, producing a core of winds of up to 19 ms-1 at the Gorge exit.  Within the Gorge, the acceleration is initially greatest at the highest levels (~470 m) of the gap flow, with the strongest flow sloping downwards towards the exit.  Near the Gorge exit the strongest winds are located at low levels, immediately above the layer strongly impacted by surface roughness.  From the exit westward, the zone of strongest winds spreads laterally while the strength of the gap flow decreases rapidly with height, an indication that the flow is subsiding and fanning out once it is no longer constrained by the terrain.  The core of strongest winds extends to around (Troutdale) TTD, but significant easterly flow of 10 ms-1 or more extends beyond Portland Airport (PDX).  Some of the low-level flow is deflected north by the ridge in the west central part of the domain (Portland’s West Hills), forming a gyre (Figure 13a and b), but most of the outflow layer is channeled southward into the Willamette Valley, producing a cold northerly flow beneath the southerlies aloft (Figure 13d).

Trajectory analysis (Figure 14) indicates that the gap outflow is not simply low-level air originating in the east-side cold pool; in reality, the gap flow comes from a variety of source locations and elevations, with descent of differing airstreams into the gap flow layer, particularly near the Gorge exit.  The trajectories in Figure 14 passed through north-south lines of points at the gap exit for several elevations above sea level.  The trajectories were released at the points at forecast hour 24 (0000 UTC December 14, 2001) and were run backwards for 15 h and forward 6 h. 

Backward trajectories at the lowest levels (200 and 300 m) reveal that the flow exiting the Gorge came mostly from the east side of the Cascades, with source elevations from the surface to approximately 700 m.  Some of the air originates over the Yakima Valley on the eastern slopes of the Cascades and subsequently flows over the Horse Heaven Hills, while the remainder started farther east at lower elevations.  While the gap flow trajectories ending in the areas of strongest winds (grey shading) remain low in the Gorge, a secondary group of trajectories ending north of the strong wind core follow the northern sidewalls of the Gorge, rising to somewhat higher elevations before descending down to the exit.  By 300 m, another type of trajectory becomes evident:  northward moving flow originating over the western slopes of the Cascades that rapidly descend into the Gorge flow, abruptly turning westward in the process.

Backward trajectories ending at 400 and 500 m over the western Gorge exit show increasing numbers of trajectories starting in the southerly flow along the western Cascades slopes, with far less air moving westward through the Gorge at low levels. The trajectories originating from the south subside over the southwestern Gorge sidewall into the gap flow, cooling and acquiring westward momentum as they do so.  This mixing of warmer air from aloft into the turbulent collapsing gap flow near the Gorge exit is indicated by the potential temperatures along the trajectories paths: air traveling the length of the gap typically increases potential temperature by 2 to 6 K, with most of the increase occurring in zones of acceleration and descent.  Between 500 and 1000 m the trajectories transition to south-southwesterly flow that is blocked by the terrain north of the Gorge.  Most of the trajectories are deflected to the east while rising rapidly, with the remainder being deflected to the northwest and subside.

 The vertical structure of the gap flow and the pressure variations at various heights along the length of the Gorge are depicted in Figure 15.  East of Hood River (HOOD on the figure) the air is relatively well mixed to about 500 m with weak easterly (from right to left) along-Gorge winds.  The layer is capped by an inversion extending above 1.5 km.  Winds veer to westerly across the inversion, above approximately 1100 m.  There is little pressure change from Hood River to the eastern edge of the plot and this lack of gradient continues eastward to the Columbia Basin (not shown). 

About half way between Hood River and point D the height of the inversion drops and the gap flow shallows.  Another drop begins between points C and B.  These changes are accompanied by strong downward motion and an increase in the along-Gorge wind component.  The pressure trace shows that the pressure gradient and wind enhancements along the Gorge are concentrated at a few locations, with the transition limited to the lower elevations (below 1000 m).  At 1300 m, there is almost no pressure gradient across the gap and above this level there is a weak opposing gradient.

 The features of the pressure field are closely correlated with variations in the depth and speed of the gap flow and changes in Gorge sidewall topography.  For example, the initial acceleration of the flow from 6 ms-1 to 13 ms-1 over a distance of 8 km (between location references “3” and “4”) is marked by a sea-level pressure drop of about 1.25 hPa over the same distance.  This acceleration is collocated with a region where the channel transects a ridgeline and thus the height of the surrounding terrain increases dramatically and the channel constricts, followed by widening and lowering of the bounding terrain.  Notice also the very large downward velocity in this area.  About 50 km east of point A/PDX the air begins to accelerate through the final portion of the gap.  At first, the greatest acceleration occurs at around 400 to 600 m in the flow but over the next 10 km the area of acceleration descends to the lowest 300 m.  An associated pressure decrease at 700 m occurs upstream of the dramatic low-level pressure decline farther west.  This large pressure drop about halfway between points C and B corresponds to the decrease in gap flow height along the section.  Most of the gap flow collapse is complete by point B. The collocated pressure change, acceleration and subsidence zones seen in Figure 15 coincide with sections where the Gorge topology changes.

[I assume this is a guess of what you think it will look like based on the idealized work.  With a specific set of sections in mind I think I’ll be able to put together this figure even if it is hacked together using photoshop instead of my original code.  We’ll then revisit the paras below and hopefully have little to change.]

A series of vertical cross sections oriented normal to the ridge axis (Figure 16) at 2100 UTC December 13 provides important insights into the structure of Gorge flow.   The first cross section, located along RR’ in the first major constriction of the Gorge, shows the asymmetry of the Gorge terrain and associated flow, with the strongest winds and descent on the north side of the channel.   Continuing eastward to SS’ in a widened section of the Gorge near Cascade Locks, the flow had considerable strengthened and the vertical motions had greatly weakened.  As the Gorge narrowed again (TT’), the flow again weakened and broadened to fill the entire gap.  At UU’,  near the point at which the Gorge began to open up at the western exit, the winds had considerable strengthened, with the core strong winds between 300 and 400 m.  Finally, in sections VV’ and WW’ the Gorge rapidly widens, with the low-level wind increasing and shallowing.  

Finally, vertical motions in the 444 m domain at roughly 300, 500, and 700 m above sea level for 2100 UTC December 13 is presented in Figure 17.  At 300 m, strong descent occurred at the construction near the crest and second constriction immediately downstream.  A large area of modest to strong descent is found at the western exit region, where the gap widens.   Within the gorge there is the suggestion of wave-like vertical motion perturbations.  These patterns are strengthened at 500 and 700 m, and weaken profoundly at 900 m (not shown).

7.  Discussion:  mechanisms of flow acceleration in the Gorge

Observational and model winds show that air does not accelerate significantly in the eastern portion of the gap, and model cross sections indicate that damming yields a cold layer of almost uniform depth within the Gorge east of the Cascade crest.  East of the Cascade crest this is the horizontal pressure gradient is weak, as are the winds.  Moderate to strong accelerations are located in three zones at and west of the Cascade crest, and are closely correlated with strong subsidence, rapid decreases in static pressure, and substantial reductions in the gap-flow depth.  These observations indicate that the acceleration in the Gorge is mainly produced by the pressure gradient associated with decreases in the depth of cold air.  Such changes in the depth of the gap flow occur at key “control” points along the Gorge where the channel topography changes.  These findings are not limited to one particular model output time but are characteristic of the entire quasi-steady state period (Figure 16).

The behavior of Gorge gap flow can be compared to the flow of shallow water in a channel governed by hydraulic theory (Long 1954, Arakawa 1968, Durran 1990).  Shallow water flow through a channel that is oriented parallel to the x-axis is governed by the following momentum and continuity equations (adapted from Arakawa 1968):
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, (is this comma usage correct.  I deleted it earlier, but perhaps shouldn’t have) where g is gravitational acceleration, D is the flow depth, B is the channel width, and h is the height of the bottom topography.  Eliminating ∂D/∂x from equations 1 and 2 yields:
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, where F is the Froude number and is defined as the ratio of the flow speed to the velocity of long gravity waves on the free surface:



[image: image8.wmf]gD

u

F

=


(4)

If the channel bottom is flat (∂h/∂x = 0), as is nearly case with the Columbia Gorge, then it is easily verified from Equation 3 that acceleration (deceleration) will occur either when subcritical (F < 1) flow encounters a constriction (widening) in the channel or supercritical (F > 1) flow encounters an increase (decrease) in gap width.  In both cases, the acceleration (deceleration) will be accompanied by a decrease (increase) in flow depth.  Changes in flow speed and depth may result in transitions between subcritical and supercritical flow.  For a flat channel, Equation 3 shows that the transition to critical (F = 0) flow will always occur at the narrowest point of a channel constriction (∂B/∂x = 0, ∂2B/∂2x < 0).  With such a transition from subcritical flow upstream to critical flow at the narrowest point, the flow downstream of this critical point will be supercritical and will accelerate and thin until there is a readjustment to ambient conditions through a hydraulic jump.

 (I need to think about this more)
In order to evaluate the applicability of the hydraulic analogy for this case, model output was used to calculate the Froude number at nine points along the Gorge cross section in the 444 m domain (Figure 15).  The gap flow depth used in the calculations was based on the potential temperature field.  Because of the diffuse nature of the inversion, two approaches (described below) were considered when calculating the reduced gravity, thereby providing upper and lower bounds for the Froude number.  The Froude numbers and the parameters used to calculate them are provided in Table 1 and shown in their respective positions in Figure 15.

Consider Figure 15 in the context of the surrounding terrain (Figure 12).  Blocking by the Cascade Range causes a reservoir of cold air to build up east of the crest.  This blocking at low levels is associated with weak winds and large stability between the lower cold layer and the air above.  Hence Froude numbers in the region upstream of the crest (points 1, 2 and 3 on Figure 15) are low (<<1) and flow within this region remains subcritical.  An exception is perhaps found near point 2 (Hood River) where there is a constriction in the terrain.  Here the potential temperature field suggests descent in the upper part of the flow and the increasing Froude number indicates that the flow is close to criticality.  As noted above, hydraulic theory predicts that subcritical flow will accelerate and thin as it moves into such a constriction.  If it remains subcritical, the flow should slow and deepen as the channel widens again, and this appears to have occurred in this case.  However, given the closeness to unity of the estimated Froude number, the flow may have become supercritical at the constriction and continued to accelerate until a weak hydraulic jump occurred just before point 3.

To the west of point 3, the channel constricts towards the narrowest part of the Gorge at point 4.  The flow accelerates into the constriction as would be expected of subcritical flow, and the Froude number increases to near criticality.  Acceleration continues a short distance beyond the constriction, followed by deceleration and ascending isentropes that suggest a weak jump-like feature. This process is again repeated between points 5 (contraction) and 6 (significant opening). Between 6 and 7, trajectory analysis indicates that a large amount of air is lost from the upper part of the flow as it rounds the bend near Cascade Locks.  Because of the closeness of the Froude number to unity, as well as the lack of mass conservation and stratification of the upper part of the flow, the simple application of hydraulic theory is probably of little value at this location.  

Beyond point 8, the terrain to the north of the gap rapidly decreases in height.  A strong response to this geometry change is seen in the pressure, wind and potential temperature fields and is reflected in the Froude number estimate.  In this area a deep layer of fluid is collapsing, so an alternate pair of Froude numbers (listed as 8b) was calculated using parameters that characterized the full depth of the sinking fluid to get a more conservative estimate.  Froude numbers from both methods suggest that the flow is likely supercritical in this area, with the winds accelerating down the pressure gradient produced by the shallowing cool air.   Downstream of point 8 the flow continues to thin and accelerate, with the Froude number estimate for point 9 remaining well above 1 (supercritical).

A simple application of the hydrostatic relationship using Schoenberger’s formula (1984) found that changes in the depth and thermal structure of the gap flow layer produced the locally enhanced pressure gradients driving the flow accelerations.  In turn, changes in gap width appear to provide key control points that dictate where the pressure changes and gap wind variations occur.  Figure 17 shows that during the steady-state period modeled with MM5, these control points remain stationary in time despite changes in the gap flow depth and inversion strength.  This empirical evidence suggests that hydraulic transitions driven by lateral geometry changes are important mechanisms for the acceleration and deceleration in the gap flow.
[I need to refresh myself from the dissertation and thesis before editing what is below]
Although the flow variations appear to follow those expected from hydraulic arguments, there are significant differences between shallow water model theory and the flow observed within the Columbia Gorge.  The theory assumes that the pressure gradient is caused only by changes in the depth of the layer of cold air.  For much of this event, pressure traces for levels above the gap flow indicate little synoptic pressure gradient above the cold air (see pressure traces at 1300 m and above in top panels of Figure 15 and Figure 16).  However, a synoptic gradient is often present during Gorge events (including the earlier part of this case).  When present, synoptic gradients will not only contribute to local pressure gradients, but the resulting synoptic scale flow may alter the environment within the gap flow layer by, for instance, increasing or reducing upstream damming or eroding the inversion layer.  Unlike water in a channel, which is capped by a free surface corresponding to a sharp density discontinuity, the gap flow is capped by a finite-depth inversion.  The inversions that cap some Gorge gap flows can be accounted for by using the reduced gravity (g’=g((/() form of the shallow water model.  Typical density variations are far from discontinuous even for the sharpest inversions, and in the case of the gap flow described in this case study, the capping inversion is diffuse and extends over a depth at least as great as the flow itself. As shown by the trajectories, there is ample evidence that mass is not conserved in the gap flow, with air descending into Gorge from above, and some air entering and escaping in side channels.  Also, the correspondence between Froude number and the characteristics of the flow in this case was suggestive but not exact, and in some locations (e.g., the exit) there was little evidence of hydraulic jumps when the calculated Froude numbers declined below one.  Finally, a series of numerical experiments (to be shown in a future paper) in which the flow was clearly subcritical at all locations in the central Gorge showed qualitatively similar distributions of wind speed and accelerations.  Nevertheless, while not disregarding these possible problems with hydraulic/shallow water theory, similarities between the modeled structures and those expected from hydraulic theory are apparent.
As suggested by Zangl (2002a, b) and Gabersek and Durran (2004, 2006), terrain-induced mountain waves and associated vertical motions can have a large impact on the nature of gap flows, and these features need to be examined in the context of this event.  Such wave-induced flow can not only inject air from aloft into the low-level gaps flows, but can produce pressure perturbations that can either strengthen or weaken the gap flow, depending on the relative orientations of the gap and overlying winds.   In the case of the December 2000 event, the flow aloft was from a southwesterly direction, which would tend to reduce easterly flow in the Gorge, and downslope (upslope) flow on the southern (northern) gap walls.  However, the flow veered to an easterly direction at crest level and below, and such easterlies interacted with the low-level terrain to produce downslope and upslope flows, with accompanying thermal and pressure perturbations (the vertical motion fields shown in Figure 17 illustrate the impact of such terrain-induced motions).  The complex and broken nature of these terrain-induced motions suggests a significant, but secondary, role in controlling this event. 
8.  Summary

The MM5 was used to simulate a Columbia Gorge gap wind event that occurred on December 13, 2000, with the results compared to observational data.  It was found that at least 1.333 km horizontal grid spacing and 44 vertical levels were required to accurately resolve the Gorge and the meteorological structures associated with it.  A resolution of 444 m performed better, but the improvement was offset by much greater integration time.  A sophisticated model microphysics scheme that explicitly represented supercooled water was required to simulate a subfreezing low-level stratus layer over the Basin.  Initialization of the model with a cloud water field further improved the simulation.  Applying appropriate resolution and physical parameterizations, the model simulation of the December 2000 event produced realistic gap flow structures. 

The gap flow during the event exhibited complex, three-dimensional structures with large gradients in pressure, temperature and wind speed, both along the gap and across it.  Variations in the wind, pressure, temperature and vertical velocity fields appear to be dictated by gap topology.  Most of the air below 750 m entered the eastern Gorge over the Horse Heaven Hills or through the Wallula gap.  Blocking by the Cascade Range resulted in cold-air damming and upstream pressure ridging that increased the pressure east of the crest and shifted the pressure gradient to west of the crest.  Thus, there was almost no surface pressure gradient and only weak acceleration of the low-level wind east of The Dalles, located on the eastern flank of the Cascades.  Rapid flow acceleration was seen in three zones.  The first lies between Hood River and Cascade Locks, at two constrictions in the central portion of the Cascades [I need to thing about this wording), and the third lies near the gap exit, where the highest wind speeds were observed.

Regions of acceleration were accompanied by a rapid decrease in height of the gap flow layer, large local pressure gradients, and strong downward motion.  Subsidence of the capping inversion produced a horizontal temperature gradient as the stratification was tilted into the vertical, and reduced the depth of the potentially cooler air below, thus creating a horizontal pressure gradient.  Model trajectories indicate substantial mixing across the stratification.  Apart from their role in driving the flow acceleration, subsidence and mixing are important because they cause the low-level air exiting the gap to become considerably warmer (and often drier) than the low-level air upstream.  A common misconception is that easterly Gorge gap flow only involves the movement of low-level cold surface air from the Columbia Basin to the west side of the Cascades.  This is not the case.  Gorge gap flow always exhibits strong descent along the length of the gap, with the air exiting the gap comes from multiple levels.  The air exiting the western side of the Gorge in winter is always warmer than the surface air upstream, though it is often cooler than the ambient surface air west of the Cascades.

Although the gap flow for this case exhibited a deep overlying inversion and deviated from the mass continuity assumed of the shallow water model, Froude number analysis suggested that hydraulic transitions driven by lateral geometry changes of the gap contributed to zones of acceleration and deceleration. It appears that the acceleration of subcritical flows in constrictions explains the two zones of Gorge flow acceleration at the Cascade crest and immediately downstream near Cascade Locks.   A final zone of acceleration, resulting in the highest wind speeds in or near the Gorge occurred as the western exit of the jet, where the collapsing layer of cool air produced supercritical flows.  The effects of gravity waves produced by interactions with terrain were probably of secondary importance.  [I need to mull this over]
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� Shelikof Strait is a high latitude sea-level gap between the Alaskan Peninsula and Kodiak Island.  It is about 200 km long and 50 km wide, making it relatively wide compared to most other gaps mentioned in this review.


� In the discussion below the number of half-levels used will be referred to.  This is one less than the number of full levels, with each half-level lying halfway between its neighboring full levels.  A table of sigma levels for each configuration can be found in Sharp (2002).


� Since it is most important to capture the transition zone in the gap flow that usually occurs between 200 m and 1.5 km it may be better to more evenly space the extra levels between 0.83 ≤ σ ≤ 1.0, rather than the current approach maximizing resolution near the surface and gradually reducing it throughout the model depth.
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