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“All models are wrong, but some are useful.” 

--- Statistician George E P Box, "Science and statistics" 
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ABSTRACT 

The characteristics of airflow in the coastal waters of the Hawaiian archipelago, with 

special emphasis on the Alenuihaha Channel, are examined using a combination of 

observations and model simulations from the Advanced Research Weather and Forecasting 

Model (WRF-ARW). General features of airflow related to interaction with the archipelago, 

including seasonal and diurnal changes, are presented using historical data from the 

QuikSCAT satellite, various buoys and sounding data gathered in the Alenuihaha Channel.  

Verification of the WRF model’s performance is achieved through comparisons of several 

years of buoy data with the respective years of a WRF model hindcast.  Special attention is 

paid to the Alenuihaha Channel, the site of two historical buoys, where a notable acceleration 

of winds occurs in conjunction with a sinking of the trade wind inversion. Model support for 

the existence of accelerated winds, a lowering of the inversion and a hydraulic jump within 

the channel are demonstrated.  

A WRF model case study for July 2005 clarifies the location of the fastest channel 

winds, their magnitude, degree of deflection and diurnal variations while elucidating the 

mechanics by which these features develop.  Topographical influences of Maui on the airflow 

through the Alenuihaha Channel are explored by comparing WRF runs with Maui 

topography with those in which it has been removed. These effects amount to a combination 

of island blocking/orographic lifting on the windward side and adiabatic descent on the lee 

side, which augment the pressure gradient through the channel. Model simulations represent 

the sinking inversion and hydraulic jump, delineating their respective amplitude and 

placement.   
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CHAPTER 1: INTRODUCTION 

 

Gap winds are low-level, shallow, ageostrophic winds bounded by topography.  For 

gaps longer than 10 km, these winds are associated with a large pressure gradient across the 

gap with the lowest pressure and the strongest winds in the exit region (Scorer 1952; 

Overland and Walter 1981; Gaberšek and Durran 2006). In a stable environment, flow 

through the gap is not only dependent on upstream flow but on airflow redirected around the 

surrounding topography into the gap. If the gap is narrower than the Rossby radius of 

deformation, the air will accelerate through the gap toward lower pressure.   

Though the synoptic scale pressure gradient is an important factor (Overland and 

Walter 1981), local variations in temperature across a gap will lead to an enhancement in the 

local pressure gradient (Gaberšek and Durran 2006).  If the air on the upwind side of a gap is 

cooler there will be correspondingly higher pressure in this region in relation to the gap exit.  

In the case of an inversion occurring below the height of the adjacent mountains, the lower 

layer of relatively cool air is forced to travel through the gap rather than over the mountains 

(Scorer 1952). In the exit region, the lower layer may spread leading to a thinning of the 

layer and descent of the relatively warmer layer from above (a.k.a. the sinking inversion) 

(Gaberšek and Durran 2006). In its descent, the upper layer is warmed adiabatically with the 

entire process leading to anomalously low pressure in the gap exit.  Similarly, blocking on 

the upwind side of the channel is associated with a deepening of the cool air layer 

(heightened inversion) and an increase in pressure.  These effects enhance the across gap 

pressure gradient thereby creating wind acceleration through the gap, particularly in the gap 

exit.  
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Classical representations of the hydraulic jump phenomena demonstrate the 

consequences of a fluid encountering a solid object, usually a mountain (Smolarkiewicz and 

Rotunno 1989; Durran 1990; Schär and Smith 1993; Rotunno and Smolarkiewicz 1995).   

This paper shows that a physical barrier in the path of the airflow is not necessary for a 

hydraulic jump to occur.  Rather, changes in the stability and velocity of the airflow through 

a gap may produce a hydraulic jump as a result of the hydraulic effect alone.   

The possibility for a hydraulic jump to occur may be gauged with the Froude number 

(Durran 1990). The Froude number (Fr), which measures the relation of wind speed to 

atmospheric stability, may be expressed as Fr = u/c, where u is the mean flow speed and c is 

the shallow water gravity wave speed (Durran 1990; Schär and Smith 1993).  When Fr is less 

than unity (typically low wind speed and high stability) the flow is said to be subcritical.  

When Fr exceeds unity (typically high wind speed and low stability) the flow is said to be 

supercritical.  For a hydraulic jump to occur the airflow must become supercritical at some 

point along its trajectory and then be forced, by environmental conditions, to return to a 

subcritical state.  At the point of conversion, a hydraulic jump, which is necessitated by 

energy and mass conservation, restores higher stability and a slower mean-flow speed to 

supercritical airflow encountering a subcritical environment. This adjustment is associated 

with a decrease in horizontal winds, turbulence and a sudden increase in vertical motion.  

  

 The Hawaiian archipelago has several channels in which accelerated flow occurs. 

However, the resolution of global weather models (28 km) is too coarse to accurately depict 

these complex airflow features (Zhang et al., 2005a). In addition, observational data in the 

channels are sparse and relegated to a few historical buoys.  During the past 40 years, efforts 
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have been made to improve high-resolution mesoscale models for the Hawaiian region to 

alleviate this and other data gaps (Lavoie, 1974; Wang et al., 1998; Yang et al., 2005; Zhang 

et al., 2005a; Yang and Chen, 2008; Nguyen et al., 2010; Carlis et al. 2010; Hartley et al., 

2010; Zhang et al. 2012).  

 Recently, Nguyen et al. (2010) verified the fifth-generation Pennsylvania State 

University–National Center for Atmospheric Research (PSU–NCAR) Mesoscale Model 

(MM5) coupled with an advanced land surface model (LSM) for the Hawaiian Islands, 

including soil type and soil moisture compiled by Zhang et al. (2005a), with respect to 13 

land based stations on the island of Oahu.  Error statistics were prepared using a simple 

distance weighted interpolation comparing model output with observations during the months 

of July and August 2005. The study yielded acceptable results when verifying hourly data of 

temperature, dewpoint and wind speed.  The same LSM, complete with vegetation cover, soil 

moisture and soil temperature is used in the present study. 

 

Previous studies involving the Alenuihaha Channel have identified a lowering of the 

subsidence inversion followed by a possible hydraulic jump within the channel exit (Smith 

and Grubisic 1993; Zhang et al. 2005b; Yang et al. 2008).   Smith and Grubisic, gathered 

flight level observations of airflow in the Alenuihaha Channel during the Hawaiian Rainband 

Project (HaRP).  They observed a lower inversion level in the channel exit followed by a 

weak hydraulic jump.  The lower inversion was accompanied by a decrease in wind speeds 

near the typical height of the inversion (~ 2 km) and an acceleration of winds near the 

surface.   

Using a “sawtooth” flight pattern, Smith and Grubisic identified a descent of 
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isentropes through the channel accompanied by “a sharp drop in the relative humidity”.  The 

descending isentropes were  “consistent with a tilt of isobaric surfaces” indicating an 

“accelerating pressure gradient” below 1700 m.  Similarly, a slightly “decelerating pressure 

gradient” aloft was associated with wind deceleration.  Downstream of the channel exit, a 

“moderate increase of humidity” near 1600 m in height, in conjunction with a slowing of 

winds and an “upward deflection” of isentropes, was hypothesized to be indicative of a 

hydraulic jump.  In Smith and Grubisic, the proposed hydraulic jump is V - shaped with its 

furthest downwind occurrence in the channel center.   

Zhang et al. (2005b) investigated a high wind event on the Big Island using a 3-km 

resolution simulation from the Mesoscale Spectral Model coupled with the modified Oregon 

State University land surface model (MSM-LSM).    In the Alenuihaha Channel, the model 

produced wind acceleration from the channel entrance to a point more than 100 km 

downstream.  Equivalent potential temperature (θe) surfaces tilted downward in the channel 

exit, suggesting the most pronounced sinking of the inversion at 156.6°W, while 

correspondingly high wind speeds occurred near the surface.   An abrupt rise in θe surfaces 

downstream of the channel exit led the authors to conclude that, “a hydraulic jump is 

predicted by the MSM-LSM”.    Though the highest resolution model domain of Zhang et al. 

contained Maui County, it is important to note that this study was conducted using a winter 

high wind event and not typical trade wind conditions.   

Yang et al.  (2008), investigated the leeside airflow of the Big Island using the MM5 

model.  They found a hydraulic jump and accelerated winds west of the Kohala Peninsula, 

proposing that the Kohala wake is the result of a brief transition to supercritical flow 

followed by a hydraulic jump.  Observing that potential vorticity in the wake is accentuated 
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by the jump, they concluded that the degree of shear along the Alenuihaha Channel 

wind/Kohala return flow boundary is proportional to the amplitude of the jump. Yang et al. 

also found that the amplitude of the hydraulic jump downwind of the Kohala Peninsula is 

proportional to wind speed.  In their study, typical summer trade-wind conditions were used 

but the highest resolution model domain did not include Maui County. Thus, the fastest 

simulated winds within the channel were situated off the tip of the Kohala Peninsula and no 

channel jump was produced.   

The aforementioned studies, and others, using both observational as well as simulated 

data, have suggested that a lowering of the subsidence inversion and a hydraulic jump occur 

within the Alenuihaha Channel. However, the modeling studies have either neglected Maui in 

their highest resolution domain or simulated the hydraulic jump only under atypical wind 

conditions.  The present study suggests that the existence and resolution of Maui topography, 

in the highest resolution domain, has an effect on simulated wind speeds through the channel 

and on the amplitude of the lowering of the inversion and hydraulic jump.    

 

The primary goals of this study are 1) to catalog the basic features of airflow 

particular to the Hawaiian coastal waters, especially in the Alenuihaha Channel, 2) to verify 

the WRF model’s performance in replicating airflow near the island chain and 3) to offer an 

explanation for the wind acceleration, sinking of the inversion and hydraulic jump which 

occur in the Alenuihaha Channel.  The achievement of these goals will likely assist 

forecasters in producing more knowledgeable forecasts of winds in the Hawaiian coastal 

waters. 

The following questions are pursued: 1) does the model provide an accurate depiction 
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of airflow in the Hawaiian coastal waters, particularly in or near channels? 2) What does the 

model indicate about the magnitude and placement of accelerated winds, the sinking of the 

inversion and the hydraulic jump within the Alenuihaha Channel for the mean state as well as 

at various periods throughout the diurnal cycle? 3) What role does Haleakala play in creating 

blocking and other changes related to pressure, temperature, horizontal winds and vertical 

motion which may affect airflow through the channel?  4) With the premise that the channel 

airflow exemplifies a shallow water system, do variations in the value of the Froude number 

within the channel satisfy the conditions that need to be met for a hydraulic jump to occur?   

 

The verification of model output over coastal waters focuses on 10-m winds.  Valid 

model surface winds are a valuable resource for those engaged in daily weather prediction, 

wind energy generation, and research involving orographic rainfall in the islands.  At present, 

10-m winds from daily model runs are being used to drive wave and ocean current prediction 

models by the Oceanography Department of the University of Hawaii.  Accurate mapping of 

high wind speeds over coastal waters, particularly in channels, is of importance to small craft 

operators, shipping and aviation.  Identification of areas of anomalous vertical motion and 

turbulence is of particular interest to aviation.  Knowledge of potentially hazardous 

mesoscale weather phenomena in channels may prove helpful to forecasters directing 

operations requiring the use of boats, planes or helicopters, in these regions.   A thorough 

understanding and mapping of key airflow features through the Alenuihaha Channel will 

allow forecasters to make more accurate forecasts, both temporally and spatially, for the 

Hawaiian coastal waters and possibly for other topographically similar regions throughout 

the world.  
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CHAPTER 2 
 

 DATA SOURCES, ANALYSIS METHOD AND MODEL CONFIGURATION 
 
 

2.1 Data and analysis methods 

 Data from the National Data Buoy Center (NDBC), NASA's Quick Scatterometer 

(QuikSCAT) and four soundings deployed within the Alenuihaha Channel serve as 

observations for the description of the characteristics of airflow over the Hawaiian coastal 

waters.  The National Data Buoy Center (NDBC) buoys provide data for comparison in the 

model verification. 

 There are currently 6 NDBC buoys in operation in the vicinity of the Hawaiian 

Islands (Fig. 2.1 and Table 2.1), which provide hourly reports of wind speed and direction.  

There have been 9 historical buoys in the same region, including 4 of the 6 currently in 

operation (51WHO, 51002, 51003 and 51004).  Buoy winds are measured primarily at 5-m 

(see Table 2.1) and are averaged over an eight-minute period every hour.  Model winds are 

given at 10-m and are integrated to give an instantaneous value at the end of each modeled 

hour.  Buoy wind direction data has a resolution of 1.0 degree and +/-10.0 degrees accuracy 

except for buoy 51005, which has a resolution of 10 degrees.  Buoy wind speed data has a 

resolution of 0.1 m s-1  and +/-1.0 m s-1  accuracy except for buoy 51005, which has a 

resolution of 1 m s-1.  Buoy wind gusts are measured over a period of 8 seconds during the 

eight-minute wind measurement period.  Gusts have a resolution of 0.1 m s-1  and +/-1.0 m s-1  

accuracy, except for buoy 51005 which has a resolution of 1 m s-1.  The wind profile power 

law has been applied to buoy wind speeds using an exponent of 0.11, implying near-neutral 

stability over the ocean (Hsu et al., 1993), to adjust the observation heights to the 10-m 

model height.  
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 Buoy 51WHO (representative of the upstream flow) is maintained by the Woods Hole 

Oceanographic Institute.   Buoy 51005 was located in the center of the Alenuihaha Channel 

during the period of 1985 – 1988 while buoy 51027 was situated further downstream along 

the same latitude from 1995 - 1996.  Windroses have been constructed for buoys 51WHO, 

51005 and 51027 to demonstrate mean, seasonal and diurnal variations of winds and gusts 

upstream, within and downwind of the Alenuihaha Channel, respectively.   

QuikSCAT has a 10-m data set from January 1st, 2000 – November 23rd, 2009.  

Seasonal diagrams of  QuikSCAT wind, mirroring the 6 km model domain, are constructed to 

indicate climatological features important to near shore modeling.  QuikSCAT is useful for 

performing a climatological scale representation of airflow,  but for verification purposes it 

has significant limitations.  For instance, QuikSCAT has a relatively coarse resolution (25 

km) and suffers from inaccuracy of wind measurements near landmasses (Pickett et al., 

2003). It is also prone to errors in the presence of rain (Portabella and Stoffelen, 2001; 

Weissman et al., 2002; Hoffmann et al., 2005).  These limitations make verification of winds 

in island channels, directly in the wake of islands and to the north of the archipelago (where 

there is a high incidence of rain) problematic.  QuikSCAT also has difficulty resolving winds 

of less than 3 m s-1, speeds often encountered in the Big Island wake (Fangohr and Kent, 

2012), and an accuracy of only 2 m s-1 and 20 degrees.   Therefore, the buoys trump the 

satellite in many respects and are thus used exclusively in the verification. 

All buoys are compared with model data, to the very hour, at the nearest grid point in 

the 6 km model domain for the respective times in which the buoys were in operation. Model 

hindcast data is available for 1985 – 1988, 1993 – 1996 and 2000 – 2009. Error statistic 

tables have been constructed showing the biases, mean absolute errors, root mean square 
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errors and normalized root mean square errors for wind speed, wind direction, and u and v 

components of wind at each buoy for the entire year as well as for summer alone. Wind 

persistence is also given for the entire year and for summer at each buoy.  

A q-q plot is a statistical probability plot “of sample order statistics against some 

'expected' quantiles from a standard normal distribution” (Thode, 2002).  Quantile-quantile 

(q-q) and scatter plots have been created for all buoy points to show the probability and 

accuracy in which the model replicates winds at various locations around the islands. Buoy 

data is the set which is linearized.   

Data from four Lockheed Martin (LMS6) radiosondes launched using the Lockheed 

Martin (LMG6) Upper Air System during the CHAOS cruise of February 2nd, 2011 are used 

to construct skew-T plots describing the development of the strength and height of the 

subsidence inversion and wind acceleration through the channel.    Ship data has been used to 

construct the near surface development of wind speed, wind direction and pressure through 

the channel.  Radiosonde wind direction data has a resolution of 1.0 degree and +/-10.0 

degrees accuracy while wind speed has a resolution of 0.1 m s-1  and +/-1.0 m s-1  accuracy.  

Radiosonde temperature data has a resolution of 0.01 C and an accuracy of +/- 0.15 C.  

Radiosonde pressure data has a resolution of 0.1 hPa and an accuracy of +/- 0.5 hPa. 

Radiosonde humidity data has a resolution of 1% and an accuracy of 2%.  Ship level wind 

direction data has a resolution of 0.1 degree and +/-3.0 degrees accuracy while wind speed 

and pressure data have a resolution of 0.1 m s-1  and 0.06 hPa and +/-0.3 m s-1  and +/- 0.03 

hPa accuracy, respectively.   

  

A WRF model case study is performed for July 2005 addressing flow interaction with 
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topography in the Alenuihaha Channel.    July was chosen because it is representative of 

typical summer trade-wind conditions and has the most persistent, moderately fast trades of 

any month during the year with consistently high winds in the channel.  The model was run 

for each day of July for a 36-hour period beginning 12 hours before 0000 HST.  The results 

for each hour of the 12 – 35-hour model run period, for each set of runs, have been averaged 

for the entire monthly period and presented in horizontal and vertical plots of mean winds, 

pressure, humidity, vertical motion and potential temperature.  This is done with the purpose 

of investigating the relationship of winds and pressure to the sinking of the inversion and the 

hydraulic jump.      

 To further examine the influence of topography on the mean flow features and diurnal 

cycle in the Alenuihaha Channel, model simulations without Maui County were run for each 

day of July, 2005.  These runs are subtracted from those including Maui to indicate the 

pressure influences posed by Maui topography and their consequences on airflow speed, 

direction and the hydraulic jump.  In the No Maui model runs, the Maui County landmass has 

been represented as ocean.   

 

2.2 Model description 

 In this study the high-resolution, non-hydrostatic model, WRF-ARW Version 3, is 

used.   For the verification, two nested domains are employed in the model with a two-way 

nesting, with horizontal resolutions of 18 km and 6 km and horizontal dimensions of 196 x 

185 and 292 x 196, respectively.  In the channel case study, three nested domains are 

employed with a two-way nesting, with horizontal resolutions of 18 km, 6 km and 2 km and 

horizontal dimensions of 108 x 97, 148 x 97 and 163 x 91, respectively.  The 2-km domain 
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covers the entirety of Maui County, the Alenuihaha Channel and the Kohala Peninsula and 

there are 38 vertical levels1 from the surface to the 100-hPa level.  For the hindcast, two 

nested domains are employed with a two-way nesting, with horizontal resolutions of 18 km 

and 6 km and horizontal dimensions of 196 x 185 and 292 x 196, respectively.  The 6-km 

domain covers the entirety of the state of Hawaii and there are 38 vertical levels (sigma 

levels same as above) from the surface to the 100-hPa level. 

The physics options for the simulations include the Betts-Miller-Janjic cumulus 

parameterization scheme (Janjic, 1994), the YSU (Yonsei University) planetary boundary 

layer scheme (Hong et al. 2006), the Ferrier microphysics scheme and the Dudhia radiation 

scheme (Dudhia, 1989).    

For all model runs between the years of 2000 and 2009, the National Centers for 

Environmental Prediction Final Analysis (NCEP FNL) data with a 1.0 x 1.0 degree grid is 

used to initialize the daily 36-hour runs.   For model runs of all other years (1985-88, 1993-

96), NCEP Climate Forecast System Reanalysis (NCEP CFSR) data with a 0.5 x 0.5 degree 

grid is used to initialize the daily 36-hour runs.  Sea surface temperature (SST) is updated at 

the time of initialization from the NCEP SST analysis.  

An advanced land surface model (Noah) (Chen and Dudhia, 2001) is employed using 

the vegetation cover and soil properties compiled by Zhang et al. (2005a). Soil moisture and 

soil temperature input for the LSM are spun up for two months prior to the simulation period 

(Yang et al. 2005) with the updated soil moisture and soil temperature. The 24-hour forecasts 

                                         
1The full sigma levels are 1.000, 0.994, 0.983, 0.968, 0.950, 0.930, 0.908, 0.882, 0.853, 0.821, 0.788, 

0.752, 0.715, 0.677, 0.637, 0.597, 0.557, 0.517, 0.477, 0.438, 0.401, 0.365, 0.332, 0.302, 0.274, 0.248, 

0.224, 0.201, 0.179, 0.158, 0.138, 0.118, 0.098, 0.078, 0.058, 0.038, 0.018, 0.000 
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of the soil moisture and soil temperature of the previous day are used to update the initial 

conditions for the model for the following day’s simulation. The simulations are performed 

for ten years in the case of the hindcast (January 1st, 2000 – December 31st, 2009, initialized 

at 0000 UTC) and for a month (1st of July – 31st of July, 2005, initialized at 0000 UTC) for 

the case study. The 24-hour model forecast, from the 12th to the 35th hour, is used as the 

simulated diurnal cycle for each day. 
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CHAPTER 3 

 KEY AIRFLOW FEATURES IN HAWAIIAN WATERS 

 The following chapter describes pertinent airflow features in Hawaiian coastal waters 

using QuikSCAT, NDBC buoys, ship level data and soundings taken within the Alenuihaha 

Channel.  These features consist of upstream trade constancy, blocking along the windward 

side of islands, wind acceleration between channels, wind deceleration and, under some 

circumstances, return flow in wakes.  All of these features undergo some form of seasonal 

variability.  Accelerated winds and a sinking of the subsidence inversion are shown to occur 

in the Alenuihaha Channel.  

3.1 QuikSCAT Climatology  

 In Figure 3.1a, mean summer  (June – August) QuikSCAT 10-m winds for the period 

of June 1st, 2000 to August 31, 2009 are presented.  QuikSCAT demonstrates mean upwind 

trades of ~ 7 m s-1, from 18.5°N to 22.5°N (Fig. 2.5) which have a predominately east-

northeast direction.  There is a deceleration of winds  (~ 3 m s-1) on the windward side of the 

Big Island, an acceleration of winds (~ 1 m s-1) ahead of Kauai, Oahu and Maui and an 

archipelago wake in which the trade flow, north of ~ 19°N, is deflected southward.  Mean 

wind speeds are the greatest in the middle of and downwind of channels, as well as around 

the tips of islands, with mean values between 8 and 13 m s-1.   Peak mean wind speeds for 

summer occur in the exit region of the Alenuihaha Channel (13+ m s-1) where they are nearly 

twice the value of the mean upstream trade flow.  Winds are also greatly accelerated around 

the tips of the archipelago.   

According to QuikSCAT, the Big Island wake in summer is associated with deviations 

from upstream mean wind speeds of at least 3 m s-1 occurring as far downstream as 160°W, 
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with deceleration of up to ~ 7 m s-1 within 1° of the Kona coast.  The wake contains a region 

of convergence at ~ 157°W resulting from southerly deflection of flow out of the Alenuihaha 

Channel and northerly deflection of flow off South Point.  Deceleration due to Big Island 

blocking is registered more than 2° upstream. 

 QuikSCAT winter (December – February) winds (Fig. 3.1b) indicate a larger 

latitudinal gradient in mean upwind trade speed than is found in summer with considerably 

slower mean winds near Kauai (~ 4.5 m s-1) as compared to south of the Big Island (~ 11+ m 

s-1).  Mean wind speeds in the exit of the Alenuihaha Channel are ~ 4 m s-1 slower than 

during the summer season while accelerated wind speeds around South Point are ~ 1.5 m s-1 

faster.  Mean upwind airflow has less of a northerly component during this season.  

QuikSCAT demonstrates a more compact version of Big Island blocking during the 

winter and a shorter Big Island wake. Under the stronger, more easterly, flow regime at ~ 

18.75°N, blocking is shifted south enhancing accelerated flow in advance of the entrance to 

the Alenuihaha Channel.  

QuikSCAT indicates the complexity of 10-m wind features, both spatially and in time, 

which will have to be sufficiently replicated by the model in order to produce satisfactory 

verification results.  Seasonally, approaching trades are more easterly in the winter, when the 

subtropical high is shifted to the south, and the latitudinal gradient in wind speeds is much 

greater.  Mean wind speeds through the Alenuihaha Channel are several m s-1 faster during 

the summer and almost twice the speed of the upwind trades. The equivalent of figures 3.1 a 

and b for the WRF model are found in Appendix A. 

3.2 Buoy Climatology  

 Summer winds (Jun. – Aug.) at buoy 51WHO (Fig. 3.2a) are uniformly from the east-
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northeast with a resultant vector of 85 degrees. Winds in the range of 8 – 10 m s-1 prevail 

(45.1%) (Fig. 3.2.1a).  Periods of winds in the 10 – 12 m s-1 range are less frequent (9.2%) 

and winds above 12 m s-1 are rare.  

 In the winter months (Dec. – Feb.) (Fig. 3.2b), buoy 51WHO winds have a much 

higher degree of variability, both in speed and direction, with an overall tendency for more 

easterly flow than during summer (resultant vector = 91 degrees).   There is a greater 

prevalence of winds in excess of 10 m s-1 during this season, both from the E-ENE as well as 

from the SW, with frequent winds above 12 m s-1 (5.9%) (Fig. 3.2.1b).  Wind speeds of less 

than 6 m s-1 are more likely during winter.   

For the record period of buoy 51005 (’85 – ’88), summer winds with ~ 18 degrees 

more northerly trajectory on average than 51WHO were observed (Fig. 3.2c). Wind speeds at 

this coordinate are consistently higher than 51WHO, with a much greater prevalence of 

winds in the 10 – 12 m s-1 range (34.4%) (Fig. 3.2.1c), and a significant frequency of winds 

in excess of 12 m s-1 (4.7%).   

During the winter months (Fig. 3.2d) wind speed and direction are more variable  at 

51005 with a resultant vector that is 7 degrees more northerly than summer.  Wind speeds of 

less than 10 m s-1 are much more common (Fig. 3.2.1d).  

For the record period of buoy 51027 (’93 – ’96), summer winds have a resultant 

vector that is 18 degrees more easterly than 51005 (Fig. 3.2e). Wind speeds in the 8 – 12 m s-

1 range are also not as consistent as at 51005.  Rather, there is a greater prevalence of winds 

below 8 m s-1 (Fig. 3.2.1e). 

In winter months (Fig. 3.2f), 51027 wind speed and direction are more variable than 

summer with a significant portion of winds from the southwest.  Wind speeds of less than 8 
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m s-1 are quite common with winds between 3 and 6 m s-1 occurring 30.3% of the time (Fig. 

3.2.1e).  

A diurnal comparison of summer winds at buoy 51WHO reveals a greater prevalence 

of winds in the 10 – 12+ m s-1 range with a slightly more easterly direction (3°) at 0500 HST 

than 1400 HST (Figs. 3.3a, 3.3.1a, 3.3b and 3.3.1b).  At buoy 51005, summer winds are more 

northerly at 1400 HST by 5 degrees with a greater preponderance of winds greater than 10 m 

s-1 (Figs. 3.3c, 3.3.1c, 3.3d and 3.3.1d) than at 0500 HST. At buoy 51027, summer winds are 

more northerly in the morning by 15 degrees with a greater dominance of winds in excess of 

10 m s-1 at 1400 HST (Figs. 3.3e, 3.3.1e, 3.3f and 3.3.1f), although peak wind speeds tend to 

occur in the early morning.  

In the summer months, wind gusts greater than 12 m s-1 are much more prevalent at 

buoy 51005 than 51027 with rare peak gusts exceeding 21 m s-1 (Figs. 3.4a, 3.4.1a, 3.4b and 

3.4.1b).   At 1400 HST, 51005 has gusts of more than 15 m s-1 9.3% of the time while gusts at 

51027 do not exceed 15 m s-1 (Figs. 3.4c, 3.4.1c, 3.4d and 3.4.1d). At both 51005 and 51027 

overall gust speeds are generally less at 0500 HST than 1400 HST though peak gust speeds at 

51005 occur in the morning (Figs. 3.4e, 3.4.1e, 3.4f and 3.4.1f).   

Buoy climatology reinforces that of QuikSCAT.  Summer upstream winds are steadier 

in speed and direction, with a generally more northerly approach, than winter winds. Winds 

in the center of the channel (51005) are several m s-1 faster and almost 20 degrees more 

northerly than at the upwind buoy for the summer season.  Buoy 51027 has mean winds that 

are more similar in direction to 51WHO than 51005. While winds at the upstream buoy are 

generally faster in the early morning, winds at 51005 are faster at 1400 HST and from a 

significantly more northerly direction.  Winds at 51027 are also faster at 1400 HST but more 
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northerly in the morning by 15 degrees.  Gust speeds at 51005 tend to exceed those at 51027, 

however, gust speeds are the greatest at both channel buoys at 1400 HST.  

 

3.3 Airflow in the Alenuihaha Channel 

In early February of 2011 (2nd - 10th) the research voyage, Cruising Hawaii with 

Atmospheric and Oceanographic Students (CHAOS), deployed 26 weather balloons 

throughout the Hawaiian coastal waters.  Launch locations included points in the Alenuihaha 

Channel (launch numbers 3 – 9, 2 February, Fig. 3.5) with the objective of measuring a 

lowering of the subsidence inversion and possibly a hydraulic jump.  Winds approaching the 

channel on 2 February were southeasterly, becoming northeasterly in the exit region, while 

undergoing an acceleration beginning in the channel center and continuing into the far exit 

region (Fig. 3.5).   A decrease in the height and strength of the inversion was observed in the 

far exit region.  

 3.3a. Surface Observations 

Figure 3.6 depicts mast level wind direction (degrees, yellow), wind speed (m s-1, 

green) and ship pressure (black, hPa, corrected for the semi-diurnal pressure variation using 

measurements from buoy 51000) along the CHAOS ship track. Figure 3.6 demonstrates a 

subtle northerly deflection of winds (from 100° to 115° degrees) approaching the channel 

followed by a southerly deflection beginning just before the channel entrance (155.68°W) 

and changing more substantially around 155.9°W. Winds become progressively more 

northerly (from 110° – 85°) from northeast to southwest in the channel center.  West of the tip 

of the Kohala peninsula, winds maintain a generally easterly direction (80° - 90°) until 

156.3°W where they deflect south by another 25° before reaching 156.4°W.  Overall, winds 
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deflect south by a total of 55° from 155.7°W to 156.4°W.  In the far exit region (longitude > 

156.8°W), wind direction became progressively more easterly (75° to 95°) as the ship 

traveled northwest.   

Winds, which are in the 7 to 8 m s-1 range in advance of the channel, accelerate near 

the channel entrance (20.6°N, 155.9°W) and become stronger as the ship moves SSW 

through the channel center to 20.25°N, 156°W, peaking at ~ 12 m s-1.   Winds in the 10 to 12 

m s-1 range continue west of the tip of the Kohala Peninsula and into the channel exit 

(longitude > 156.8°W).  

Surface pressure begins higher upwind of the channel with a gradual descent of 0.8 

hPa to 155.8°W (Fig. 3.6).  In the channel entrance, pressure rises briefly by ~ 0.5 hPa until 

156°W and then drops (by 1.4 hPa) across the channel to 20.28°N, 156.3°W. Pressure 

increases from 156.3°W to 156.45°W by 0.65 hPa in the Kohala wake with a general increase 

as well in the far exit region of the channel. 

In summary, near surface winds are accelerated by up to 5 m s-1 beginning in the 

channel center and continuing into the far exit region, with some variability (1 – 2 m s-1).  A 

southerly deflection of flow develops in the entrance region, reaching a maximum in the 

channel exit, while a subtle northerly deflection of surface flow occurs in advance of the 

channel.  Surface pressure is highest ahead of the channel, decreasing rapidly in the channel 

center, with a slower rebound in the exit region.    

3.3b. Soundings 

Sondes 3, 5, 7 and 9 are used to show changes in the vertical structure of airflow 

through the Alenuihaha Channel, including the height and strength of the inversion.  In 

sounding 9 (Fig. 3.7a, 1930 HST), the inversion begins at 850 hPa (~ 1.5 km) and attains its 
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highest temperature anomaly (+2.5°C) at 760 hPa (~ 2.3 km).  At 1530 HST, sonde 7 (Fig 

3.7b) places the inversion just above 850 hPa (1.5 km).  It is weaker than sonde 9 at its 

maximum by ~ 0.75°C and has the driest inversion of the four soundings, with the dewpoint 

reaching -30°+ C at 750 hPa.  For sonde 5 (Fig. 3.7c, 1200 HST), the depth of dry air in the 

inversion has lessened and the base of the inversion level has decreased in height to ~ 900 

hPa (1 km). The maximum inversion temperature anomaly (+1.5°C) occurs at ~ 820 hPa. In 

sonde 3  (0530 HST), several weak inversions were encountered, the first beginning at 960 

hPa (~ 0.5 km) and the most prominent at 850 hPa. The strongest point of the latter inversion 

is relatively weak (~ +0.7°C anomaly) and the inversion base of the former is very low in 

comparison to the inversion base measured upstream. A dewpoint minimum of only -13°C 

occurs at 2.1 km. Winds at the inversion level are light for all soundings but particularly light 

for the sondes in the exit and far exit region of the channel. 

 In summary, CHAOS soundings recorded a weakening (~ 1.8°C) and lowering (from 

850 – 960 hPa or ~ 1.5 to ~ 0.5 km) of the inversion base from the channel entrance to the far 

exit region.  The weakening of the inversion in the exit and far exit regions is interpreted as 

the mixing of moist boundary layer air with the sinking inversion layer or may perhaps be 

related to the turbulence of a hydraulic jump. A deceleration of winds (up to ~ 5 m s-1) 

between 900 – 750 hPa (~ 1 – 2.5 km) in the exit and far exit regions of the channel (sondes 

3 and 5) may also be indicative of a hydraulic jump.  
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CHAPTER 4 

NUMERICAL VERIFICATION  

In this chapter, 10-m winds from NDBC buoys are compared statistically with those 

from the 12 – 35th hour portion of daily 36-hour WRF model hindcasts for the equivalent 

period of buoy data.  Depending on the availability of buoy data, an hour-to-hour comparison 

has been made with the closest model point in the 6-km resolution hindcast (see Table 2.1 for 

buoy locations and time periods).  

Table 4.1 presents error statistics for all model points compared with buoy locations 

(Table 2.1).  All model points have a u component bias that is no more than +/- 0.3 m s-1 and 

a v component bias of less than +/- 0.7 m s-1 with an average bias of 0.1 for both components. 

Wind component mean absolute error (mae) values are in the range of 1.6 – 2.7 m s-1 with 

averages of 2.1 m s-1 and 2.2 m s-1 for u and v, respectively.  Normalized root mean square 

errors (norm. rmse) for both wind components are in the range of 0.08 - 0.15 with averages 

of 0.1 for both u and v. Persistence values are in the range of 68% – 94% for the entire year 

with the lowest values to the north and northeast of the islands.  Notably, the channel buoys 

(51005 and 51027) have relatively high values of persistence  (90% and 78%, respectively). 

During the summer months (Jun. – Aug.), bias statistics are slightly greater on 

average than for the entire year, though mean absolute errors and root mean square errors 

(rmse) are appreciably less (Table 4.2).  Normalized root mean square errors for v range from 

0.06 to 0.36 with averages of 0.14 and 0.15 for u and v, respectively.  Persistence is 

extremely high during the summer months with all buoys at or above 0.94 and an average of 

0.97.  Some of the most favorable error statistics occur at buoy 51005.  However, 51026 and 

51027, which are both in proximity to the islands, have relatively poor agreement for the u 
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component.   

Table 4.3 shows that model wind speeds are slightly slower on average than at any 

particular buoy by 0.3 m s-1.  Mean absolute errors in speed are 2.2 m s-1 or less at all buoys 

with an average value of 1.9 m s-1, while root mean square errors are 2.8 m s-1 or less with an 

average of 2.4 m s-1.  Normalized root mean square errors are again ~ 0.1. 

For the summer months (Table 4.4), model wind speeds remain slightly slower with 

average mae and rmse errors that are 0.2 m s-1 less than for the entire year.  The average 

normalized root mean square error for speed is slightly higher at 0.15.    

Table 4.5, delineates the correlation coefficients for direction, speed, and u and v 

components comparing data hour-to-hour over the entire period of buoy operation.  The 

average of coefficients for all buoys are 0.43 for direction, 0.57 for speed, 0.68 for the u-

component and 0.46 for the v-component. The buoys which are nearest land or in channels 

(51005, 51026 and 51027) have some of the highest correlation values (51005 has u and v 

coefficients of 0.82 and 0.64, respectively).   

Figure 4.1 presents q-q plots for u and v wind components at all buoys for the 

respective time periods listed in Table 2.1.  The model shows a high probability for 

accurately predicting wind speeds related to the trades (-u, -v) with more or less a one to one 

relationship at most buoys.  Where the qq-plot is steeper than y = x, buoy data is more 

dispersed than model data (e.g. buoys 51000, 51001, 51002, 51003, 51004, 51026).  For the 

buoys near and/or in the channel (51005 and 51027), the qq-plot is flatter than y = x 

signifying that model data is more dispersed than buoy data. This is especially so for the u 

component at buoy 51005.  There are greater observed u values on the high end of westerly 

winds (+u), particularly at buoy 51001, as well as to a lesser extent at buoys 51001, 51002, 
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51003 and 51004. Southerly values of v (+v) are sometimes underestimated by the model, 

particularly at buoy 51026.  The channel buoy, 51005, has slightly faster corresponding 

model winds for the rare case of westerly winds and on the high end of southerly winds.  

Buoy 51026, which is in close proximity to the windward shore of Molokai, has difficulty 

resolving winds in the west - southwesterly range. The disparity tends to lie in the direction 

(between 100 - 360 degrees) rather than the speed.    

Figure 4.2 consists of scatter plots with corresponding histograms for u and v 

components of wind at buoys 51WHO, 51026, 51005 and 51027 for the respective time 

periods listed in Table 2.1.   The scatter plots indicate that the intensity of correlation between 

observed values and those produced by the model are quite high, with outliers being few.  

The histograms reiterate that the model is reasonably capable of mimicking the variance that 

is recorded at the buoy.  The model is particularly adept at handling the topographically 

induced variations in u and v as indicated by the scatter plots of buoys 51005, 51026 and 

51027.   

Mean u and v wind component values at the buoys and their respective model points 

are generally within 0.3 m s-1 of one another, except for the v-component at buoys 51005 and 

51027 where the value is 0.5 m s-1 less in the model indicating more northerly winds in buoy 

measurements.    Respective buoy and model standard deviations are generally within 0.2 m 

s-1 of one another, except for the u-component at buoys 51026 and 51005 where the model 

has more variance.  Model wind speeds are well simulated upwind of the islands (51WHO, 

51026), a little too easterly within the channel (51005) and somewhat slow in the far exit 

region (51027). 
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CHAPTER 5 

A CASE STUDY OF MODELED AIRFLOW IN THE ALENUIHAHA CHANNEL 

   The Alenuihaha Channel is bound by the island of Maui to the north and the 

northern portion of the island of Hawaii (Kohala Peninsula) to the south (Fig. 5.0.1).  The 

mountain of Haleakala comprises the majority of the southern half of the island of Maui, 

stands 3,055 meters high and has a ridgeline traversing an ENE-WSW direction.  Due to its 

significant height and breadth, the shield volcano produces a pronounced blocking and 

orographic lifting of the approaching trade wind flow (Carlis et al. 2010).  The Kohala 

mountain range is considerably less wide, with a peak height of 1,600 m, though it also 

produces a marked blocking and lifting of the incoming airflow (Yang et al. 2008) and 

channels flow between Mauna Kea and itself.   

 

5.1: Overview of the mean state airflow and pressure gradients in the channel region  

  In this section, mean state model output shows that topographically induced mass 

accumulation ahead of the Alenuihaha Channel and mass dispersion downwind of the 

channel produce changes in the temperature and pressure distribution throughout the region 

(i.e. a hydraulic effect).  These changes in mass are related to lifting of air along the 

windward side of the adjacent landmasses and sinking air in the lee and within the channel.  

These processes alter the channel region temperature distribution by creating adiabatic 

cooling in regions of lifting and adiabatic warming in areas of sinking air.  The compound 

effect is an enhancement of the channel pressure gradient and, therefore, channel wind 

speeds.  The hypothesis is that there is a direct correlation between the strength of the 

accelerated channel winds and the amplitude of the gravity wave which has been referred to 
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in previous literature as a lowering of the subsidence inversion and later a hydraulic jump.   

5.1a: Winds and pressure gradients in Hawaiian coastal waters 

The 10-m winds for the month of July 2005 in the 2-km WRF domain (Fig. 5.1.1) 

specify that mean winds are the greatest in the channel exit near the south coast of Maui.  

Mean July upstream trade flow, in the range of 7 – 8 m s-1, encounters deceleration of ~ 4 m 

s-1 ahead of Haleakala and deceleration of up to 7 m s-1 along the windward side of the Big 

Island.   There is also acceleration (1 – 2 m s-1) upwind of the Alenuihaha Channel, the 

northern portion of Maui and the Pailolo Channel.  Mean winds in the Kohala wake undergo 

an 180º change in direction, with mean reversal speeds of up to 3 m s-1.     

Figure 5.1.1 confirms that the velocity of airflow is dependent upon the position and 

strength of the pressure gradients that exist upwind, downwind and within the Alenuihaha 

Channel (see Appendix B).  Thus, mean winds through the channel are fastest specifically in 

the channel exit near Maui’s southern coast and along the tip of the Kohala Peninsula.  

WRF model results also show that winds deflect southward within the channel and in 

the channel exit. This effect is in response to a southerly bending of isobars toward lower 

pressure in the lee of the Kohala Peninsula and the archipelago as a whole.     

Essentially, the structure of airflow in the region of the Alenuihaha Channel is a 

response to local accentuation of the pressure gradient produced by the way in which the 

adjacent islands obstruct the trade wind flow. 

 

5.1b: Temperature anomalies and vertical motion 

The 1-km mean temperatures (Fig. 5.1.2) are warmer on the leeward side of the chain, 

particularly in the wake of Maui, with an especially large temperature gradient through the 



 37 

Alenuihaha Channel. The pressure gradients of Figure 5.1.1 are reasonably well correlated 

with these temperature gradients, which are particularly large along the channel edges.  In 

regions of blocking/lifting along the windward coasts of the Big Island and Maui, cool 

temperature anomalies occur.   

There is an anomalous shape to the temperature contours ahead of and downwind of 

the channel.  The bulge in the temperature contour toward the east in the entrance region 

signifies blocking of the upstream flow as mass accumulates ahead of the channel while 

attempting to squeeze through the gap. Conversely, temperature contours bow toward the 

west in the exit region as mass disperses to the north and south toward lower pressure in the 

wakes of both islands.  

Figure 5.1.3 demonstrates that at the 1-km level mean rising motion exists along the 

Hana coastline and on the windward side of the Kohala Peninsula, which extends into the 

channel.  A mean velocity of 30+ cm s-1 occurs near Hana as well as in the vicinity of Waipi'o 

on the windward side of Kohala.  Comparing Fig. 5.1.2 with Fig. 5.1.3 substantiates that cool 

temperature differences in relation to upstream at the 1-km level on the windward side of the 

islands are related to orographic lifting.   Air descends into the exit region near 20.6ºN, 

156.1ºW on the north side of the channel and at 20.3ºN, 155.9ºW on the south side in the 

range of 10 - 30+ cm s-1.  Contours of descending motion mirror those of warm temperatures 

in the channel exit suggesting adiabatic compression. This effect is most pronounced near the 

southern shores of Maui, where the greatest wind acceleration occurs, and is accompanied by 

a mean difference in relative humidity of ~ 15% between the entrance and exit region of the 

channel at the 1-km level (Fig. 5.1.4).    
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In summary, regions of anomalous mean vertical motion in the vicinity of topography 

compare similarly with regions of cooler and warmer than upstream temperatures at the 1-km 

level and with regions of decelerated and accelerated horizontal airflow near the surface, 

respectively. The factor inducing temperature anomalies appears to be adiabatic 

compression/decompression of vertically moving air parcels.  In conjunction with mass 

accumulation ahead of the gap and mass dispersal in the lee, temperature changes lead to 

alterations in the local horizontal pressure gradient. The generation of cooler than upstream 

air along the east-southeast coast of Maui followed by the introduction of warmer and drier 

air into the channel exit increases the horizontal temperature/density/pressure gradient 

through the channel with the largest gradients in pressure and temperature near the southern 

coast of Maui, where the greatest acceleration in winds occurs.  The augmented pressure 

gradient produces the rapid winds for which the channel is infamous.   

 

5.2: Vertical cross sections of mean winds, temperature, vertical motion and humidity 

Figure 5.2.1 (transect 2, Fig. 5.0.1), describes a path through the channel beginning in 

the north at 20.87°N, 154.674°W and ending at 20.0°N, 157.71°W in the 2-km model 

domain.  According to Feng and Chen (2001), typical inversion heights for the Big Island lie 

near 2.2 km in altitude. Transect 2 shows that the model simulates a mean inversion level of 

approximately 2.2 km (305 K contour at 155W).  Mean airflow accelerates by 1+ m s-1 in 

advance of the channel center (~ 156°W) while mean upward motion, with a value of 1+ cm 

s-1, is simulated near 155.8°W.  Mean winds in the channel exit (156.4°W) are ~ 5 m s-1 

greater than upstream at all levels below 1.5 km.  A pronounced display of downward mean 

vertical motion (7 – 9 cm s-1) and falling of mean potential temperature contours (+2 K at 1.5 



 39 

km) occurs in the channel exit above the region of the greatest acceleration in horizontal 

wind speeds (~ 0.5 - ~ 1 km).  This sinking is associated with a decrease (200 m) in the 305 

K potential temperature contour (Fig. 5.2.1).   

Descending θ surfaces in the channel exit again indicate warming through adiabatic 

compression. Downward vertical motion decreases abruptly as horizontal winds decelerate 

and is replaced by ascending vertical motion between the 0.8 and the 4-km levels at ~ 

156.6°W.   The upward vertical motion is just downwind of the point where the most rapid 

horizontal wind deceleration occurs and is accompanied by a rebound of potential 

temperature contours.  More subtle ascent occurs below the 2-km level downwind of 157°W 

where the horizontal airflow decelerates more slowly.  

The totality of these features suggest that wind acceleration in the middle and exit 

regions of the channel leads to a dispersal of the flow layer below the 2-km level, which is 

accompanied by sinking air that warms and dries the region between the surface and the 2.5-

km level.  Meanwhile deceleration of the airflow in the far exit region produces ascending 

vertical motion and reestablishes the depth of the flow layer.    

Figure 5.2.2 demonstrates that the drop in the mean potential temperature contours of 

Fig. 5.2.1 is associated with a corresponding dip in the mean relative humidity contours. 

Using the 60% relative humidity contour as the inversion base  (~ 2 km in height at 

155.2°W), a gentle rise of this contour ahead of the channel entrance (156°W) from ~1.8 km 

to 2 km can be identified.  This is followed by a swift descent of ~ 800 m in the channel exit 

(~ 156.4°W).  The drop is succeeded by an abrupt ascension to 157.1°W where the contour 

rises slowly back to ~ 2 km. The subtle rise in the humidity contour before 156°W is 

accompanied by upward vertical motion on the order of 1 cm s-1 while the contour descent 
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between 156°W and 156.5°W is associated with downward vertical motion of + 9 cm s-1.  

Figure 5.2.3 (transect 1, Fig. 5.0.1) describes a path through the channel beginning in 

the north at 21°N, 154.674°W and ending at 20.15°N, 157.71°W.  All mean flow features 

described in transect 2 are accentuated in this region. Upward vertical motion in the channel 

center is 4 times as large as in the middle of the channel with increased amplitude of the bend 

in mean potential temperature and relative humidity contours (Figs. 5.2.3 and 5.2.4).  With 

greater wind acceleration near the surface, downward vertical motion in the exit region is 

enhanced by a factor of ~ 3.  The mean relative humidity contour of 60% falls to a height of 

1.5 km in the channel exit (Fig. 5.2.4).  Ascending vertical motion downstream of ~ 156.6°W 

is correspondingly greater, in association with a more swiftly decelerating horizontal airflow, 

inducing moist air closer to the surface to rise more abruptly.  Alterations in humidity and 

vertical motion are induced at higher altitudes as well.  Near surface acceleration ahead of the 

channel (155.8°W) is postponed in this case as the airflow encounters blocking by Maui.   

Figure 5.2.5 (transect 3, Fig. 5.0.1) describes a path through the channel beginning in 

the north at 20.68°N, 154.674°W and ending at 19.8°N, 157.71°W.  Wind speeds are similar 

to those found in the middle of the channel, though acceleration begins further east.  

Descending motion at 156.3°W is less by a factor of 3 and the 60% humidity contour drops 

to a height of only 1.7 km.  Upward motion > 1 cm s-1 is nonexistent downwind of the 

channel exit, where winds decelerate less abruptly. Correspondingly, humidity contours rise 

more gradually.  Downward vertical motion of up to 18 cm s-1 near 155.9°W is related to 

flow descending the slopes of the Kohala peninsula.   

        Based on the above analysis of potential temperature, vertical motion and relative 

humidity contours it is apparent that the WRF model simulates a lowering of the subsidence 
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inversion and a weak hydraulic jump, which is identified by a rebound of θ and humidity 

surfaces in the presence of ascending vertical motion in the exit of the Alenuihaha Channel.  

         As it is located, and strongest, in the regions with rapidly decelerating winds, it is 

apparent that the hydraulic jump is related to mean airflow speed. It is known from past 

studies that airflow which is originally subcritical (i.e. the Froude number is less than 1) but 

becomes supercritical at some point along its trajectory (Fr > 1) before returning to 

subcritical downstream may undergo a hydraulic jump.   Defining the Froude number after 

Durran (1990) as Fr = U/c, where U is the mean wind speed below the inversion and c is the 

gravity wave speed (c = 

€ 

Δθ * gH
θ

where H is the height of the inversion, ∆θ is the potential 

temperature difference across the inversion, and 

€ 

θ  is the mean potential temperature below 

the inversion) one can calculate the theoretical likelihood of a hydraulic jump in the channel.  

Using the 305 K potential temperature contour as the upwind inversion height and a typical 

∆θ within the inversion for July of ~ 3 K (H =1.9 km and 

€ 

θ = 301 K, at 20.32ºN, 156.5°W, 

Fig. 4.2.1) one finds that c = 13.6 m s-1 in the middle of the channel (transect 2, Fig. 4.2.1).  

For the northern transect (transect 1, H = 2.0 km and 

€ 

θ = 301 K), the value of c is 14 m s-1.  

Mean winds in excess of 13.6 m s-1 are typical below 1.2 km in the channel exit, both in the 

middle and particularly the northern part of the channel, and, thus, a hydraulic jump is 

theoretically likely in these areas.  Upstream of the channel, where the inversion height is 

roughly 2.2 km, c is 14.7 m s-1.  Wind speeds in this region average 8 – 10 m s-1 below 1.2 

km; not nearly fast enough to allow the flow to reach a supercritical state.   A similar 

situation is found in the far exit region of the channel where the inversion height is ~ 2.1 km, 

c = 14.3 m s-1 and mean wind speeds are 9 – 10 m s-1. 

The model shows that the magnitude of the jump is strongest near the southern coast 
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of Maui, decreasing as one moves south across the channel, with Fr never reaching a 

supercritical state in the southern portion of the channel and, thus, there is no hydraulic jump 

in this location.  Furthermore, this suggests that the greater Fr exceeds unity in the period of 

supercriticality the more profound the jump will be.  It should be recalled that the ship cruise 

soundings found the strongest evidence for a hydraulic jump in the northern portion of the 

channel exit.   

 

In summary, the model produces a sinking of the subsidence inversion within the 

Alenuihaha Channel and demonstrates that no direct physical obstruction of airflow is 

necessary for the creation of a hydraulic jump.  Rather, flow accelerated at lower levels 

induces the layer below the inversion to thin, causing the inversion height to fall and enabling 

the airflow to convert from subcritical to supercritical setting up an oscillation between the 

fluid layers of the below inversion and above inversion levels.  As wind speeds near 156.5°W 

swiftly decrease, a hydraulic jump occurs as the flow adjusts from supercritical back to 

subcritical.   The accelerated winds must be able to exceed c in order for the jump to occur, 

and the falling inversion, which may drop by up to 250 m, sinks further under higher wind 

speeds.  These two requirements for the jump, namely, high wind speeds and a significant 

decrease in H, are more assured on the northern side of the channel and therefore the jump is 

most prominent there. 

 

5.3: Haleakala’s influence on airflow within the channel 

Figure 5.1.3 demonstrated vertical motion along the slopes of Haleakala and Kohala, 

which extends into the channel.  The longitudinal N-S cross sections of mean vertical motion 
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at 156.1ºW, 156.2ºW, and 156.3ºW (transects 4, 5, and 6) (Figs. 5.3.1 – 5.3.3) demonstrate 

how sinking air over the channel is aided by descending flow along the southern slopes of 

Haleakala.   

At 156.1ºW (Fig. 5.3.1), air descends the southern slopes of Maui at speeds of up to 

40 cm s1 while mean downward vertical motion occurs in the range of 1 to 9 cm s1 over the 

majority of the channel waters and is the greatest between 1.3 and 2.3 km. This downward 

motion is accompanied by a dip in θ contours, most notably along the slopes of the mountain.   

The inversion height gradually sinks across the channel toward the region with highest winds 

below 1.2 km around 20.2ºN. 

At 156.2ºW (Fig. 5.3.2), mean downward vertical motion of 20+ cm s1 occurs over 

the waters of the channel adjacent to Haleakala with the strongest sinking motion aloft of the 

fastest winds. There is a dip in θ surfaces near the coast indicating adiabatic warming below 

1.5 km.  Winds in excess of 14 m s-1 are found uniformly across the channel while winds 

greater than 15 m s-1 occur near the base of Haleakala.  At 20.5ºN, the inversion is lower and 

weaker than at 156.1ºW.  

At 156.3ºW (Fig. 5.3.3), mean vertical motion has decreased along the slopes of 

Haleakala and the influence of sinking motion is felt further into the channel. Mean potential 

temperature contours indicate warming further out into the channel with its strongest 

influence around 20.55ºN. Winds in excess of 15 m s-1 cover a large swath of the channel yet 

still hug the Maui coast. At 20.5ºN, the inversion is lower and weaker once again than at 

156.2ºW 

The preceding cross sections indicate that mean vertical motion within the channel 

develops not only as a result of wind acceleration but in tandem with flow descending the 
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slopes of Haleakala.  The vertical motion along the southern slopes of Maui, in fact, creates 

warming near the surface which further aids in lowering pressure and increasing wind 

speeds.   The cross sections also indicate a gradual weakening and sinking of the inversion as 

one moves west through the channel, especially on the northern side. 

 

5.4: Effects of the diurnal cycle upon channel wind speeds, the sinking inversion, and 

the hydraulic jump  

 The 10-m channel mean winds in the month of July are consistently stronger at 1400 

HST (Fig. 5.4.1a) than at 0500 HST (Fig. 5.4.1b), in agreement with buoy 51005 (20.4ºN, 

156.1ºW, Fig. 3.3), with the strongest of the channel winds occurring over an area near the 

shore of southern Maui throughout the diurnal cycle.  As evidenced by vectors within the 

central portion of the channel exit, 1400 HST winds are deflected further to the south than at 

0500 HST (also in agreement with buoy 51005).  Accelerated wind speeds also cover a larger 

swath of the channel exit in the early afternoon.  The model captures the higher average wind 

speeds in the region of buoy 51027 (20.4ºN, 157.1ºW, Fig. 3.3) and their typically more 

easterly direction in the afternoon as well.  Although channel winds attain faster speeds at 

1400 HST, flow deceleration in the channel exit is more rapid as winds further downstream 

are essentially equal at 1400 HST and 0500 HST.   

In a comparison of Figs. 5.4.1a and 5.4.1b, it can be seen that flow deceleration is 

greater along the windward coasts of both Maui and the Big Island at 0500 HST and wind 

acceleration in advance of the channel, as a result of Big Island blocking, begins further 

upstream at this time. Flow over the southern slopes of Haleakala and the northern Kohala 

mountains is greater in the early afternoon.  The region of shear along the Kohala 
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wake/channel boundary is less sharp at 0500 HST.   

A subtraction of 0500 HST winds from those at 1400 HST (Fig. 5.4.2) reveals that 

winds in the middle of the channel exit are 0.5 – 1 m s-1 faster at 1400 HST.  However, 1400 

HST winds on the edges of the exit region are substantially faster (1 – 5 m s-1). The slightly 

faster wind speeds ahead of the channel at 0500 HST are due to increased blocking ahead of 

the Big Island at this time.  

As indicated by Figure 5.4.3, sea-level pressure is 10 – 90 Pa lower in the early 

afternoon in the wakes of Kohala and Maui.  This helps produce faster winds through the 

channel as airflow (i.e. mass) spreads to the north and south in the exit region toward lower 

pressure.  The pressure gradient through the channel is greater in the center of the channel 

and more so along the edges of the islands in the early afternoon. Higher pressure ahead of 

Maui and the Big Island at 0500 HST suggests greater blocking in the morning when the land 

surface is the coldest.  

Figure 5.4.4 exhibits an increase in the temperature gradient, which is responsible for 

the increase in the pressure gradient through the channel in the early afternoon (See 

Appendix C).  At 1400 HST, the temperature gradient is 0.4 K greater through the channel 

center and up to 1 K greater along the northern and southern boundaries of the channel, 

particularly downwind of the respective land surfaces, than at 0500 HST.  

From Figures 5.4.5a and b, it can be identified that there is more descending motion 

throughout the channel at 1400 HST, especially along its borders. Hence, the added warming 

within the channel in the afternoon is likely the result of increased adiabatic compression due 

to enhanced descending flow throughout the region.  Additional warming within the channel 

may be supplemented by advection of warm air from nearby island surfaces. 
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Thus, it has been shown that at 1400 HST the greatest increase in the temperature 

gradient occurs along the north and south edges of the channel and is co-located with the 

greatest increase in the pressure gradient.  Descending motion throughout the channel is 

greater at 1400 HST.  Increased downward motion in the middle of the channel at 1400 HST 

appears to be related to higher wind speeds in response to greater N-S spreading of flow in 

the channel exit.  Diurnal changes in pressure are related to a combination of enhanced 

adiabatic warming along the sides of the channel, increased spreading of flow to the north 

and south in the exit region, and greater depositing of warmth from nearby island surfaces 

into the respective wakes and channel exit in the afternoon.    

          In summary, the rapidity of the horizontal airflow through the Alenuihaha Channel is 

dependent on diurnal changes in the pressure gradient, which are regulated by a 

topographically enhanced temperature gradient.  Channel airflow is supplemented by a 

modified pressure gradient which begins with Big Island blocking, creating acceleration 

ahead of the channel, especially at 0500 HST, and is enhanced by adiabatic compression of 

flow descending the southern slopes of Maui, the northern slopes of Kohala and within the 

channel itself in response to N-S spreading of flow in the exit region, especially at 1400 HST. 

Thus, channel airflow is most rapid at 1400 HST when the channel pressure gradient is the 

greatest.  

The hydraulic jump, as represented in cross sections through the middle of the 

channel (transect 2, Figs. 5.4.6 a and b), is most pronounced in the afternoon when wind 

speeds are fastest through the channel region (15+ m s-1), the airflow sinks to the highest 

degree in the exit region and winds decelerate most rapidly downstream.  The first two 

factors produce a higher Froude number for the channel in the early afternoon, which it has 
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been established is congruent with a more prominent jump.  This set of events is repeated in 

the northern portion of the channel (transect 1, Figures 5.4.7 a and b).   There is more rising 

motion in the vicinity of the channel entrance region along this path at 0500 HST when 

blocking by a cold land surface is greatest.   

 

5.5:  Summary of the Mean State and Diurnal Variations in Airflow through the 

Alenuihaha Channel 

For the model mean state, winds are fastest in the exit region of the Alenuihaha 

Channel, especially along the southern coast of Maui, due to an augmented pressure gradient 

in relation to the rest of the island chain.   The exceptional pressure gradient in the 

Alenuihaha Channel exists based on a combination of factors, the first of which is lifting of 

the airflow ahead of and along the slopes of Haleakala and the Kohala peninsula which 

produces areas of high pressure on the windward sides of both islands. This effect extends 

north and south into the entrance of the channel.  Airflow descending the slopes of the 

channel edges creates adiabatic warming, which lowers the pressure in the exit region.  The 

hydraulic effect creates anomalously higher pressure on the upwind side due to mass 

accumulation while mass dispersal on the lee side lowers pressure in the exit region.  

The existence of a lowering of the inversion and a hydraulic jump in the channel have 

been demonstrated in cross sections of potential temperature, vertical motion and humidity.  

Strong winds induce a thinning of the layer of the atmosphere below the inversion (~2.2 km) 

leading to a drop in the inversion height.  This is tantamount to a decrease in H, where the 

Froude number is equal to U/c (c =

€ 

Δθ * gH
θ

).  The decrease in H, along with acceleration 

of the wind speed (U), allows the airflow within the channel to change from a state of being 
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subcritical, as it is upstream, to supercritical (Fr > 1). The hydraulic jump, which has now 

been shown to occur with varying strengths throughout the channel, occurs in the regions 

where supercritical flow is forced to return to its prior subcritical state.   Much of the central 

and southern portion of the channel has a relatively weak jump since it barely meets the 

conditions where these parameters are met.  The jump is most pronounced near the south 

coast of Maui where winds are strongest and the lowering of the inversion is significant.   

The model also demonstrates that mean winds are fastest in the exit region of the 

channel in the early afternoon when the pressure is lowest in the wakes of the adjacent 

islands and the pressure gradient through the region is strongest.  This is due to increased 

adiabatic warming resulting from increased descending flow off the slopes of Haleakala, 

Kohala and within the channel itself. Spreading of airflow into the wakes of the two adjacent 

islands is the likely cause for increased sinking of air in the exit region and a component of 

the increased acceleration of flow in the afternoon.  The hydraulic jump is more pronounced 

at 1400 HST when wind speeds are faster, the inversion sinks lower and, therefore, the 

Froude number exceeds unity to a greater degree than during the early morning hours.  
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CHAPTER 6 

IMPACT OF MAUI COUNTY ON THE AIRFLOW IN THE ALENUIHAHA 
CHANNEL 

 
As stated, a portion of the case study involved running the model with the removal of 

all topography related to Maui County, including the islands of Maui, Molokai, Lanai and 

Kaho'olawe, and replacing it with an ocean surface. Previous modeling studies involving the 

Alenuihaha Channel have neglected the inclusion of Maui in their highest resolution domain 

(e.g. Smolarkiewicz et al. 1988; Yang et al. 1995; Zhang et al. 1995) so such an experiment is 

designed to show the relative importance of Maui topography as related to the airflow in and 

around the channel. 

  

6.1:  The Horizontal Mean State: Maui – No Maui 

 When Maui topography is absent, mean 10-m peak winds through the channel region 

are weaker (< 12 m s-1), especially in the exit region, and there is less deflection of the 

airflow toward the south (Fig. 6.1.1a. Compare Fig. 5.1.1).   In this case, the strongest winds 

are simulated off the northern tip of the Big Island. Approaching wind speeds are 1+ m s-1 

greater along the windward coast of the Kohala peninsula but 1 - 2 m s-1 slower over the 

summits of the Kohala peninsula (Fig. 6.1.1a).  With less southerly deflection of the flow, the 

channel/Kohala wake boundary is less defined.  Pressure is slightly lower (0.2 hPa) along the 

leeward coast of Kohala (Compare with Fig. 5.1.1). 

 Without Maui, the region of mean downward vertical motion at the 0.5-km level off 

the tip of the Kohala peninsula is similar in magnitude to the case with Maui (~ 30 cm s-1) 

and spans almost the full length of the channel in the range of at least a few cm s-1 (Fig. 

6.1.1b. Compare Fig. 5.1.3). There is no upward vertical motion in the exit region to support 
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the existence of a hydraulic jump due to Big Island topography alone. However, the 

ascending vertical motion along the lee side of the Kohala peninsula is similar in strength to 

when Maui is present.   

 

Subtraction of No Maui runs from those with Maui conveys that the greater portion of 

mean vertical motion in the northern and central parts of the channel is dependent on 

Haleakala (Fig. 6.1.2).  At the 0.5 km level, there is Maui induced upward vertical motion 

beginning 20+ km off the windward coast which reaches peak strength (30+ cm s-1) at the 

shore.  There is also topographically induced descending motion (30+ cm s-1), beginning 

along the southeastern slopes of Haleakala and extending into the channel exit. Maui induced 

vertical motion is generally less than 5 cm s-1 in the vicinity of Kohala, however, in the lee of 

the mountains, the values of -30 cm s-1 are likely due to a change in the placement of 

descending flow under an altered wind flow pattern. Maui induced downward motion along 

the leeside slopes of Kohala is immediately followed by increased upward vertical motion (~ 

5 cm s-1) in the vicinity of 20.1ºN, 155.85ºW suggesting a relation between enhanced flow 

over the mountain crests and a more pronounced hydraulic jump related to the peninsula.  

Thus, correct modeling of the Kohala hydraulic jump requires Maui topography in the 

highest resolution domain. 

 Much of the mean temperature distribution in the channel is also regulated by the 

topography of Maui.  A positive temperature difference occurs in the leeside waters of Maui, 

especially downwind of the West Maui Mountains as well as in the northern part of the 

channel exit (Fig. 6.1.3). Temperatures are slightly cooler (0.1 – 0.3 K) downwind of the tip 

of the Kohala peninsula but warmer in the lee.  As in Chapter 5, the structure of mean 
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temperature contours throughout the channel mirror mean vertical motion contours, 

suggesting adiabatic warming/cooling.  

Maui County has far reaching affects on the pressure distribution and winds 

approaching the other islands.   Pressure is 0.40+ hPa larger near the coast of windward Maui 

with a positive increase of 0.10 hPa 50 km upstream when Maui is present (Fig. 6.1.4). The 

enhanced high pressure extends into the Alenuihaha Channel and affects the northern half of 

the windward side of the Big Island. At the 1-km level, Maui induced temperature contours 

mirror Maui induced pressure contours at the surface. 

The region of low pressure extending off the southwest coast of Maui, along with the 

induced high pressure upwind of Maui and the channel, combine to enhance the channel 

pressure gradient by up to 1 hPa. The Maui induced pressure decrease (~ -0.10 hPa) in the 

Kohala wake may be related to increased convergence due to southerly flow deflection 

through the channel as well as increased wind speeds over the crest of the Kohala Mountains 

when Maui is present (Fig. 6.1.5). The latter translates to greater leeward descent and 

adiabatic warming.   

 A vector subtraction of Maui versus no Maui runs for the mean wind field at the 10-m 

level (Fig. 6.1.5) demonstrates how airflow is affected by Maui.  On average, mean winds 

approaching Maui experience a deflection whereas mean winds in the lee of Maui are slower 

with a component of onshore flow.  In a reversal of the typical ENE vectors, Figure 6.1.5 

shows that there is up to a 0.5 m s-1 decrease in wind speeds within 20 km of the windward 

coast.   The model also demonstrates a southerly deflection of mean airflow through the 

center of the channel with a 2 -3 m s-1 increase in ENE wind speeds along the southwestern 

coast of Haleakala between 156.15ºW and 156.5ºW.   ENE winds are also 4 m s-1 faster 
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southwest of Kohala.  Considering that mean upstream flow is in the range of 8 - 10 m s-1 

(Fig. 6.1.1a), Maui creates not only slowing of the trades in its leeside waters but a flow 

reversal, in agreement with Carlis et al. (2011).   

Maui induced low pressure within the channel appears to be related to warming of 

flow descending the southwestern slopes of Haleakala. Wind acceleration through the 

channel is therefore determined by topographically induced vertical motion.   

 

6.2:  The Vertical Mean State: Maui – No Maui   

The following discussion examines transect 2 of Chapter 5.  

There is a portion of vertical motion in the channel below the 4-km level which 

belongs to the presence of Maui terrain (Fig. 6.2.1).  Slightly more rising motion occurs 

ahead of and in the center of the channel (1 – 2 cm s-1) followed by an increase (- 8 cm s-1) in 

the sinking of air in the exit region between 156.1oW and 156.5oW.  

Potential temperature differences between Maui and No-Maui runs occur in relation 

to regions of vertical motion (Fig. 6.2.1).  On average, θ value departures are the greatest at 1 

- 2 km in height between 156.4ºW and 156.6ºW, in the channel exit where Maui induced 

vertical motion switches from downward to upward.  West of 156.7ºW and 2 km in height, a 

negative θ difference occurs in conjunction with ascending motion. The negative θ 

differences upwind of 156.1oW appear to be related to Maui induced upward vertical motion 

associated with flow encountering Haleakala.  

While potential temperature is greater with Maui's presence in the channel exit, 

equivalent potential temperature values (θe) are lower (Fig. 6.2.2).    The θe field shows 

positive Maui induced values aloft (> 1.8 km) downwind of 156.4ºW, including a small boost 



 53 

in the channel entrance.  The latter is likely related to increased moisture associated with 

cloud formation along the southeastern shores of Maui.  On the other hand, the region of 

negative Maui induced θe, below the 2-km level and west of 156.3oW, is associated with the 

descending of dry air.    

Figure 6.2.3 shows that the portion of the channel pressure gradient (> 0.27 hPa), 

related to Maui, exists up to an altitude of 1.25 km.  Figure 6.2.1 showed that the greatest 

warming occurs aloft (above the 0.5-km level) of the lowest Maui induced pressure near the 

surface.  The Maui induced gradient at the surface amounts to ~0.39 hPa.  Maui related high 

pressure at the channel entrance has a felt influence up to the level of the inversion (~2.2 km) 

and 100+ km to the east. The area of the greatest negative pressure related to Maui is found 

in the channel exit  (~ 0.15 hPa at 156.4oW). There is also an area of Maui induced high 

pressure (0.01 – 0.05 hPa), reaching 3 km in height, downwind of 156.8ºW.  

The most significant Maui related change in the wind vector along transect 2 is 

located near 0.5 km just ahead of the area with lowest pressure (Fig. 6.2.2) in the region of 

the greatest Maui induced increase in the pressure gradient. The difference is on the order of 

1.7 to 2.5 m s-1 between the surface and the height of the inversion. There is deceleration at 

the height of 0.75 km – 3 km (0.6 to 0.9 m s-1) between 156.3ºW and 156.8ºW, where Maui 

induced high pressure occurs.  The vector anomalies below 1 km indicate the strongest 

southerly deflection of flow at 156.1ºW with the greatest difference in velocity at 

approximately the 0.5 km level.   

In summary, the presence of Maui is a great contributor to the channel pressure 

gradient and thus responsible for much of the wind acceleration. A combination of airflow 

lifting along Haleakala's windward side, and sinking in the channel exit leads to adiabatic 



 54 

cooling and warming, respectively, which alter the pressure field.  The removal of Maui 

topography shows that the value of the upward motion in the far exit region of the channel is 

almost entirely due to the presence of Maui (compare Fig. 5.2.1 with 6.2.1) and therefore the 

sinking of the inversion would be less pronounced and the hydraulic jump nonexistent 

without its influence.       

 

6.3: Diurnal differences in Maui vs. No Maui runs  

Figure 6.3.1 displays diurnal differences in the Maui induced mean surface pressure 

gradient through the channel region.  Leeside low pressure related to Maui is more 

significant (up to -0.40 hPa) at 1400 HST.  In contrast, pressure differences west of the tip of 

the Kohala Peninsula are positive at 1400 HST.  Maui induced pressure is notably higher (~ 

0.50 hPa) around the peaks of Haleakala at 1400 HST as well.  Despite the reasoning that 

cooler temperatures over land in the early morning make topographically induced blocking 

offshore stronger at this time of day, WRF shows that topographically related high pressure 

along the windward coast of Maui is actually slightly more (0.025 hPa) at 1400 HST than 

0500 HST.  This is in contrast to the difference of mean 1400 HST pressure from mean 0500 

HST pressure for the runs with Maui (Fig. 5.4.3) which indicates higher pressure along the 

windward coast at 0500 HST.  The positive diurnal pressure difference  must therefore be due 

to increased lifting (adiabatic cooling) over Haleakala in the afternoon when a warm land 

surface encourages flow onshore.  This hypothesis is corroborated by Figure 6.3.2 of the 

difference of wind vectors for the Maui vs. no Maui case. This process gives way to 

increased sinking motion on the southern and western sides of the mountain at 1400 HST and 

thus enhanced Maui induced low pressure in these regions in the afternoon.  Maui induced 
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high pressure off the tip of the Kohala Peninsula may be the result of increased lifting over 

the peninsula in the afternoon.   

A vector subtraction of diurnal winds with and without Maui topography 

demonstrates a westerly wind component off the windward side of Maui at 1400 HST (Fig. 

6.3.2).  Upslope wind vectors ascending the southern slope of Haleakala are up to 5 m s-1 in 

the afternoon with convergence over the ridge line.  The difference also shows that 1) Maui 

induced winds southwest of the Kohala Peninsula are 3 m s-1 faster at 1400 HST than 0500 

HST, 2) that Maui induced winds through the center of the channel have a negligible diurnal 

change in speed and direction, and 3) that Maui induced winds passing the southern coast of 

Maui are accelerated (~ 1 – 3 m s-1) with a strong component of south-southeast flow at 1400 

HST.  The veering of Maui induced winds near Maui's southern coast is a response to lower 

pressure on land and in the lee of Maui at 1400 HST.  Comparing Figure 6.3.2 with Figure 

6.1.5 one can equate much of the Maui induced acceleration occurring in the northern and 

southern parts of the channel with a diurnal effect.        

In a vertical cross section of transect 2, higher pressure related to Maui (0.02 – 0.04 

hPa) occurs in the channel entrance at 1400 HST as well as lower pressure (-0.07 - -0.11 hPa) 

in the channel exit (156.4ºW - 156.9ºW) below 1 km (Fig. 6.3.3).  In contrast, positive (2 – 5 

Pa) pressure differences occur aloft of 1.5 km in the exit region at 1400 HST.   This increase 

in the Maui induced pressure gradient at 1400 HST is in agreement with faster winds through 

the channel in the early afternoon.  The region of Maui induced high pressure aloft is also in 

agreement with a more pronounced hydraulic jump at 1400 HST.    

The portion of Maui induced wind acceleration in the channel exit, is greater at 1400 

HST than 0500 HST especially below the 0.5-km level in the far exit region of the channel 
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(Fig. 6.3.4). The diurnal variation in wind speed is between 1 – 1.5 m s-1 and is associated 

with a southeasterly flow vector.  Upwind differences are slightly (~ 0.2 m s-1) positive in the 

afternoon reinforcing the idea of greater blocking by Maui in the morning.   

The difference of runs without Maui from those with Maui point to an accentuation of 

wind speeds, pressure gradients, vertical motion and adiabatic changes in temperature within 

the channel region which are due, to a large extent, to the presence of Maui topography 

alone. It has been shown that Maui topography is responsible for a Maui induced pressure 

gradient through the channel.  The pressure gradient leads to a deflection of flow southward 

in the channel center and an acceleration of ENE winds along the southern Maui coast and 

off the leeside coast of the Kohala peninsula.  Spatial changes in pressure are again a 

response to alterations in the temperature field brought about through topographical 

accentuation of vertical motion.   

The sinking of the inversion and hydraulic jump have been shown to be primarily a 

result of the presence of Maui topography (please compare vertical motion of Fig. 6.2.1 with 

Fig. 5.2.1).  The hydraulic jump is dependent upon the Maui induced acceleration of winds of 

2 – 3 m s-1 within the exit region.  From the previous chapter, it is known that the wind speed 

necessary for the flow within the channel center to become supercritical is ~ 14 m s-l and that 

actual mean wind speeds with Maui are 14 -15 m s-1. This makes the 2 – 3 m s-1 acceleration 

due to Maui topography absolutely necessary to attain supercritical flow.   

The increase in the Maui induced pressure gradient in the early afternoon contributes 

to the acceleration of wind speeds through the channel at this time.  Positive differences in 

pressure in the exit region, above 1 km, suggest that the hydraulic jump is also stronger in the 

afternoon.  This is likely, since higher wind speeds at the surface make sinking of the 
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inversion, conversion to supercritical flow and thus the jump more probable, and likely to 

have a stronger amplitude, in the afternoon.  Wind speed differences off the southwestern 

side of the Kohala peninsula at 1400 HST may be due to the displacement of the Maui 

dependent portion of the pressure gradient into this region.  This gradient is enhanced by 

lower pressure in the Kohala wake at 1400 HST which appears to be a result of increased 

adiabatic warming of accelerated trade wind flow over the Kohala Mountains.  
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CHAPTER 7 

CONCLUSION 

Using archives of the QuikSCAT satellite, buoy data (NDBC), and soundings and 

ship data collected on the CHAOS research voyage key features of airflow related to 

topography in the Hawaiian coastal waters have been identified, including annual and diurnal 

variations. Evidence for a sinking inversion and hydraulic jump has been interpreted from 

soundings taken during the CHAOS cruise.  

Through a statistical comparison of NDBC buoys with the WRF-ARW model, as it 

has been configured with land surface data and soil moisture by Nguyen and Chen (2010), it 

has been shown that the model is successful in simulating near surface airflow in the 

Hawaiian coastal waters, particularly for summer trade-wind weather.  The WRF winds are in 

good agreement with winds from buoys surrounding the islands from all points of the 

compass.  The model is successful in capturing diurnal and annual changes in upstream flow 

as well as topographically modulated airflow features such as wakes, channel accelerations 

and island blocking. WRF demonstrates especially good agreement with buoy winds within 

channels and in close vicinity to land. Model winds reflect the persistence of both speed and 

direction of airflow in the summer and the inconstancy of wind vectors in winter.   

 A case study involving WRF winds averaged over the entirety of July 2005 has been 

performed in which the model was run both with and without the topography of Maui 

County. The experiment was conducted to establish the reasons for the accelerated flow, the 

lowering of the inversion and the hydraulic jump, all of which occur in the Alenuihaha 

Channel, and to determine what portion of these phenomena are dependent upon the 

existence of Haleakala and the channel structure.  This is the first study to explore the relative 
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influence of Maui’s effect on channel airflow features, as previous modeling studies have 

neglected Maui in the model’s highest resolution domain.  

 Model winds around the tips of all islands and in the channels accelerate due to 

locally sharpened pressure gradients. In the case of the Alenuihaha Channel, this pressure 

gradient augmentation, which is 10 – 90+ Pa greater than upwind in the mean, is 

compounded as a result of blocking in the Hilo Bay area.  Pressure in the exit region is 

similarly decreased through adiabatic warming and the dispersal of mass into the wakes of 

the adjacent islands.  Mean winds in the Alenuihaha Channel achieve their greatest 

acceleration in the exit region where mean pressure is the lowest.  The regions of anomalous 

pressure result from locally generated vertical motion produced by lifting and sinking over 

the adjacent landmasses leading to adiabatic changes in temperature.  

 Vertical cross sections of the mean state of July 2005 model runs demonstrate a 

sinking of the subsidence inversion in the exit region of the channel (i.e. a drop in potential 

temperature and relative humidity contours) coupled with descending vertical motion and 

accelerated wind speeds.  This pattern is followed by a rise in mean θ and humidity contours 

and ascending motion, which identify the hydraulic jump.  The model shows that the wind 

acceleration and hydraulic jump become progressively pronounced as one nears the southern 

coast of Maui.  

 It has been determined that the hydraulic jump within the channel is a result of wind 

acceleration and a lowering of the inversion level which, in tandem, allow the airflow to 

become supercritical (Fr > 1).   The jump, which is synonymous with a rising of the inversion 

to its original height, occurs where the horizontal wind rapidly decelerates and the 

supercritical flow encounters a subcritical environment. This situation occurs in the far exit 
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region of the channel.    

 At 1400 HST, pressure is the lowest in the wakes of Maui and the Big Island helping 

to set up the largest mean pressure gradient in the channel region throughout the diurnal 

cycle.  Consequently, the fastest channel wind speeds occur in the early afternoon. Increased 

airflow spreading into the respective wakes, causes further lowering of the inversion and 

more warming in the middle of the channel in the early afternoon. With faster winds and a 

deeper sinking of the inversion in the channel at 1400 HST, the hydraulic jump is 

consequently more pronounced as well.  

A simple subtraction of runs with and without Maui topography demonstrates the far-

reaching effects Haleakala has on the pressure field of the entire island chain.  Haleakala 

increases the mean pressure upwind of Maui, as well as upwind of the Alenuihaha Channel, 

and produces southerly deflection of flow through the channel. Haleakala is also related to a 

great reduction in mean pressure in the wake as well as off the southwest coast of Maui.  

These effects appear to be related to adiabatic cooling/warming produced by topographically 

induced vertical motion.   The resulting enhancement and displacement of the pressure 

gradient through the channel produces faster mean winds off the west coast of the Kohala 

Peninsula and along the southern coast of Maui when Maui County topography is present.   

Vertical cross sections of mean model output without Maui show that pressure is 

substantially lower in the channel exit, particularly near the surface, with Haleakala  present 

whereas upwind and downwind of this region the pressure is higher.  A local oscillation in θ 

and relative humidity contours is associated with this alteration of the pressure field, with the 

downward portion of the oscillation co-located with wind acceleration of up to 2.5 m s-1 and 

spreading of airflow near the surface. The air descending from aloft is drier and warmed 
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adiabatically which is indicated by increased potential temperature but reduced equivalent 

potential temperature.  Equivalent potential temperature increases by 1.6 K between 1 and 2 

km downwind of the exit region, further suggesting the presence of a hydraulic jump which 

is specifically related to the existence of Maui topography.  Without Maui topography there is 

only a subtle sinking of the airflow in the exit region and no simulated hydraulic jump.  

The portion of the lowered inversion and subsequent jump related to Maui are more 

pronounced at 1400 HST when the pressure gradient due to Maui topography is the greatest 

through the entire channel and horizontal wind speeds are at a maximum.   Much of the wind 

acceleration and enhanced sinking of the inversion at 1400 HST appear to be due to increased 

spreading of the airflow toward the north (lower pressure) in the exit region while pressure is 

actually higher in the afternoon on the windward side of Maui due to increased lifting.   

 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 



 62 

REFERENCES 
 

Cao, G, T. W. Giambelluca, D. E. Stevens, and T. A. Schroeder, 2007: Inversion Variability in 
the Hawaiian Trade Wind Regime. J. Climate, 20, 1145–1160.  
 
Carlis, D. L., Y-L. Chen, and V. R. Morris, 2010: Numerical Simulations of Island-Scale 
Airflow over Maui and the Maui Vortex under Summer Trade Wind Conditions. Mon. Wea. 
Rev., 138, 2706–2736.  

Durran, D.R., 1990: Mountain waves and downslope winds. In: Blumen, B., ed. Atmospheric 
processes over complex terrain. Boston, MA: American Meteorological Society: 59-81.  

Fangohr, S., and E. C. Kent, 2012: An Estimate of Structural Uncertainty in QuikSCAT Wind 
Vector Retrievals. J. Appl. Meteor. Climatol., 51, 954–961.  

Feng, J., and Y-L. Chen, 2001: Numerical simulations of airflow and cloud distributions over 
the windward side of the island of Hawaii. Part II: Nocturnal flow regime. Mon. Wea. Rev., 
129, 1135–1147. 

Gaberšek, S., and D. R. Durran, 2006: Gap Flows through Idealized Topography. Part II: 
Effects of Rotation and Surface Friction. J. Atmos. Sci., 63, 2720–2739.  

Garza, J. A., P.-S. Chu, C. W. Norton, and T. A. Schroeder, 2012, Changes of the prevailing 
trade winds over the islands of Hawaii and the North Pacific, J. Geophys. Res., 117, D11109 

Gilhousen, D.B., 1987: A field evaluation of NDBC moored buoy winds. Journal of 
Atmospheric and Oceanic Technology, 4, 94 – 104. 

Hartley, T. M., Chen, Y-L., 2010: Characteristics of Summer Trade Wind Rainfall over Oahu. 
Wea. Forecasting, 25, 1797–1815. 

Hoffman, R. N., and S. M. Leidner, 2005: An Introduction to the Near–Real–Time 
QuikSCAT Data. Wea. Forecasting, 20, 476–493.  

Hsu, S. A., E. A. Meindl, and D. B. Gilhousen, 1994: Determining the Power-Law Wind-
Profile Exponent under Near-Neutral Stability Conditions at Sea. J. Appl. Meteor., 33, 757–
765. 

Lavoie, R. L., 1974: A Numerical Model of Trade Wind Weather on Oahu. Mon. Wea. Rev., 
102, 630–637  
 
Overland, J. E., and B. A. Walter, 1981: Gap Winds in the Strait of Juan de Fuca. Mon. Wea. 
Rev., 109, 2221–2233 
 
Pickett, M. H., W. Tang, L. K. Rosenfeld, and C. H. Wash, 2003: QuikSCAT Satellite 
Comparisons with Nearshore Buoy Wind Data off the U.S. West Coast. J. Atmos. Oceanic 
Technol., 20, 1869–1879.  
 
Portabella, M., and A. Stoffelen, 2001: Rain detection and quality control of SeaWinds. J. 



 63 

Atmos. Oceanic Technol., 18, 1171–1183. 
 
Rotunno, R., and P. K. Smolarkiewicz, 1995: Vorticity Generation in the Shallow-Water 
Equations as Applied to Hydraulic Jumps. J. Atmos. Sci., 52, 320–330.  
 
Schär, C., and R. B. Smith, 1993: Shallow-Water Flow past Isolated Topography. Part I: 
Vorticity Production and Wake Formation. J. Atmos. Sci., 50, 1373–1400.  
 
Scorer, R. S., 1952: Mountain-gap winds; a study of surface wind at Gibraltar. Q.J.R. 
Meteorol. Soc., 78, 53–61.  
 
Smith, R. B., and V. Grubišić, 1993: Aerial Observations of Hawaii's Wake. J. Atmos. Sci., 
50, 3728–3750.  
 
Smolarkiewicz, P. K., R. M. Rasmussen, and T. Clark, 1988:  On the dynamics  of   
Hawaiian cloud bands: Island forcing.  J. Atmos. Sci., 45,  1872-1905.  
 
______, and R. Rotunno, 1989: Low Froude Number Flow Past Three-Dimensional 
Obstacles. Part I: Baroclinically Generated Lee Vortices. J. Atmos. Sci., 46, 1154–1164.  
 
Thode, H. C., 2002: Testing for Normality. Vol. 164. Marcel Dekker, Inc.,  483 pp. 
 
Van Nguyen, H., Y-L. Chen, and F. Fujioka, 2010: Numerical Simulations of Island Effects 
on Airflow and Weather during the Summer over the Island of Oahu. Mon. Wea. Rev., 138, 
2253–2280.  
 
Wang, J-J., H-M. H. Juang, K. Kodama, S. Businger, Y-L. Chen, and J. Partain, 1998: 
Application of the NCEP Regional Spectral Model to Improve Mesoscale Weather Forecasts 
in Hawaii. Wea. Forecasting, 13, 560–575.  

Weissman, D. E., M. A. Bourassa, and J. Tongue, 2002: Effects of rain rate and wind 
magnitude on SeaWinds scatterometer wind speed errors. J. Atmos. Oceanic Technol., 19, 
738–746. 
 
Yang, Y., Y-L. Chen, and F. Fujioka, 2005: Numerical simulations of the island-induced 
circulations over the island of Hawaii during HaRP. Mon. Wea. Rev., 133, 3693-3713. 
 
______, and ______, 2008:  Effect of terrain heights and sizes on island-scale circulations 
and rainfall.  Mon. Wea. Rev., 136, 120–146. 

Zhang, C., Y. Wang, A. Lauer, and K. Hamilton, 2012: Configuration and Evaluation of the 
WRF Model for the Study of Hawaiian Regional Climate. Mon. Wea. Rev., 140, 3259–3277. . 

Zhang, Y., Y-L. Chen, S.-Y. Hong, H.-M. H. Juang, K. Kodama, 2005a: Validation of the 
Coupled NCEP Mesoscale Spectral Model and an Advanced Land Surface Model over the 
Hawaiian Islands. Part I: Summer trade wind conditions and a heavy rainfall event. Wea. 
Forecasting. 20, 847-872 



 64 

 
______, ______, and K. Kodama, 2005b: Validation of the Coupled NCEP Mesoscale 
Spectral Model and an Advanced Land Surface Model over the Hawaiian Islands. Part II: A 
High Wind Event*. Wea. Forecasting, 20, 873–895. 


