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ABSTRACT

The high-resolution (1.5 km) nonhydrostatic fifth-generation Pennsylvania State University–National Center

for Atmospheric Research (PSU–NCAR) Mesoscale Model (MM5) and an advanced land surface model

(LSM) are used to study the island-induced airflow and weather for the island of Oahu, Hawaii, under summer

trade wind conditions.

Despite Oahu’s relatively small area (1536 km2), there are considerable spatial variations in horizontal

distribution of thermodynamic fields related to terrain, airflow, rain, cloud, and ground cover. The largest

diurnal variations in temperature and moisture occur in the lee sides of mountains, especially along the

western leeside coast. The island-scale surface airflow is also significantly affected by terrain and land surface

forcing. The downslope winds above the leeside slopes of both the Ko’olau and Waianae Mountains are

simulated with significant diurnal variations with the strongest downslope winds just before sunrise.

The timing of diurnal rainfall maxima over the Ko’olau Mountains is closely related to vertical motions. The

early morning rainfall maximum on the windward side is caused by anomalous rising motion due to significant

flow deceleration when the land surface is the coolest. The evening rainfall maximum after sunset is related to

anomalous orographic lifting due to stronger winds aloft. In the early afternoon, winds aloft are relatively

weak with a relatively high level of free convection (LFC) because of vertical mixing. As a result, the rainfall

over the Ko’olau Mountains exhibits an afternoon minimum. The westerly reversed flow off the western

leeside coast in the afternoon is mainly thermally driven and related to land surface heating superimposed by

latent heat release of persistent orographic precipitation over the Ko’olau Mountains. Rainfall along the

western leeside slopes has a late afternoon maximum due to the development of the onshore/upslope flow.

1. Introduction

On a global scale, rainfall in the trade wind belt is

minimal. However, rainfall over the Hawaiian Islands is

frequent and abundant (Schroeder et al. 1977) because

of terrain and local trade wind interactions. Hawaii’s

array of microclimates, ranging from its humid and trop-

ical windward flanks to dry and sometimes desertlike

leeward areas (Giambelluca et al. 1986), make it an ideal

laboratory for the study of the atmospheric response of

airflow to island size, shape, mountain height, and surface

properties.

The relatively uniform trade wind flow from the open

ocean is distorted and disrupted by the mountains, hills,

and valleys of the islands. In the past, most high-resolution

datasets for mountainous islands were collected during

field experiments. For the Hawaiian Islands, special

field studies have been conducted mainly over the is-

land of Hawaii. Besides lifting and orographic blocking

(Smolarkiewicz et al. 1988), mountains also act as a heat

source (sink) during the day (night; Leopold 1948, 1949).

In regions with weak winds, surface heating induces

upslope/onshore flow during the day and surface cooling

yields downslope/offshore flow at night (Chen and Nash

1994; Feng and Chen 1998). On the windward side of

the island of Hawaii, the early morning convergence of

the orographically blocked trade winds (Smolarkiewicz

et al. 1988) and the opposing katabatic flow significantly
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contribute to the nocturnal rainfall over the area (Chen

and Nash 1994). Yang and Chen (2008) simulated low-

level nocturnal convergence on the windward side of an

island with the same horizontal area as the island of

Hawaii, but with flat terrain. They found convergence on

the windward side at night as a result of reduced wind

speed over land caused by a combination of nocturnal

cooling and surface friction.

Most of the previous theoretical studies on airflow

past 3D mountains are based on theoretical studies (e.g.,

Smolarkiewicz et al. 1988; Smolarkiewicz and Rotunno

1989; Schär and Smith 1993; Rotunno et al. 1999; Schär

and Durran 1997; Epifanio and Rotunno 2005). For

U/N . h (where N is the Brunt–Väisälä frequency, U

is the upstream cross-mountain wind speed, and h is

the mountain height), the surface air parcels flow al-

most directly over the mountain with a large-amplitude

gravity wave over the peak (Smolarkiewicz et al. 1988;

Smolarkiewicz and Rotunno 1989). For U/N much

smaller than h, the low-level flow is diverted around the

flanks of the mountain. These studies have shown that

the Froude number (Fr 5 U/Nh) is the control param-

eter for the transition from the ‘‘flow over’’ to the ‘‘flow

around’’ regime. These studies also show the clear link

between the upstream blocking and the leeside wakes

and vortices. Epifanio and Rotunno (2005) showed that

blocking of the flow leads to the formation of a warm air

anomaly over the leeside slope as potentially warmer air

descends from aloft to replace the colder air deflected

laterally around the barrier. The resulting negative tem-

perature gradient between the warm leeslope air and the

colder air downstream then leads to the flow reversal in

the lee. Leopold (1949) showed that for mountains with

tops well above the trade wind inversion (;2 km in

Hawaii), the inversion serves as a lid forcing the low-

level flow to be deflected by the terrain (Schär and Smith

1993). Chen and Feng (2001) showed that for the island

of Hawaii with peaks well above the trade wind inversion,

in addition to Fr, the island-scale airflow and weather

are affected by the trade wind inversion height and net

diabatic heating associated with clouds and precipitation.

Yang et al. (2005) used the fifth-generation Pennsylvania

State University–National Center for Atmospheric Re-

search (PSU–NCAR) Mesoscale Model (MM5) coupled

with an advanced land surface model (Chen and Dudhia

2001) with proper treatment of lower boundary condi-

tions over land (Zhang et al. 2005a) to simulate the full

diurnal cycles of island-induced airflow and weather

over the island of Hawaii. They successfully simulated

the thermally induced diurnal circulation cells and their

interactions with the counter-rotating lee vortices off

the coast. Carlis et al. (2010) successfully simulated the

Maui Vortex over the Maui Central Valley in the lee of

Haleakala (height ;3055 m) as well as the impacts of land

surface forcing over the island and orographic blocking of

the West Maui Mountains on the size, location, horizontal

extent, and diurnal evolution of the Maui vortex.

Although there are many studies of island effects on

rainfall over the Hawaiian Islands, only a few focus on

the island of Oahu (e.g., Loveridge 1924; Leopold 1948),

where more than 80% of the state’s population resides.

Oahu has two mountain ranges, the Ko’olau Mountains

and the Waianae Mountains, with peaks of 960 and

1200 m, respectively. Both mountain ranges are below

the normal trade wind inversion (TWI) height (;2 km)

and are oriented nearly perpendicular to the mean east-

erly trade wind flow. Leopold (1949) suggested that the

frequently observed nocturnal rainfall maximum over the

windward side is possibly related to cloud-top radiative

cooling and stronger winds aloft at night. In addition to

the nocturnal rainfall on the windward side, there is a

small afternoon maximum on the leeside coast (Leopold

1948). The recent deployment of weather stations and

rain gauges around the state by the National Weather

Service (NWS) and other agencies has resulted in 69

hourly rain gauge stations and 13 weather stations over

Oahu. These stations allow the improved study of the

effects of terrain and the diurnal heating cycle on Oahu’s

weather. The data collected from these stations also en-

able the evaluation of high-resolution weather models,

one of the main subjects of this study. Hartley and Chen

(2010, hereafter HC) found that, in the early morning,

flow deceleration on the windward coastal area is sig-

nificant when the island land surface is at its coolest.

Winds are calm over central Oahu before sunrise, with

weak westerly katabatic winds on the windward side of

the Waianae Mountains. Most stations over the Ko’olau

Mountains have an early morning rainfall maximum and

a secondary evening rainfall maximum. A small afternoon

hourly rainfall frequency maximum is observed along the

western lee side because of the development of the on-

shore flow there.

Lavoie (1974) used a simple mesoscale model to study

trade wind weather over Oahu. His model simulated hy-

draulic jumplike behavior over the lee of both mountains,

but not the thermally driven land/sea-breeze circulations.

Recently, Zhang et al. (2005a) used a nonhydrostatic

mesoscale spectral model (MSM; Juang 2000) to simu-

late weather conditions at three major airport stations

on Oahu, and found that an advanced land surface model

(LSM) with adequate descriptions of vegetation and

ground cover over Oahu was required to better simulate

the diurnal variations of the island’s surface airflow and

weather. They compared results of the regional spectral

model (RSM) at a horizontal resolution of 10 km (Wang

et al. 1998) with that of the high-resolution (1.5 km)
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MSM coupled with the Noah LSM, and determined that

the MSM/LSM produced much better simulations than

the RSM alone.

In this study, the high-resolution nonhydrostatic MM5

and the Noah LSM (Chen and Dudhia 2001) together

with the vegetation cover and soil data compiled by

Zhang et al. (2005a) are used to study the island-induced

airflow and weather for the island of Oahu under sum-

mer trade wind conditions. The goals for this research

are as follows: 1) to validate the MM5/LSM in simulating

island-induced weather over Oahu; 2) to use the model

as a tool to simulate island effects on surface airflow and

rainfall over the island; and 3) to study the impact of

terrain and daytime heating/nighttime cooling on air-

flow along the windward and leeside coasts, as well as

the downslope winds aloft. The model results will be

used to diagnose the physical processes responsible for

the observed diurnal variations in rainfall. In addition,

with mountain heights well below the trade wind inver-

sion (;2 km), the observed westerly reversed flow in

the leeside wake off the western Oahu coast during the

day is apparently not in the same flow regime as wakes in

the lee of high mountains (e.g.,Yang et al. 2005; Carlis

et al. 2010). In this study, model sensitivity tests will be

performed to study the relative role of thermal forcing

versus orographic blocking on the development of west-

erly reversed flow in the leeside wake zone during the

daytime.

2. Model descriptions

The MM5, a limited-area, nonhydrostatic, terrain-

following sigma-coordinate model (Dudhia 1993), is used.

Four nested domains are employed in the model with a

two-way nesting, with horizontal resolutions of 40.5, 13.5,

4.5, and 1.5 km, and horizontal dimensions of 82 3 82,

70 3 70, 79 3 88, and 52 3 64, respectively (Fig. 1). The

1.5-km domain covers the entire island of Oahu. There are

28 vertical levels1 from the surface to the 100-hPa level.

The physics options for the simulations are the same as

those used in Yang et al. (2005) for the island of Hawaii,

and include the Grell cumulus parameterization scheme

(Grell, 1993), the medium-range forecast (MRF) plane-

tary boundary layer scheme (Hong and Pan 1996), ex-

plicit warm rain microphysics (Hsie et al. 1984), and the

FIG. 1. The four domains employed in this study, with resolutions of 40.5, 13.5, 4.5,

and 1.5 km, respectively.

1 The full sigma levels are 1.0, 0.998, 0.994, 0.990, 0.985, 0.980, 0.097,

0.945, 0.91, 0.865, 0.82, 0.79, 0.76, 0.72, 0.68, 0.63, 0.58, 0.52, 0.475,

0.425, 0.375, 0.325, 0.275, 0.225, 0.175, 0.125, 0.075, 0.025, and 0.0.
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Dudhia radiation scheme (Dudhia 1989). The cumulus

parameterization scheme is not used for the 1.5-km Oahu

domain.

The GFS output is used to initialize the daily 36-h

runs. Sea surface temperature (SST) is updated at the

time of initialization from the National Centers for Envi-

ronmental Prediction (NCEP) SST analysis. An advanced

land surface model (Chen and Dudhia 2001) is employed

using the vegetation cover and soil properties compiled

by Zhang et al. (2005a). Soil moisture and soil temper-

ature 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-h

forecasts 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 sim-

ulations are performed for a 2-month period: 1 July–

31 August 2005. The 24-h model forecast, from the 12th

to the 35th hour, is used as the simulated diurnal cycle

for each day.

3. Data and analysis method

The 13 hourly surface weather stations and 69 rain

gauge stations over Oahu provided observations for model

evaluation. The hourly data at the Oahu stations (Fig. 2)

include wind speed, wind direction, air temperature, and

dewpoint. The instrument platforms are the Remote

Automated Weather Stations (RAWS), Marine Weather

Transmitters (MWT), and Automated Surface Observ-

ing System (ASOS). Rainfall data used in this study

came from the NWS Hydronet, the National Climate

Data Center (NCDC) stations, RAWS, ASOS, and the

U.S. Geological Survey (USGS). During the summer,

trade winds are persistent over the Hawaiian Islands,

with a maximum of a 93% chance of occurrence during

August (Schroeder 1993). The surface data collected

during July–August 2005 are used to validate the model

results. The u- and v-wind components, surface air tem-

perature, and dewpoint at the 13 hourly stations were

compared to a simple distance-weighted interpolation of

the gridded model values to compute model error sta-

tistics at the station locations.

To study the effects of terrain and the diurnal heating

cycle on island airflow and weather, model simulations

are averaged for the two-month period. The spatial dis-

tributions and diurnal variations of mean surface wind

speed, wind direction, surface air temperature, moisture,

and rainfall are examined to study the island effects on

airflow and weather. In addition, vertical cross sections

of winds, vertical motion, and thermodynamic variables

along 21.458N are constructed for the mean flow as well as

for different times during the diurnal cycle. The model

FIG. 2. Locations of 13 hourly weather stations on Oahu, including model terrain height (m) and

location of vertical cross sections (21.458N).
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results are used to diagnose the physical processes

responsible for the observed diurnal variations of rain-

fall over the island and the effects of land surface forcing

on downslope winds above the leeside slopes of the

mountains.

To address the relative importance of daytime heating

and orographic blocking on the development of frequently

observed westerly reversed flow along the Waianae coast

(HC) and the effects of terrain on rainfall production for

Oahu, model sensitivity tests are performed for a typical

trade wind day on 9 August 2005. The analysis 10-m wind

speed at 0000 UTC 9 August for an upstream point (218N,

1528W) is 7.3 m s21 and the wind direction is 928. The

land-use properties were unchanged in these sensitivity

tests.

4. Simulation of the mean state

Observations during 62 days of July and August 2005

are used to validate the model simulations. Model results

are also used to study the orographic effects on mean

spatial distributions of surface thermodynamic fields,

airflow, and rainfall. The simulated fields over Oahu

are compared with those at the same height level of an

upstream reference point (21.678N, 157.718W) over the

open ocean.

a. Thermodynamic fields

The error statistics for surface air temperature for July–

August 2005 are shown (see Table 1). The root-mean-

square error (RMSE) and mean absolute error (MAE)

values vary from 1.0 to 2.2 K and from 0.7 to 1.7 K, re-

spectively. The magnitude of both RMSE and MAE

are comparable with Yang et al. (2005) for the island

of Hawaii. The errors at windward stations are smaller

than those at other locations. All MAE values at three

windward stations (stations 1, 6, and 7) of the Ko’olau

Mountains are relatively small (,1.1 K). The error sta-

tistics of dewpoint at 11 stations (dewpoint observations

are not available at Bellows and Kii; Table 1) show that

the errors are relatively small at coastal stations (station

1, 2, 3, and 4), and larger at stations (stations 10, 11, and

13) over the Waianae Mountains.

Spatial distributions of simulated mean temperature

anomalies from the upstream point at the same height

during the two summer months in 2005 are shown in

Fig. 3a. Positive anomalies are found downstream of the

ridge tops of the Ko’olau Mountains with the largest

anomalies (.1.5 K) in the leeside of the Waianae Moun-

tains. Secondary positive anomaly maxima were found

along the south shore and central Oahu. Both areas are

in the lee side of the Ko’olau Mountains. Small negative

temperature anomalies are found along the windward

slopes of the Ko’olau Mountains.

The simulated mean mixing ratio anomalies (Fig. 3b)

for the two summer months show that the surface air is

relatively moist over the windward side of Oahu with

a maximum positive anomaly axis (.0.5 g kg21) on the

windward slopes of the Ko’olau Mountains and an area

of minimum anomalies along the western leeside coast

(,21 g kg21). The slightly cooler and moist conditions

over the Ko’olau Mountains is apparently related to

orographic lifting, cloud, and precipitation as the warm,

moisture-laden trade wind air is forced up the Ko’olau

Mountains. With the removal of moisture by precipita-

tion and sinking motion in the lee, the air is relatively dry

and warm downstream of the Ko’olau Mountains. Sig-

nificant drying and warming occur in the lee side of the

Waianae Mountains as well. Over the windward coast,

the temperature and moisture anomalies are rather small

because of oceanic influences. The maximum positive

temperature anomalies occur in the lee side of the

Waianae Range and along the south shore, due to adi-

abatic warming of descending air, and the land surface

properties of leeward Oahu.

b. Surface winds

A comparison of the mean observed and simulated

winds at the 13 Oahu weather station locations (Fig. 4)

showed that the model had the most difficulty repre-

senting mean winds at 4 stations in the northern Waianae

Range, in the vicinity of Oahu’s tallest peak, Mount

Ka’ala (.1200 m). There the model overestimated wind

speed and made the largest errors in wind direction. Wind

direction errors are relatively small at windward stations.

The observed mean wind speeds at the northern Waianae

stations were relatively weak. The airflow there is sensi-

tive to the diurnal heating cycle (Table 1 and Fig. 4). Even

with a 1.5-km-high horizontal resolution, the model

may not be adequate to depict the steep terrain of the

Waianae Mountains in sufficient detail (Fig. 2). Although

the distance between the Makua Ridge and Makua Valley

is small, there are large observed differences in wind di-

rection between these stations, reflecting the differential

influences of terrain and proximity to the ocean.

At the surface, the flow decelerates as it approaches

the island because of orographic blocking and surface

friction. On the windward side of the Ko’olau Moun-

tains, wind speed has a minimum on the windward slopes

(,4 m s21 versus 6–8 m s21 over the open ocean; Fig. 5).

The lowest mean wind speed (,2 m s21) is simulated

over central Oahu extending from the leeward foothills

of the Ko’olau Mountains to the windward slopes of the

Waianae Mountains. At Schofield Barracks (station 11) in
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central Oahu, the simulated mean wind speeds are less

than 1 m s21. Another simulated low wind speed region

occurs along the leeside Waianae coast (,4 m s21) with

local speed minima of ,2 m s21. Regions off the coast

of the northwestern and southeastern corners of Oahu

have wind speeds exceeding 8 m s21. These winds are

stronger than the general trade wind flow over the open

ocean (6–8 m s21) because of channeling airflow around

FIG. 3. Mean anomalies from an upstream point (21.678N, 157.718W) for the same height during

July–August 2005 for (a) 2-m air temperature (K) and (b) mixing ratio (g kg21).
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FIG. 4. Mean surface winds (m s21) during the two summer months based on (a) observation

and (b) simulation at 13 weather stations: one pennant is 5 m s21, full barb is 1 m s21, and half

barb is 0.5 m s21.
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the corners of the island, consistent with previous obser-

vational studies (Leopold 1948; Ramage and Oshiro 1977).

c. Rainfall

There are large spatial variations in the simulated

rainfall accumulation during the 62-day period of study.

Simulated rainfall accumulation has a maximum over

the Ko’olau Mountains, a secondary maximum over the

Waianae Mountains, and a minimum over central Oahu,

in agreement with observations (Fig. 6). The model over-

estimates rainfall over both mountains, especially on the

windward side of the Ko’olau Mountains. With a rela-

tively narrow ridge axis, the orographic precipitation on

the windward side of the Ko’olau Mountains can spread

to the western leeside slopes, as clouds and liquid water

are carried by the prevailing winds. This feature may not

be well captured by the model.

Even though the Waianae Mountains are steeper and

higher than the Ko’olau Mountains, both the observed

and simulated rainfall accumulations are much less than

over the Ko’olau Mountains. The Waianae Mountains

are downstream of the Ko’olau Mountains with much

weaker winds impinging upon them (Fig. 5) as compared

with the upstream trade wind flow. Furthermore, the air

that impinges on the Waianae Mountains is drier than

the trade wind flow over the open ocean (Fig. 3b) as

a part of the moisture in the flow from over the ocean is

depleted by orographic precipitation over the Ko’olau

Mountains.

5. Diurnal regimes

a. Simulated thermodynamic fields for the daytime
and nighttime regimes

The simulated surface air temperatures at 1400 HST

agree with observations reasonably well. Both RMSE

and MAE values at windward stations (stations 1, 6, and 7)

are smaller than other stations (Table 2). The simulated

surface air temperatures match observations better at

0500 than at 1400 HST, except at the two leeward coastal

stations (stations 2 and 4). All three windward stations

(stations 1, 6, and 7) have MAE less than 1 K at 0500 HST;

all other stations, except stations 2 and 4, have MAE less

than 1.5 K (Table 2).

The simulations of dewpoint at 1400 HST are in rea-

sonable agreement for most stations except station 7 at

the northern end of the Ko’olau Mountains and sta-

tion 13 in Makua Valley on the leeside of the Waianae

Mountains (Table 2). Errors for both stations could be

related to the influence of the sea breezes and the fact

that the complex terrain there may not be properly re-

solved by the 1.5-km grid. The error statistics for dew-

point at 0500 HST are better than at 1400 HST, with

MAE less than 1.6 K for all stations except station 7.

Along the portion of the windward coast that is well

exposed to the incoming trade wind flow, temperature

anomalies deviating from the open-ocean value at the

same height at 1400 HST are smaller than 1 K (Fig. 7a).

This is in contrast to the island of Hawaii, which is

dominated by the massive Mauna Loa and Mauna Kea

Mountains and a relatively large island size (;140 km).

The daytime temperature anomalies reach 2–3 K along

the windward coast of the island of Hawaii (Chen and

Wang 1994). The Oahu temperature anomalies are lower

on the windward side of the Ko’olau Mountains and

higher on the lee sides of both the Ko’olau Mountains

and the Waianae Mountains with descending airflow

(section 5c). There are three local temperature anomaly

maxima on the lee sides of the mountains (.6 K): over

central Oahu, the urban areas of Honolulu along the

southern coast, and in the central leeside of the Waianae

Mountains. The positive temperature anomalies in those

TABLE 1. Error statistics for 13 hourly weather stations.

T (8C) Td (8C) u (m s21) y (m s21)

Station No. BIAS RMSE MAE BIAS RMSE MAE BIAS RMSE MAE BIAS RMSE MAE

1 20.1 1 0.7 0.6 1.1 0.9 21.1 2.2 1.5 20.4 1.9 1.2

2 1.3 2.1 1.7 0.5 1.5 1.2 20.5 1.8 1.4 20.5 1.6 1.2

3 20.3 1.4 1 1 1.5 1.2 20.3 2.4 1.9 1.7 2.5 2

4 20.1 2.2 1.7 0.5 1.6 1.3 21.9 2.5 2.1 21.2 2 1.7

5 N/A N/A N/A N/A N/A N/A 0.4 1.4 1.1 1.4 2 1.7

6 21 1.4 1.1 N/A N/A N/A 0.5 1.6 1.2 0.8 1.8 1.4

7 20.8 1.5 1.1 22.6 2.8 2.6 1 1.8 1.4 21.6 2.1 1.7

8 20.1 1.9 1.5 0.9 2.1 1.3 1.2 2.9 2.2 20.1 1.3 1

9 21.1 2 1.5 20.6 1.7 1.4 23.1 4 3.4 22.3 3 2.5

10 0 1.5 1.1 21 1.9 1.4 22.8 3.5 2.9 0.3 2.4 1.9

11 20.1 1.7 1.3 1.2 2 1.6 0.3 1.8 1.5 0.2 1.6 1.3

12 0.8 1.9 1.4 0.2 1.6 1.3 20.4 2.9 2.3 0 1.7 1.3

13 21.2 2 1.6 22.5 3.1 2.6 23.8 4.7 4 21.6 3.2 2.6

All 20.1 1.8 1.4 20.1 2 1.5 20.8 2.8 2.1 20.2 2.2 1.7
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leeside areas are comparable to the leeside areas of the

island of Hawaii where the ridges and mountaintops lie

below the typical height of the trade wind inversion

(;2 km). Both areas experience similar descending air-

flow in the lee (section 5c) as well as latent heat release

due to orographic precipitation on the windward side

and over the ridge tops of the mountains. The temper-

ature anomalies on the windward side and over the ridge

tops of the Ko’olau Mountains (2–3 K) are lower than

those areas over the Waianae Mountains (4–5 K) be-

cause of dense cloud cover (Fig. 7b) and frequent oro-

graphic rain on the windward slopes and ridge tops of

the Ko’olau Mountains in the afternoon. The orographic

precipitation over the Waianae Mountains is much less

than that over the Ko’olau Mountains because of the

rain shadow effect (HC). Furthermore, the differences

in land-use categories between the two mountains also

contribute to the temperature differences. Over the

Ko’olau Mountains, the dominant ground cover is trop-

ical rain forest with a large vegetation fraction (close to

100%), whereas the dominant land categories over the

Waianae Mountains are grassland, scrubland, and pas-

ture. The skin surface temperature at 1400 HST (Fig. 7c)

is closely related to variations in ground cover. It is ap-

parent that early afternoon temperature anomalies over

Oahu (Fig. 7a) are related to airflow, daytime heating of

different land-use types, and distributions of clouds and

rain.

With a relatively small island size and lower terrain

heights as compared with the island of Hawaii, the neg-

ative temperature anomalies over Oahu at night (20.5

to 21.5 K; Fig. 7d) are smaller than those over the Big

Island (22 to 23 K; Chen and Wang 1994). The largest

negative temperature anomalies (,21.5 K) occur over

central Oahu between the Ko’olau Mountains and the

Waianae Mountains (Fig. 7d) because of the weak drain-

age flow coming down from the eastern lower slopes and

foothills of the Waianae Mountains (section 5b). Along

the windward coast, the surface temperature is compa-

rable to the upstream values. In contrast, over the Hilo

Bay area of the island of Hawaii, the negative temper-

ature anomalies are lower than 23 K (Chen and Wang

1994) as the katabatic flow on the windward lower slopes

moves down the slopes and accumulates along the coast

(Feng and Chen 1998). The negative temperature anom-

alies are relatively small along the ridgeline of the Ko’olau

Mountains (.20.5 K) because of orographic cloud cover

(Fig. 7e). In the lee sides of the Waianae Mountains and

southeastern arm of the Ko’olau Mountains, with their

relatively steep and narrow mountain ridges, the negative

temperature anomalies are the smallest because of the de-

scending airflow in the lee.

FIG. 5. As in Fig. 4, but for the simulated horizontal distribution of surface winds and

isotachs every 1 m s21.
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During the daytime, a moist axis (.0.5 g kg21) is

simulated on the windward slopes of the Ko’olau Moun-

tains as a result of orographic lifting with relatively dry

conditions downstream. The driest areas (,21.5 g kg21)

are along the southern coast in urban Honolulu and

along the leeside of the Waianae coast (Fig. 8a) as a re-

sult of the combined effects of descending flow in the

lee and daytime vertical mixing (section 5c). At night,

FIG. 6. Total rainfall accumulation (mm) during July–August 2005 based on (a) analysis from

surface observations, model terrain in light contours (every 100 m), and (b) the simulation

(every 100 mm).
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a moist axis (.0.5 g kg21) is simulated over the Ko’olau

Mountains due to orographic lifting and rain evaporation.

The moist conditions extend to the lee side, especially

over the southeastern areas of the Ko’olau Mountains

where nocturnal showers encounter a relatively narrow

mountain ridge (Fig. 8b). The driest area at night is sim-

ulated along the Waianae leeside coast (,20.5 g kg21).

The south shore is also relatively dry.

b. Simulated daytime and nighttime flow regimes

Both the wind speed and wind direction change con-

siderably during the diurnal cycle. Along the windward

coast, the decrease in wind speed from the open-ocean

value (6–8 m s21) during the day is less significant than

at night, in agreement with observations (Fig. 9). The

simulated wind speed along the windward coast during

the day is about 5–6 m s21 as compared with 4–5 m s21

at night. At night, with cooler air over the island, the

simulated flow deceleration on the windward side is

more significant with a wind speed minimum ;1–2 m s21

at the foothills as compared to ;2–4 m s21 during the

day (Fig. 10). In contrast, both the observed and simu-

lated wind speeds over the island interior west of the

Ko’olau Mountains are stronger during the daytime

(Figs. 9c,d) because of vertical mixing of trade wind

momentum (Leopold 1948; Zhang et al. 2005a) than at

night (Figs. 9a,b; 3–4 versus 1–2 m s21; Fig. 10).

At 0500 HST, the winds over central Oahu are calm with

relatively weak winds over the island interior (Fig. 10a).

The observed weak katabatic winds were simulated on

the eastern slopes of the Waianae Mountains. In the

afternoon, the observed combined upslope/trade wind

flow develops on the eastern slopes of the Waianae

Mountains in the model (Fig. 10b).

Along the central Waianae coast, the downslope/

offshore flow dominates at night. The observed onshore

flow along the central Waianae coast in the afternoon

hours is reproduced in the model. The relative role of

thermal forcing versus orographic blocking in the pro-

duction of westerly reversed flow off the leeside coast

during the daytime will be investigated in section 7 from

model sensitivity tests.

c. Simulated winds aloft

Vertical cross sections of mean zonal wind compo-

nents along 21.458N (Fig. 2) at 0500 and 1400 HST are

constructed to investigate winds aloft for both the day-

time and nighttime flow regimes. The location 21.458N

is selected because the vertical cross sections at this

latitude can capture the onshore/sea-breeze flow over

the leeside of the Waianae Mountains during the day,

the weak wind areas over central Oahu, and the strong

downslope winds on the leeside slopes of both mountain

ranges at night. In this section, we will show that, in ad-

dition to surface airflow, the airflow aloft is also strongly

modulated by the daytime heating and nighttime cooling.

At night, strong downslope winds (.10 m s21) above

the leeside slopes of both the Ko’olau and the Waianae

Mountains were simulated (Fig. 11a). The simulated

wind speeds aloft over the leeside slopes are about 40%

stronger than over the open ocean. These areas are the

locations that experience high winds under strong trade

wind conditions (Zhang et al. 2005b). On the windward

slops, the low-level potentially cooler air is forced up-

ward by orographic lifting whereas on the leeside slopes,

the potentially warmer air aloft is brought downward by

the strong downslope winds (Fig. 11a). Except within the

thin katabatic flow layer on the windward slopes of the

Waiane Mountains, the contour lines of the equivalent

potential temperature tilt upward on the windward sides

of both mountains (Fig. 12a). On the leeside slopes, strong

descending flow with downward tilt of the equivalent

TABLE 2. Error statistics for T and Td at 0500 and 1400 HST.

0500 HST (T 8C) 0500 HST (Td 8C) 1400 HST (T 8C) 1400 HST (Td 8C)

Station No. BIAS RMSE MAE BIAS RMSE MAE BIAS RMSE MAE BIAS RMSE MAE

1 0.2 0.9 0.6 1.1 1.4 1.1 0 1.3 0.9 0.2 0.9 0.7

2 2.6 2.8 2.6 1.4 1.7 1.5 1.6 2.5 2.1 20.5 1.5 1.1

3 20.1 1 0.8 1.3 1.7 1.4 0.3 2 1.6 0.8 1.5 1.2

4 2.2 2.9 2.4 1.5 1.9 1.6 20.7 2.2 1.7 20.2 1.6 1.3

5 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

6 20.5 1.1 0.8 N/A N/A N/A 21.3 1.6 1.4 N/A N/A N/A

7 20.3 1.1 0.9 22.3 2.4 2.3 21.2 2 1.5 23.1 3.3 3.1

8 21.3 1.7 1.5 1.4 1.7 1.5 1.8 2.8 2.4 0.1 1.2 1

9 20.4 1.3 1.1 0.4 1.2 0.9 21.4 2.8 2.3 21.8 2.5 2.1

10 0.1 0.8 0.6 20.1 1 0.7 0.1 2.4 1.9 22.1 2.6 2.2

11 1.1 1.6 1.3 1.2 1.8 1.4 20.5 2 1.4 1 1.7 1.4

12 0.3 1.3 1 1.3 1.8 1.5 1.9 2.9 2.4 21.1 1.8 1.5

13 20.9 1.5 1.3 21.2 1.6 1.4 22.2 3 2.4 24.4 4.6 4.4

All 0.6 1.9 1.4 0.8 1.8 1.5 0 2.3 1.8 20.7 2.3 1.8
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FIG. 7. (a) Mean 2-m temperature anomalies (K) from an up-

stream point (21.678N, 157.718W) at the same height during July–

August 2005 at 1400 HST, (b) cloud fraction at 1400 HST,

(c) simulated skin temperature at 1400 HST, (d) 2-m temperature

anomalies (K) from an upstream point (21.678N, 157.718W) at the

same height at 0500 HST, and (e) cloud fraction at 0500 HST.
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FIG. 8. Mean 2-m mixing ratio anomalies (g kg21) from an upstream point (21.678N, 157.718W)

during July–August 2005 at (a) 1400 and (b) 0500 HST.
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potential temperature contours is followed by an up-

ward tilt of the equivalent potential temperature con-

tours (Fig. 12a). With a steeper terrain for the Waianae

Mountains than the Ko’olau Mountains, the downslope

winds, adiabatic warming, and downward tilt of the

equivalent potential temperature contours in the lee of

the Waianae Mountains are more significant than over

the Ko’olau Mountains (Figs. 11a and 12a).

In the afternoon, with the decrease in stability, in-

crease in vertical mixing in the boundary layer, and lower

pressure over land due to solar heating, strong down-

slope winds were not simulated to the lee of the Waianae

Mountains (Figs. 11b and 12b). Only relatively weak

descending easterly winds (;6 m s21) occurred aloft

(Fig. 11b). At the surface, onshore flow develops along

the leeside coast of the Waianae Mountains (Fig. 10b).

The simulated downslope winds aloft to the lee of the

Ko’olau Mountains are weaker than at night because of

the decrease in stability during the day due to land sur-

face heating and vertical mixing (Leopold 1948; Zhang

et al. 2005a). At the surface, the simulated nighttime

katabatic winds at the foothills and windward slopes of

the Waianae Mountains are replaced by the combined

daytime upslope/trade wind flow in the model (Fig. 10).

The diurnal variations of U/N at an upstream point

(21.678N, 157.718W) and over central Oahu (21.458N,

157.98W) for the 300–600-m layer above the surface are

given in Fig. 13. It is apparent that under normal trade

wind conditions, with U/N . 1.5 km (Fig. 13a), the air

parcels are able to ascend to the mountaintops of the

Ko’olau Mountains throughout the diurnal cycle with

a large-amplitude gravity wave above the peak (Figs. 11

FIG. 9. As in Fig. 4, but for (a) observed and (b) simulated winds at 0500 HST; and for (c) observed and (d) simulated wind at 1400 HST.
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FIG. 10. As in Fig. 5, but for (a) 0500 and (b) 1400 HST.
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FIG. 11. Vertical cross section at 21.458N of mean wind speed (shaded, interval: 2 m s21), mean

wind vectors, and potential temperature (contour, interval 1 K) at (a) 0500 and (b) 1400 HST during

July–August 2005.
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FIG. 12. As in Fig. 11, but the contour is for equivalent potential temperature (K) and the shading is

for temperature (K) at (a) 0500 and (b) 1400 HST during July–August 2005.
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and 12). The largest U/N value in the early evening

(.1.8 km) is a reflection of slightly stronger winds aloft

at that time. Over central Oahu, U/N has large diur-

nal variations (Fig. 13b) related to change in stability in

response to the diurnal heating cycle. It is apparent that

during the daytime, with the development of the day-

time upslope flow on the windward side of the Waianae

Mountains, the heated air over central Oahu is able

to flow over the tops of the Waianae Mountains. At

night, with U/N ;1 km; and with a ;900-m difference in

FIG. 13. The diurnal variations of U/N at (a) an upstream point (21.678N, 157.718W) and (b) over

central Oahu (21.458N, 157.98W) for the 300–600-m layer above the surface.
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elevation between the highest peaks (;1200 m) of the

Waianae Mountains and central Oahu (;300 m), the air

parcels still can move over the Waianae Mountains ex-

cept at the lowest levels where cold westerly drainage

flow occurs (Fig. 10a).

6. Simulated diurnal rainfall variations

To investigate the diurnal cycle of rainfall, simulations

and observations of 3-h rainfall accumulation during the

two summer months are averaged to obtain maps of 3-h

rainfall accumulations for 2300 to 0200, 0500 to 0800,

1100 to 1400, and 1700 to 2000 HST (Fig. 14). These time

periods were selected to capture the early morning rain-

fall maximum, the secondary rainfall maximum in the

early evening, the early afternoon minimum over the

Ko’olau Mountains, and the late afternoon rainfall max-

imum along the western leeside coast (HC). It is notable

that the simulated diurnal and spatial variations of rain-

fall are in good agreement with observations (Fig. 14).

The observed nocturnal rainfall over the Ko’olau Moun-

tains, with an early evening maximum and a maximum in

the early morning, is well simulated in the model. Along

the leeside slopes of the Waianae Mountains, a small

amount of rainfall (.1 mm) was simulated in the late

afternoon/early evening (from 1700 to 2000 HST), which

Leopold (1948) attributed to convective showers as a

result of orographic lifting. This occurs when onshore

flow brings in warm, moist air from the ocean and moves

upslope to produce clouds and possibly light local

showers.

Over the Ko’olau Mountains, rainfall is at a minimum

during the daytime (Fig. 14). To investigate the causes

for the diurnal variations of rainfall over the windward

side as well as over the Ko’olau Mountains, 3-h time–

height cross sections of simulated meteorological vari-

ables at 21.458N, 157.858W, along the windward foothills,

are constructed (Fig. 15). Figure 15a shows that the sim-

ulated low-level equivalent potential temperature is at

a minimum around noon as a result of vertical mixing.

The simulated vertical motions at 21.458N, 157.858W

are consistent with the diurnal variations of rainfall. The

anomalies of vertical motions from the daily mean at

that location exhibit two maxima, at 0800 and 2000 HST,

respectively (Fig. 15b). With stronger vertical motions

and slightly higher low-level equivalent potential tem-

perature, the simulated rainfall is higher at these times

than other time periods during the day.

The simulated easterly wind in the surface layer on the

windward side is the weakest before sunrise and strongest

in the late afternoon (Fig. 16). The simulated stronger

winds in the surface layer during the afternoon give rise

to anomalous rising motions in the lowest levels (Fig. 15b).

However, above the surface layer, anomalous sinking

motions are present (Fig. 15b) around noontime because

of relatively weaker winds aloft (Fig. 15c). With a rela-

tively high lifting condensation level (LCL) and LFC

(Fig. 15d), and weaker rising motions, the rainfall has a

daily minimum in the early afternoon. Around sunset,

the winds aloft strengthen (Fig. 15c). The evening maxi-

mum in vertical motion occurs at the time when the wind

speed aloft is the strongest. In the early morning, low-

level flow deceleration is most significant (Fig. 16) when

the land surface is the coolest, giving rise to an early

morning maximum in vertical motion (Fig. 15b).

A vertical cross section of airflow is plotted at 21.458N

(Fig. 17). The mean flow shows rising motions along

both the windward side of the Ko’olau Mountains and

the Waianae Mountains, with descending downslope

winds in the lee (Fig. 17a). Note that because of steeper

terrain on the windward side of the Ko’olau Mountains,

compared with that of the Waianae Mountains, and the

effects of latent heat release, the rising motion on the

windward slopes of the Ko’olau Mountains, is stron-

ger than along the Waianae Mountains. The persistent

orographic lifting on the windward side of the Ko’olau

Mountains with descending flow in the lee is consistent

with the fact that rains falling on the windward side are

generally showers, whereas, after the passage over the

barrier, rains falling are relatively light and sometimes

continuous (Woodcock 1975). In the early morning, with

decelerating airflow on the windward side at low levels,

an anomalous rising motion is simulated on the wind-

ward foothills with an anomalous sinking motion on the

slopes of the Ko’olau Mountains (Fig. 17b).

In the early afternoon, winds aloft over the island are

weaker than the mean flow (Fig. 15c) with westerly

anomalies and relatively strong surface winds (Fig. 16)

as a result of vertical mixing. On the windward slopes of

the Ko’olau Mountains and the Waianae Mountains,

anomalous rising motion is limited to the surface layer

with anomalous sinking motion aloft (Fig. 17c). Over the

Waianae leeside slopes, anomalous rising motion de-

velops in the afternoon hours with relatively shallow

anomalous westerly winds in low levels (,1 km).

In the early evening, winds aloft strengthen after sunset

(Figs. 15c and 17d) with anomalous rising motions on the

windward side of both mountains and anomalous de-

scending airflow in the lee (Fig. 17d). The orographic

lifting on the windward side and the downslope winds

in the lee of both mountains are the strongest in the

evening when winds aloft are the strongest. With con-

tinued nocturnal cooling throughout the night, low-level

winds weaken as orographic blocking on the windward

side of the Ko’olau Mountains becomes more significant

(Fig. 16).
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FIG. 14. The 3-h rainfall accumulation during July–August 2005: (left) observed and (right) simulated

rainfall (mm).
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It is apparent that the early morning rainfall maxi-

mum over the Ko’olau Mountains is related to signifi-

cant flow deceleration on the windward side, in addition

to cloud-top radiation cooling proposed by early studies

(e.g., Leopold 1948). The evening rainfall maximum after

sunset is related to anomalous orographic lifting due to

stronger winds aloft.

7. Mechanisms for the development of westerly
reversed flow off the Waianae coast

To investigate the impact of orographic effects on

the leeside airflow, a model sensitivity test is performed

without mountains (NM). A model sensitivity test is also

performed to determine the impact of surface friction

for the development of the westerly reversed flow in

the lee by removing the mountains and surface friction

(NMNF). In addition to land surface heating, the warm-

ing on the leeside slopes is a combination of adiabatic

warming due to descending airflow in the lee and the

latent heat release due to persistent orographic precipi-

tation. A model sensitivity test is also performed by

turning off latent heating (NOLH).

Westerly reversed flow is simulated in the wake zone

off the Waianae coast in the afternoon hours averaged

over the two-month period. Along the windward coast,

wind speeds in the control (CTRL) and the NM runs are

5–6 and 6–7 m s21, respectively. For the No Mountains

(NM) run, the wind speeds in the afternoon hours at

central Oahu are stronger (4.5–6 m s21; Fig. 18b) as

FIG. 15. Time series plots of 3-h simulated meteorological variables at 21.58N, 157.858W for (a) equivalent potential temperature (K),

(b) deviations of vertical motions from the daily mean (cm s21), (c) zonal winds (m s21), and (d) LCL and LFC in km.
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compared with the CTRL run (3.5–5 m s21; Fig. 18a). In

the NM case, the afternoon onshore flow and westerly

flow offshore still exist. It is apparent that with slower

wind speed over land than over the open ocean, due

primarily to surface friction, thermally driven westerly

flow could still develop along the western leeside coast

without orographic effects. Note that westerly flow is not

simulated in the wake for the mean flow (Fig. 5).

The surface pressure anomalies from the upstream

value at the same height (21.678N, 157.718W) at 1400 HST

for the CTRL run have slightly positive values on the

central and northern windward side and maximum in

negative value (,20.6 hPa) on the leeside of the Ko’olau

Mountains (Fig. 18c). The largest negative anomalies

(,20.6 hPa) are found over Central Oahu and the foot-

hills of the Waianae Mountains. Relative small nega-

tive surface pressure anomalies (20.2 to 20.4 hPa) were

found along the leeside coast as the westerly reversed

flow (Fig. 18a) brings in cooler air from the ocean. For the

NM run, the negative surface pressure anomalies increase

as the air parcels move across the island (Fig. 18d) as a

result of land surface heating, with large horizontal gra-

dients where the incoming easterly trades over land con-

verge with the leeside sea breezes inland (Fig. 18b).

For the NMNF run (no mountains and no surface

friction), the sea breezes offshore of the western leeside

coast are still simulated (Fig. 19a). However, in the

absence of surface friction, winds over central Oahu in

the NMNF run are stronger (.7.5 m s21) than the NM

run. With stronger incoming winds, the sea breezes in

the lee have a smaller north–south extent, and barely

move inland over the northwestern coast. The largest

negative surface pressure anomalies (,20.7 hPa) occur

along the western leeside coast (Fig. 19c) before the

incoming easterly winds converge with the sea breezes.

For the NOLH run, it is striking that the westerly flow

fails to develop along the leeside coast (Fig. 19b) in the

afternoon hours. The flow decelerates in the leeside wake

zone for the NOLH run. The surface pressure anomalies

are slightly positive on the central and northern wind-

ward coast with a local negative maximum (,20.6 hPa)

on the leeside slope of the Ko’olau Mountains due to

descending airflow in the lee (Fig. 19d). A local negative

minimum axis (.20.4 hPa) is diagnosed on the wind-

ward slopes of the Waianae Mountains, apparently re-

lated to cooling as a result of orographic lifting. The

negative surface pressure anomalies over central Oahu

and the windward slopes of the Waianae Mountains are

larger (20.6 to 20.7 hPa) in the CTRL run (Fig. 18c) as

compared with those in the NOLH run (20.4 to 20.5 hPa;

Fig. 19d). The larger negative surface pressure anoma-

lies over central Oahu and on the windward slopes of the

Waianae Mountains in the CTRL run are a result of

latent heat release due to the removal of water vapor by

FIG. 16. Mean simulated zonal winds (m s21) at the surface along 21.458N throughout

the diurnal cycle.
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persistent orographic lifting by the Ko’olau Mountains

as the airflow moves across the island. With the presence

of cooling due to orographic lifting on the windward side

of the Waianae Mountains, the warming of air parcels

moving over the Ko’olau Mountains by latent heating

from orographic precipitation has provided the addi-

tional warming needed for the development of westerly

flow along the leeside coast in the afternoon hours.

The simulated total rainfall accumulation for the

CTRL run (Fig. 20a) has a similar spatial distribution as

the total rainfall distribution of the two summer months

(Fig. 14), with a maximum over the Ko’olau Mountains,

a secondary maximum along the leeward slope of the

Waianae Mountains, and a minimum over central Oahu.

There is no rainfall simulated over the island in the NM

case (Fig. 20b). It is apparent that the terrain is a crucial

factor for the development of trade wind showers over

Oahu.

8. Summary and conclusions

The MM5/LSM is used to simulate airflow and weather

over Oahu during July–August 2005 under summer trade

wind conditions. Forecasts from GFS, provided by NCEP,

were used to initialize the model. With a 1.5-km reso-

lution, the island effects on airflow and weather are

simulated reasonably well for the first time. It is shown

that despite its relatively small size (1536 km2), there

are considerable spatial variations in horizontal distri-

butions of thermodynamic fields over Oahu related to

FIG. 17. Vertical cross section of wind vectors (m s21) and vertical velocity (shaded, cm s21) along 21.458N for (a) mean state during

July–August 2005, and anomalies from the mean at (b) 0800, (c) 1400, and (d) 2000 HST.
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terrain, airflow, ground cover, and distributions of cloud

and rain. Furthermore, the model results are used to

diagnose the physical processes responsible for the ob-

served diurnal variations of rainfall. In addition, model

sensitivity tests are performed to diagnose the relative

role of thermal forcing versus orographic blocking on the

development of the westerly reversed flow in the wake

zone off the western leeside coast during the daytime.

Along the windward coast, the temperature and mois-

ture content are comparable to open-ocean values, with

relatively small (;2 K) diurnal variations. The largest di-

urnal variations in temperature and moisture occur mainly

in the lee sides of mountains. During the daytime, there

are large spatial variations in surface temperature anom-

alies as compared to the upstream values at the same

height, with three local maxima (.6 K): central Oahu,

the urban areas of Honolulu along the south shore, and

the western central leeside coast. Central Oahu and the

south shore are the main urban areas in the lee of the

Ko’olau Mountains. The positive temperature anomalies

over the ridge tops of the Ko’olau Mountains are smaller

(2–3 K) than over the Waianae Mountains (4–5 K) be-

cause of frequent dense orographic clouds and showers, as

well as differences in ground cover. The Ko’olau Moun-

tains are covered by tropical forest, whereas the dominant

ground covers over the Waianae Mountains are grassland,

FIG. 18. Simulated wind barbs at 1400 HST 9 Aug 2005 for (a) CTRL and (b) NM. One pennant: 5 m s21, full barb: 1 m s21, half barb:

0.5 m s21, and surface pressure anomalies (hPa) from the upstream value (21.678N, 157.718W) at the same height at 1400 HST for

(c) CTRL and (d) NM.
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scrubland, and pasture. At night, the largest negative

temperature anomalies (,21.5 K) occur over central

Oahu because of weak katabatic flow coming down from

the eastern lower slopes of the Waianae Mountains. There

is a minimum axis in negative temperature anomalies

(.20.5 K) along the ridge top of the Ko’olau Mountains

because of frequent orographic clouds at that location.

The smallest negative temperature anomalies occur in the

leeside area of the Waianae Mountains and the south-

eastern leeside areas of the Ko’olau Mountains because

of descending airflow in these regions where the terrain is

relatively steep with narrow mountain ridges.

During the daytime, a moist axis (.0.5 g kg21) is sim-

ulated over the Ko’olau Mountains due to orographic

lifting, with relatively dry air downstream. The driest

areas (,21.5 g kg21) are along the south shore and

the central lee side of the Waianae coast as a result of

the combined effects of vertical turbulence mixing and

descending airflow in the lee. At night, the air is rela-

tively moist with a maximum axis (.0.5 g kg21) over the

Ko’olau Mountains. The simulated drying along the

Waianae leeside coast and south shore at night is less

significant (.20.5 g kg21) than during the daytime.

Weaker surface winds were simulated over the island

interior than over the open. At night, surface winds are

weaker than during the day, with katabatic winds over

the eastern slopes of the Waianae Mountains and calm

winds over central Oahu. Along the windward coast and

FIG. 19. As in Fig. 18, but for (a) NMNF 10-m wind, (b) NOLH 10-m wind, (c) NMNF surface pressure anomalies (hPa), and (d) NOLH

surface pressure anomalies (hPa).
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foothills, flow deceleration is most significant in the early

morning when the land surface is the coolest. During the

day, wind directions are rather uniform over the entire

island, with stronger winds than at night due to downward

transport of trade wind momentum as a result of vertical

mixing. The easterly downslope winds (.10 m s21) are

significant above the leeside slopes of both the Ko’olau

and the Waianae Mountains at night. The downslope

winds in the lee side of the Waianae Mountains are

stronger than those above the leeside slope of the Ko’olau

Mountains because of higher elevation and steeper lee-

side slopes. The winds aloft on the leeside slopes of the

FIG. 20. Total rainfall accumulation (mm) for 9 Aug 2005 for (a) CTRL and (b) NM.
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Ko’olau Mountains during the day are weaker than at

night because of the decrease in stability. Over the lee

side of the Waianae Mountains, the downslope winds are

replaced by westerly reversed flow in the lowest levels

during the day.

Orographic precipitation is frequentover the Ko’olau

Mountains and the windward slopes with two simulated

diurnal rainfall maxima in agreement with observations.

The early morning rainfall maximum is caused by anom-

alous rising motion on the windward side as a result

of significant flow deceleration over the windward

coastal regions. This may be enhanced by cloud-top

radiative cooling as suggested by previous authors. The

early evening rainfall maximum is caused by stronger

winds aloft after sunset. The rainfall minimum in the

early afternoon is related to relatively weak orographic

lifting due to relatively weak winds aloft and a relatively

high daytime LFC.

Model sensitivity tests show that in the afternoon,

without mountains and surface friction (NMNF case),

westerly reversed flow is simulated off the western

Waianae leeside coast in the wake zone because of

thermal forcing. In the presence of surface friction, but

without mountains (NM case), the easterly winds over

the island interior are weaker than in the NMNF run

(4.5–6 versus .7.5 m s21), allowing the onshore/westerly

reversed flow from the leeside ocean to move onshore and

converge with the easterly winds inland. With mountains,

but without latent heat release (NOLH case), land sur-

face forcing (daytime heating and surface friction) alone

is inadequate for the development of westerly reversed/

onshore flow in the wake zone. Cooling due to orographic

lifting on the windward side of the Waianae Range is

an unfavorable factor for the development of westerly

reversed/onshore flow in the wake zone. In summary,

the development of daytime westerly onshore/reversed

flow in the wake is related to land surface forcing super-

imposed by latent heat release of orographic precipitation

over the Ko’olau Mountains. No rainfall is simulated

over Oahu in the NM case, suggesting that persistent

orographic lifting is crucial for the development of trade

wind showers over Oahu.
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