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ABSTRACT: Satellite observations and high-resolution modeling during July–August 2013 are used to study the

effects of trade wind strength on island wake circulations and cloudiness over Oahu, Hawaii. Oahu comprises two

northwest–southeast-orientated mountain ranges: the Waianae Range (;1227 m) along the western leeside coast and

the Koolau Range (;944 m) along the eastern windward coast. At night, the flow deceleration of the incoming

northeasterly trade winds on the eastern windward side is more significant when trades are stronger. In the afternoon

hours, effective albedo and simulated cloud water are greater over the Koolau Range when trades are stronger, and

clouds are advected downstream by the trade winds aloft. Over the Waianae Range, orographic clouds are more

significant when trades are weaker due to less moisture removal by orographic precipitation over the Koolau Range

and the development of both upslope flow on the eastern slope and upslope/sea-breeze flow along the western coast,

the latter of which brings in warm, moist air from the ocean. When trades are weaker, cloudiness off the western

leeside coast is more extensive and originates from orographic cloud development over the Waianae Range, which

drifts downstream due to a combination of trade winds and the easterly return flow aloft. The latter is associated with

the low-level sea-breeze/upslope flow.
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1. Introduction

The island of Oahu (Fig. 1), with a horizontal area of

1545 km2, is dominated by two volcanic mountain ranges

oriented in a northwest–southeast direction: the Waianae

Range along the western leeside coast and the Koolau

Range along the northeastern windward coast, with a broad

‘‘valley’’ (the central Oahu plain) between them (Fig. 1).

The Waianae Range has two peaks: Mount Kaala (1227 m)

over the northern part of the range and Mount Palikea

(944 m) over the southeastern arm. For the Koolau Range,

the highest peak is 946 m.

Despite its relatively small size, a pronounced diurnal cycle

over Oahu is evident under summer trade wind conditions

(Leopold 1948). Most stations over the Koolau Range have an

early morning/nocturnal rainfall maximum caused by oro-

graphic blocking/lifting and cloud-top radiative cooling

(Hartley and Chen 2010; Van Nguyen et al. 2010). With

mountaintops below the trade wind inversion (;1.9 km,

Winning et al. 2017), afternoon sea-breeze/onshore flows

occur over the western leeside coast, especially under weak

wind conditions (Hartley and Chen 2010; Van Nguyen

et al. 2010; Hsiao et al. 2020). At night, over the Waianae

Range, combined downslope–katabatic winds are present

over the western leeside slopes and extend downstream off

the leeside coast with mountain winds along the eastern

windward slopes. Furthermore, a hydraulic jump above

and downstream of the Waianae Range is more pro-

nounced at night than in the afternoon (Van Nguyen et al.

2010). Along the western leeside coast of Oahu, rainfall is

infrequent with an early afternoon maximum hourly rain-

fall frequency of ;10% under weak wind conditions due to

the development of sea-breeze/upslope flows (Hartley and

Chen 2010).

Clouds over island wake zones have been observed and

studied around the world, including Anegada, British Virgin

Islands (Malkus 1963); Nantucket, Massachusetts (Malkus

and Bunker 1952); the Pacific island of Guadalupe (Dorman

1994); Nauru (Nordeen et al. 2001); Hawaii (Yang et al.

2008b,c); Lesser Antilles (Kirshbaum and Fairman 2015);

and Bermuda (Johnston et al. 2018). Yang et al. (2008a,b,c)

studied diurnal variations of cloudiness in the wake zone of

Kauai, Niihau, and Oahu using satellite data. With mountain-

tops below the trade wind inversion, Yang et al. (2008b,c) at-

tributed the afternoon cloudiness in the wake zone of Kauai

and Oahu to a combination of leeside convergence of island-

deflected airflows and warm-air advection from the island to

the wake zone. They directly link warm advection to enhanced

wake convergence and cloudiness in the wake zone. The warm

advection from the island interior to the leeside offshore dur-

ing the daytime increases the air temperature in the wake zone

and enhances the low-level convergence, leading to an increase

in cloudiness.

In contrast to the thermal advection mechanism proposed

by Yang et al. (2008b,c), there are studies showing the im-

portance of temperature gradients in controlling the strength

of thermally driven circulations in the leeside area (e.g.,

Crook 2001; Van Nguyen et al. 2010; Hartley and Chen 2010;

Jury and Chiao 2013; Kirshbaum and Fairman 2015). In

model sensitivity tests (Van Nguyen et al. 2010), the daytime

westerly onshore flow along the western leeside coast of Oahu

is shown to be thermally driven and related to land surfaceCorresponding author: Yi-Leng Chen, yileng@hawaii.edu
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heating superimposed by latent heat release from per-

sistent orographic precipitation over the Koolau and

Waianae Ranges. Hartley and Chen (2010) found that the

westerly onshore flow along the leeside coast during the

daytime is more pronounced under relatively weak wind

conditions.

In this study, the impact of trade wind strength on the leeside

circulations and cloudiness offshore, especially during the

daytime, will be further investigated using both observations

and numerical simulations. When trade winds are stronger,

they may advect warm air from the island interior downstream

more significantly and couple with stronger descending airflow

in the leeside wake zone, reducing temperature gradients be-

tween the island and the adjacent ocean, and thus weakening

thermal circulations along the leeside coast, and affecting

thermodynamic properties and cloudiness within the wake

zone. The high-resolution (1.5 km) island-scale simulations

from the Weather Research and Forecast Advanced Research

Model (WRF-ARW; Skamarock et al. 2008) are used to ex-

amine the mechanisms involved in the airflows and clouds in the

wake zone of Oahu in comparison with satellite observations.

The impacts of trade wind strength on airflows, temperature,

moisture, and cloudiness over Oahu at different times of the

diurnal heating cycle, especially off the leeside coast in the af-

ternoon hours, are investigated. The data and methodology,

including model configuration and verifications, are given in

section 2. Results from satellite observations and model simu-

lations concerning the impacts of trade wind speed on airflow

and cloudiness in the early morning and afternoon hours are

presented in section 3. Finally, a summary is given in section 4.

2. Data and methodology

a. Data

The National Centers for Environmental Prediction (NCEP)

Climate Forecast System, version 2 (CFSv2; Saha et al. 2011), is a

FIG. 1. The island of Oahu. Elevation contours are in 200-m

intervals. A brown 3 represents the surface weather stations

(see Table 1 for station information) for 34 trade wind days

during Jul–Aug 2013. A solid line indicates the position for

cross-section analysis.

TABLE 1. The station ID, network, temporal resolution, and geolocation for each of the 24 weather stations.

Station code Network Temporal resolution Lon (8) Lat (8) Elevation (m)

AN161 AIRNOW Hourly 2157.86 21.31 15.9

AN162 AIRNOW Hourly 2157.87 21.30 3.1

AN774 AIRNOW Hourly 2157.97 21.39 14.9

AS839 APRSWXNET/CWOP 5min 2157.71 21.30 131.1

D3665 APRSWXNET/CWOP 15min 2158.15 21.39 14.9

D5064 APRSWXNET/CWOP 15min 2158.18 21.58 0.9

E2357 APRSWXNET/CWOP 10min 2157.75 21.41 27.1

HFO04 HNLWFO Hourly 2157.99 21.70 4.6

HFO05 HNLWFO Hourly 2158.20 21.45 1.5

HFO06 HNLWFO Hourly 2158.02 21.48 264.3

HOFH RAWS Hourly 2158.02 21.36 1.5

KFWH RAWS Hourly 2157.95 21.69 1.5

KKRH RAWS Hourly 2158.26 21.57 288.7

KTAH RAWS Hourly 2157.99 21.68 181.7

MOKH NOS-NWLON 6min 2157.79 21.43 4.9

OOUH NOS-NWLON 6min 2157.87 21.31 0.0

PHHI NWS Hourly 2158.03 21.48 255.1

PHJR NWS Hourly 2158.07 21.31 10.1

PHNG NWS Hourly 2157.77 21.45 4.9

PHNL NWS Hourly 2157.94 21.33 3.1

SCBH RAWS Hourly 2158.08 21.50 298.7

SCEH RAWS Hourly 2157.99 21.50 381.0

SCSH RAWS Hourly 2158.11 21.48 453.9

WWFH RAWS Hourly 2157.98 21.39 1.5
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coupled dynamical model with initial conditions provided by

data assimilation. The 6-hourly CFSv2 0.58 3 0.58 gridded
data are used in this study as input for the high-resolution

mesoscale model and for assessing wind velocity at an

upstream point.

In terms of observational data, the Geostationary Operational

Environmental Satellite-15 (GOES-15) effective albedo (or

reflectance factor) from the visible channel is used to depict the

cloudiness after sunrise. The effective albedo has high tem-

poral (;30min) and spatial (;1 km) resolution and its values

lie between 0 and 1. A value of 1 corresponds to the radiance

of a perfectly reflecting diffuse surface illuminated at normal

incidence when the sun is at its annual-average distance from

Earth (Weinreb et al. 1997). Surface winds, air temperature,

and relative humidity from the MesoWest cooperative

network data archive (Horel et al. 2002) were quality con-

trolled using MesoWest data quality ratings (Splitt and

Horel 1998), with further subjective checks for spatial and

temporal consistency. Some stations with unrealistic ob-

servations [e.g., very high temperature (.308C) at 1000

local solar time (LST 5 UTC 2 10 h) and weaker surface

wind compared to stations nearby were removed manually.

MesoWest observations typically represent averages over

the reporting interval, which can vary from 5min to 1 h

(Horel et al. 2002). The stations with observations within

20min of the nearest verification times were used to validate

model results (Fig. 1, brown 3). The respective network, tem-

poral resolution, and geolocation of the 24 stations are listed in

Table 1. Anemometers at RAWS network stations are installed

at 6mabove ground. The anemometer at stationOOUHis 7.1m

above ground. Winds at other stations are measured at 10m. A

correction factor of 1.086 (Bradshaw et al. 2003) was applied to

theRAWS stations andOOUHto convert the 6- and 7.1-mwind

speeds to 10-m values (Hartley and Chen 2010).

b. Strong and weak trade categories

In this study, July–August 2013 is used to represent typical

summer conditions. The spatial distribution of total precipitable

FIG. 3. Three nesting domains employed in the simulations

with grid sizes of 13.5, 4.5, and 1.5 km, respectively. The black

star represents the upstream point for Oahu used in this study

(21.58N, 157.58W).

TABLE 2. A list of the eight weak and eight strong trade wind

days. The wind speed and direction at the upstream point of Oahu

(21.58N, 157.58W) are daily averages from CFSv2 analysis.

Date Wind speed (m s21) Wind direction (8)

Weak trade 23 Jul 4.2 75.0

30 Aug 5.6 62.9

4 Jul 6.3 72.3

23 Aug 6.6 88.0

26 Jul 6.8 73.4

25 Jul 6.9 77.7

8 Aug 7.0 77.0

7 Aug 7.1 75.4

Strong trade 16 Aug 9.5 76.6

15 Aug 9.6 83.7

26 Aug 9.7 76.3

27 Aug 9.7 82.4

11 Aug 9.8 81.1

18 Aug 10.3 79.5

17 Aug 10.8 75.4

10 Jul 12.2 83.5

FIG. 2. Histogram of (a) wind direction and (b) wind speed from

CFSv2 at the upstream point during July–August 2013.
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water (TPW) during July–August 2013 is similar to the long-

term July–August mean during 1979–2015. The spatial cor-

relation over the Hawaiian Islands (16–268N, 148–1648W)

between the 2013 summer seasonal averaged TPW and

the long-term summer seasonal (1979–2015) averaged TPW

is 0.97. The trade winds during July–August 2013 were

slightly weaker (;1 m s21) than the 2-month composite of

1979–2015 (not shown). The El Niño–Southern Oscillation

(ENSO) was in a neutral phase during the summer of 2013

(NOAA/CPC 2020).

The daily mean wind data at an upstream point of Oahu

(21.58N, 157.58W) (Hsiao et al. 2020) from CFSv2 analysis

(every 6 h) are used to determine the upstream prevailing

wind conditions for each day. Histograms of daily mean

wind direction and daily mean wind speed during July–

August 2013 show that the prevailing wind direction is

from 608 to 908 with wind speeds from 6 to 9 m s21 (Fig. 2).

Days with wind directions between 608 and 908 and wind

speed. 3m s21, in the absence of synoptic disturbances over

the central Pacific (tropical storms, upper-level lows/troughs,

and shear lines associated with midlatitude cold fronts)

(Hartley and Chen 2010), during the 2-month period are

classified as trade wind days (34 days total). The 8 days

(;25% of the total trade wind days) with the strongest trade

wind speeds are classified as strong trade wind days, with

wind speeds from 9.5 to 12.2 m s21. The 8 days with the

weakest trade wind speed are classified as weak trade wind

days, with wind speed from 4.2 to 7.1 m s21. The mean wind

speeds for strong and weak trade categories are 10.2 and

6.3 m s21, respectively. The dates of the strong and weak

trade wind days are listed in Table 2.

The dynamics of mechanically forced flows over an iso-

lated mountain may be explained with the nondimensional

mountain height (ĥ5Nh/U, where U is the upstream wind

speed, N is the Brunt–Väisälä frequency, and h is the

mountain height) (Smolarkiewicz et al. 1988; Smith 1989;

and others). The N averaged below the 1000 m level at the

upstream point for both the strong and weak trade cate-

gories is ;0.01. The mean values of U/N for the strong and

weak trade categories are 1020 and 630 m, respectively.

FIG. 4. Composite analysis of simulated surface

wind (m s21; black barbs and color shading) and ob-

served surface wind (m s21; purple barbs) for the 34

trade wind days at (a) 0500, (b) 0800, (c) 1200,

(d) 1400, and (e) 1700 LST. One pennant is 5m s21, a

full barb is 1m s21, a half barb is 0.5m s21, and a circle

denotes calm wind.
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With U/N comparable to or smaller than h, orographic

blocking with upstream deceleration is likely for both strong

and weak wind categories. However, under weak trades,

with U/N , h, it is unlikely that the incoming trade winds

at low levels will move over the Koolau Range with

peaks ;944m.

c. Model configuration

The WRF-ARW version 3.6.1 initialized at 0000 UTC

(1400 LST) for each day using the NCEP CFSv2 data are used

to study the island-scale airflow and cloudiness under various

trade wind conditions over Oahu. Three two-way nested do-

mains are employed (Fig. 3), with horizontal grid sizes of 13.5,

4.5, and 1.5 km, respectively. The horizontal dimensions of the

three domains are 653 62, 643 58, and 793 64, respectively.

The simulations used in this study come from the 1.5-km domain,

which covers the entire island of Oahu. The mountaintops of

the Koolau and the Waianae Ranges in the 1.5-km domain are

740 and 887m, respectively. The model uses 38 vertical levels

from the surface to 100-hPa with smaller increments (11 levels)

at the lower levels and around the trade wind inversion layer

than above (Chen and Feng 2001). A diffusive damping scheme

is not used at the model top.

The physics options include the Betts–Miller–Janjić (BMJ)

cumulus parameterization scheme (Janjić 1994, 2000), the

Yonsei University (YSU) planetary boundary layer scheme

(Hong et al. 2006), and the single-moment 6-class micro-

physics scheme (Hong and Lim 2006), which uses five

prognostic hydrometeor categories (including cloud water,

cloud ice, rain, snow, and graupel). The cloud droplet

number concentration is reduced from the default value of

300 to 50 cm23 because of the typically clean maritime air

found in Hawaii (Hudson 1993). The Rapid Radiative

Transfer Model (Mlawer et al. 1997) longwave radia-

tion scheme, Dudhia shortwave radiation scheme (Dudhia

1989), and revised surface layer scheme (Jiménez et al.

2012) are also used.

The Noah land surface model (Chen and Dudhia 2001) with

four soil layers is employed using the soil properties compiled

by Zhang et al. (2005a,b) from the soil surveys for the State of

Hawaii (Foote et al. 1972; Sato et al. 1973). The U.S. Geological

Survey (USGS) land use data compiled by Zhang et al. (2005a,b)

are replaced by the more recent land cover from the Coastal

Change Analysis Program (C-CAP, NOAA 2019) (https://

coast.noaa.gov/digitalcoast/data/ccapregional.html) (Hsiao

et al. 2020). Since the diurnal heating cycle is dependent on

the soil moisture, which affects the partitioning between the

sensible and latent heat fluxes, the 24-h simulations of the

high-resolution soil moisture and soil temperature from

the model runs of the previous day are used as the updated

soil conditions (Zhang et al. 2005a,b). After running the

daily simulations for June 2013 with updated soil parameters

for soil moisture and soil temperature every 24 h, model

runs for July and August 2013 are used for model verifica-

tion. The first 12 h of model run are considered as the model

spinup because the initial conditions interpolated from the

CFSv2 analyses to the high-resolution model domains may

not contain adequate information concerning local and

orographic effects on airflow, clouds, and precipitation.

Smolarkiewicz et al. (1988) showed that for the island of

Hawaii, the model spinup time is about 3 h. Thus, the 12-h

spinup window used is more than sufficient for the model to

adjust to terrain. The 24-h model data from the 13th to the

36th hour for each day’s run are used to study the simulated

diurnal cycle (Van Nguyen et al. 2010; Li and Chen 2017;

Hsiao et al. 2020; and others).

TABLE 4. Error statistics of surface wind for model points cor-

responding to 17 Oahu weather stations during the 34 trade wind

days from July to August 2013.

Station code

U (m s21) V (m s21)

BIAS MAE RMSE BIAS MAE RMSE

AN161 21.6 1.8 2.1 20.6 1.0 1.3

AN162 20.9 1.3 1.5 0.5 0.8 1.1

AN774 0.3 1.3 1.6 0.6 0.8 1.1

D3665 20.8 2.4 3.1 20.1 1.5 1.9

HFO04 20.8 1.0 1.3 1.3 1.4 1.6

HFO05 20.4 1.9 2.7 20.1 0.8 1.2

HFO06 0.9 1.4 1.8 1.0 1.3 1.6

HOFH 0.0 1.1 1.5 20.3 0.8 1.1

KFWH 0.4 1.0 1.3 0.6 1.1 1.4

KKRH 0.6 2.0 2.5 1.4 1.9 2.4

KTAH 20.2 0.9 1.3 20.3 0.8 1.0

OOUH 21.0 1.3 1.6 20.1 0.9 1.2

PHJR 20.8 1.1 1.4 20.8 1.1 1.4

PHNG 0.2 0.8 1.1 0.0 0.8 1.0

PHNL 1.3 1.7 2.2 1.6 1.8 2.2

SCBH 20.5 1.1 1.4 0.4 1.2 1.5

WWFH 0.6 1.2 1.6 0.6 1.0 1.2

TABLE 3. Error statistics of surface temperature and surface

relative humidity for model points corresponding to 18 Oahu

weather stations during the 34 trade wind days from July to

August 2013.

Station code

T (8C) RH (%)

Bias MAE RMSE Bias MAE RMSE

AS839 20.7 0.9 1.2 0.4 4.1 5.2

D3665 20.1 1.0 1.3 1.6 8.6 10.2

D5064 0.7 1.3 1.6 — — —

E2357 — — — 3.4 6.0 7.6

HOFH 20.7 1.3 1.6 3.6 9.7 11.2

KFWH 21.0 1.1 1.3 6.5 7.2 8.4

KKRH 20.7 1.1 1.3 4.5 8.0 9.8

KTAH 21.5 1.7 1.9 21.7 5.6 7.3

MOKH 20.9 1.1 1.3 — — —

OOUH 20.2 1.1 1.3 — — —

PHHI 20.1 1.0 1.3 4.4 7.9 9.7

PHJR 0.1 0.8 1.0 5.4 7.6 9.0

PHNG 20.4 1.2 1.5 5.3 7.1 9.1

PHNL 20.2 0.7 0.9 7.5 8.8 10.2

SCBH 20.7 1.3 1.6 — — —

SCEH — — — 20.7 7.0 9.4

SCSH 20.5 1.2 1.6 — — —

WWFH 20.2 1.1 1.4 5.4 7.7 9.3
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d. Model verifications

The simulated surface variables are interpolated to 24
surface stations every hour during the 34 trade wind cases.
A four-point horizontal interpolation is used to calculate the

simulated variables at the station locations. For interpolation

of the surface air temperature in the coastal areas, only the

nearest points over land are used. Then, the simulated surface

air temperature is adjusted with an environmental lapse rate

FIG. 5. Effective albedo (%; color shading) derived from theGOES-15 visible channel over Oahu for strong trades

at (a) 0800, (b) 1200, (c) 1400, and (d) 1700 LST during Jul–Aug 2013.

FIG. 6. As in Fig. 5, but for weak trades.
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of 6.5 K km21 to account for the height difference between

the model terrain and the surface station elevation (Van

Nguyen et al. 2010; Hsiao et al. 2020). The composite

simulated surface winds at 0500, 0800, 1200, 1400, and

1700 LST during the 34 trade wind days are consistent with

observations (Fig. 4). The simulated diurnal variations

are consistent with observations (details are presented in

the appendix). In addition to model bias, observational

FIG. 7. The difference in effective albedo (%) over Oahu between strong and weak trades (strong minus weak) at

(a) 0800, (b) 1200, (c) 1400, and (d) 1700 LST during Jul–Aug 2013.

FIG. 8. As in Fig. 4, but for strong trades at (a) 0500 and (c) 0800 LST and for weak trades at (b) 0500 and (d) 0800 LST.
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uncertainties may also exist. Error statistics for simulated

surface temperature, relative humidity (RH), and surface

winds are given in Tables 3 and 4 . The error statistics are

comparable to those presented by Van Nguyen et al. (2010)

using the fifth-generation Pennsylvania State University–

National Center for Atmospheric Research Mesoscale Model

(MM5) model.

At KTAH and KFWH, the model underestimates sur-

face temperature with a negative 1–1.5-K bias (Table 3).

The model systematically overestimates RH at 11 of the 13

stations (Table 3). Similarly, a larger RH positive bias

(.5%) is found over the windward side (KFWH and

PHNG) and along the southern coast (PHJR, PHNL, and

WWFH). Three stations on the western coast (KKRH,

HFO05, and D3665) have larger root-mean-square errors

in zonal wind speed than other stations (Table 4). The

zonal wind errors at these stations mainly occur during

the daytime, even though simulated surface temperatures

are comparable to observations (Table 3). In this case,

the model errors may be partly due to the fact that the

1.5-km grid size cannot accurately depict the steepness of

the Waianae mountain range. Distances between AN161,

AN162, and OOUH are less than 1.5 km; however, sur-

face winds at these stations (Fig. 4) are slightly different

from each other, indicating that observational uncertainties

may exist.

FIG. 9. Hourly deviations from the mean of surface wind (barbs) and temperature (8C) for strong

trades at (a) 0500 and (c) 0800 LST and for weak trades at (b) 0500 and (d) 0800 LST. Simulated

RH (%) and potential temperature (K) at 500-m height at 0800 LST for (e) strong trades and (f) weak

trades.
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3. Effects of trade wind strength on cloud patterns,
airflow, and thermodynamic fields

In this section, satellite observations and model simu-

lations are used to investigate how trade wind speed affects

the wake circulations and clouds off the leeside coast of

Oahu. GOES-15 visible images are first converted to ef-

fective albedo to delineate differences in the distributions

of clouds under strong and weak trade wind conditions

during different times of the day. Then, the numerical

simulations are used to study the influence of trade wind

strength on circulations, thermal fields, and cloud distri-

butions over the island and off the leeside coast during

different times of day.

a. Satellite observations of cloud patterns

1) STRONG TRADES

There are large temporal variations in the effective albedo
over and downstream of Oahu during the daytime (Fig. 5). In

the early morning, the effective cloud albedo over the island
increases after sunrise (Fig. 5a). The highest values (.25%)

occur over the Koolau Range at noon (Fig. 5b) due to direct
sunlight and the development of orographic clouds caused by

orographic blocking and lifting under combined strong trades
and anabatic flow. These clouds extend to the island interior

with a smaller secondary maximum (;15%–20%) over the
peaks of the Waianae Range. The maximum effective albedo

over the Koolau Range persists until early afternoon (Fig. 5c).

FIG. 10. The vertical cross section along the SW–NE line in Fig. 1 of simulated potential temperature (K; con-

tours) and vertical motion (m s21; color shading) for strong trades at (a) 0500 and (c) 0800 LST and for weak trades

at (b) 0500 and (d) 0800 LST.
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Moisture removed from the incoming flow by orographic

precipitation (Van Nguyen et al. 2010) results in lower effec-

tive albedo values over the Waianae Range (;15%) than over

the Koolau Range during the same period under strong trades.

The effective albedo associated with clouds downstream of the

island is much lower (,2.5%) as compared to the windward coast

(;15%) in the early morning (Fig. 5a). In the early afternoon, the

effective albedo over central Oahu increases to .10%, as com-

pared to 20% over the windward coast (Fig. 5c). The effective

albedo off the leeside coast decreases after the early afternoon

and is low (,5%) by 1700 LST (Fig. 5d).

2) WEAK TRADES

The temporal and spatial variations of effective albedo

are similar among strong trades and weak trades (Fig. 6).

With less orographic blocking and lifting, the effective al-

bedo along the Koolau Range (Fig. 6), after sunrise and

throughout the day, is less during weak trades (Fig. 7). The

effective albedo over central Oahu is also less (Fig. 7). Over

the Waianae Range and off the leeside coast, the effective

albedo after sunrise is also less under weak trades (Figs. 6a

and 7a).

Under weak trades, with less moisture removal by

orographic precipitation over the Koolau Range and

the development of upslope flows on both sides of the

Waianae Range (Hartley and Chen 2010), the values of

effective cloud albedo over the Waianae Range (Figs. 6b

and 7b) are larger (;25%) than during strong trades

at 1200 LST. With continued solar heating, the effec-

tive cloud albedo over the Waianae Range continues to

FIG. 11. As in Fig. 10, but for simulated vapor mixing ratio (g kg21; color shading) and relative humidity

(%; contours).
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increase and is greater and extends farther downstream

of both Mount Kaala and Mount Palikea (Figs. 6c and 7c)

in the early afternoon (Fig. 6c). Furthermore, the highest

values of effective cloud albedo (.25%) over the Waianae

Range are more widespread than over the Koolau Range

(Fig. 6c). The effective cloud albedo off the leeside coast

for both trade wind conditions decreases in the late af-

ternoon (Figs. 5d and 6d); however, the existence of these

clouds off the leeside coast is more significant (;10%)

and extensive in the late afternoon when trades are

weaker (Fig. 7d).

In summary, after sunrise, the orographic clouds over the

Koolau Range, due to a combination of orographic lifting

and upslope flow, are more significant when trades are

stronger. These clouds are advected westward over the is-

land interior by the trade winds aloft. In response to con-

tinued solar heating over the island during the daytime,

orographic clouds develop over the Waianae Range, and

the western leeside coastal area; and are more significant

under weak trades (Figs. 7b,c). In the late afternoon, the

effective cloud albedo over the Waianae Range decreases.

Nevertheless, the cloudiness extends farther off the western

leeside coast (Fig. 6d) and is more extensive when trades are

weaker (Fig. 7d). It appears that clouds in the wake zone of

Oahu in the late afternoon hours are mainly the remnants

of orographic clouds from the Waianae Range drifting

downstream and are not generated along the axis of the

leeside convergent zone as occurs off the leeside coast of the

Big Island (Smith and Grubi�sic�1993; Yang and Chen 2003).

This hypothesis will be further investigated in the next

section using model results. The cause(s) of the more ex-

tensive cloud cover off the leeside coast in the late

afternoon when trades are weaker (Fig. 7d) will also be

investigated.

b. Numerical simulations

In this section, the diurnal cycle of island-scale airflow

and cloudiness under strong and weak trade wind condi-

tions is examined, especially the physical reasons for the

variations in afternoon cloudiness off the leeside coast.

Because the mountain and leeside cloud patterns are dif-

ferent between the morning and afternoon, we will first

compare the model results in the early morning between

strong and weak trades, followed by a comparison for the

afternoon.

1) EARLY MORNING

At 0500 LST, for both strong and weak trade wind

conditions, flow deceleration on the windward side, calm

winds over the island interior, strong winds along the two

FIG. 12. SimulatedRH (%) and potential temperature (K) at 1500-m height at 0800 LST for (a) strong trades and

(b) weak trades. Vertically integrated (from the surface to model top) cloud water (mm; shading) at 0800 LST for

(c) strong trades and (d) weak trades.
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mountain ranges, and katabatic winds on the eastern

slopes of the Waianae Range are evident (Figs. 8a,b).

Downslope/offshore flows (,3 m s21) are present on the

western leeside coast for both strong and weak trades,

extending downstream with weaker winds in the wake

zone (Fig. 8). Over the northern and the southern coasts,

offshore flows are more evident when trades are weaker,

consistent with observations (Fig. 8b). After sunrise, up-

stream flow deceleration becomes less significant with

the upslope flow on the eastern slopes of the Waianae

Range (Figs. 8c,d). Furthermore, the offshore flows along

the southern and northern coast disappear (Figs. 8c,d).

Figure 9 displays surface temperature and wind devia-

tions from the diurnal mean in the morning. At 0500 LST,

the surface air over land is colder than the diurnal mean

with a land-breeze/offshore flow component at the coast

(Figs. 9a,b). The advection of cold air from the island inte-

rior to the wake zone is more significant when trades are

stronger. After sunrise, it is warmer than the diurnal mean

over parts of the central plain (Figs. 9c,d). In the meantime,

the offshore wind component at the coast and mountain

winds on the eastern slopes of the Waianae Range disap-

pear. Under strong trades, the air over land, which is cooler

than the diurnal mean, is advected off the western leeside

coast (Fig. 9c).

At 0800 LST, at the 500-m height (Figs. 9e,f), along

the Waianae coast and in the wake zone, the air is drier

and warmer than upstream due to descending airflow in

the lee. Nevertheless, in the wake zone, similar to the de-

viations from the mean at the surface in the morning

(Figs. 9c,d), the air is slightly cooler and moister (Figs. 9e,f)

when trades are stronger as the cooler (Figs. 10a,b) and

moister (Figs. 11a,b) air over the island interior is advected

off the leeside coast.

The vertical cross sections of simulated potential tem-

perature and vertical motion along the southwest–northeast

FIG. 13. As in Fig. 4, but for strong trades at (a) 1200, (c) 1400, and (e) 1700 LST. (b),(d),(f)As in (a), (c), and (e), but

for weak trades. Black contours represent isotachs of 10-m zonal wind speed.
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line in Fig. 1 (Fig. 10) show orographic lifting over the

eastern slopes and descending airflow over the western

slopes of the Koolau Range. Downslope winds are simu-

lated above the leeside slopes of the Waianae Range,

followed by a hydraulic jump (Fig. 10). The hydraulic jump

is more significant under strong trade wind conditions. A

weaker hydraulic jump is also present over the leeside

slopes of the Koolau Range. Warming and drying are as-

sociated with downslope winds on the leeside slopes of

both mountain ranges and are most significant before

sunrise when trades are stronger (Figs. 10 and 11). Over

the central plain, before sunrise, the air is relatively moist

(RH . 90% and mixing ratio . 14 g kg21) in low levels,

especially under strong trades, as the incoming flow brings

in maritime air from the windward side, over the island

interior and into the wake zone (Figs. 11a,b). After sun-

rise, vertical mixing over the central Oahu plain is greater

under weak winds, with relatively dry air in low levels

(Figs. 11c,d).

At the 1500-m level, the impact of the mountain waves aloft

is evident (Figs. 12a,b). For strong trades, significant warming

and drying above the leeside slopes of both mountain ranges is

apparent (Fig. 12a). Downstream of the northern and south-

western coasts, warming and drying associated with tip jets

found off the northern and southern corners of the island

(Reeve and Kolstad 2011; Hitzl et al. 2014) is more significant

when trades are stronger. In the wake zone, the air is slightly

moister (RH . 65%) and cooler when trades are weaker

(Figs. 12a,b).

In the morning, more cloud liquid water is simulated over

the Koolau Range, central Oahu, and the eastern slopes of the

Waianae Range (Figs. 12c,d), as stronger impinging trades are

lifted by the mountains. Furthermore, westward advection of

the cloud water content from the Koolau Range toward the

FIG. 14. Hourly deviations from themean of surfacewind (barbs) and temperature (8C) for strong trades at (a) 1200,
(c) 1400, and (e) 1700 LST. (b),(d),(f) As in (a), (c), and (e), but for weak trades.
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island interior by the trade winds aloft is more significant when

trades are stronger, consistent with satellite observations

(Figs. 5 and 6). The vertically integrated cloud water over the

Waianae Range is significantly less than over the Koolau

Range due to rain shadow effects (Figs. 12c,d), especially un-

der weak trades.

2) AFTERNOON

In this section, we examine the occurrence of cloudiness

over the wake zone in the afternoon. The differences in the

evolution of airflow, temperature, moisture, and offshore

clouds between strong and weak trades are investigated using

model results.

In the afternoon, flow deceleration along the windward side

is less significant than at night with combined anabatic/trade

wind flow over the eastern slopes of the Koolau Range

(Fig. 13). The tip jets (.10m s21) around the northern and

southern corners of the island are stronger and closer to the

coast in the afternoon hours than in the early morning. Under

weak trades, onshore flow is simulated from 1200 to 1700 LST

along the leeside coast, consistent with observations from

two surface stations (HFO05 and D3665) (Figs. 13b,d,f).

Conversely, the westerly onshore flow along the western

coast is only simulated at 1200 and 1400 LST during strong

trades, with much smaller horizontal extent (Figs. 13a,c,e). In

both cases, the orientation of the wake zone is aligned ap-

proximately with the upstream flow direction; however, the

wake is narrower and extends farther downstream during

strong trades than weak trades (Figs. 13a,c,e). The sea-breeze

circulations along the western leeside coast are similar to

those observed over the northwestern coast of the island of

Hawaii, in the lee of the Waimea Saddle, where the ridge line

is below the trade wind inversion (Schroeder 1981; Zhang

et al. 2005c).

FIG. 15. Simulated RH (%) and potential temperature (K) at 500-m height for strong trades at (a) 1200, (c) 1400,

and (e) 1700 LST and for weak trades at (b) 1200, (d) 1400, and (f) 1700 LST.
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FIG. 16. As in Fig. 10, but at (a),(b) 1200, (c),(d) 1400, and (e),(f) 1700 LST.
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FIG. 17. As in Fig. 16, but for simulated vapor mixing ratio (g kg21; color shading) and relative humidity (%;

contours).
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FIG. 18. As in Fig. 16, but for simulated cloud water mixing ratio (g kg21; color shading) and horizontal wind

(projected along the SW–NE line) and vertical wind (u: m s21; w: 10 cm s21; arrows). Black contours represent

isotachs of 10-m zonal wind speed.
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Figure 14 shows that appreciable land surface heating and

adiabatic warming over the leeside slopes of Koolau Range

are simulated in the afternoon under both strong and

weak trades. For strong trades (Figs. 14a,c,e), the adiabatic

warming over the western leeside slopes of both mountain

ranges due to downslope winds is greater than during weak

trades, with a maximum .4.58C. The westerly wind com-

ponent along the axis of the wake zone and the regions that

are warmer than the diurnal mean (;1.58C) offshore under

strong trades attest to the warm advection by the mean flow

in the afternoon hours, as suggested by Yang et al.

(2008b,c). However, the convergence that is induced in the

wake zone (Figs. 14a,c) is apparently inadequate to initiate

deep convection due to significant warming and drying

off the western leeside coast and a relatively high LCL

(;1200 m) (Figs. 15a,c,e). For weak trades, the regions

that are warmer than the diurnal mean in the afternoon

are mainly simulated over the island, with the westerly

reversed flow in the wake zone (Figs. 14b,d,f). Thus, under

weak trades, the warming over leeside waters is less signif-

icant (,299.5K) and conditions remain relativelymoist (RH.
75%) (Figs. 15b,d,f).

Along the SW–NE line in Fig. 1, it is apparent that

at 1200 LST, for weak trades, vertical mixing is more sig-

nificant over the central plain than during strong trades,

with uniform potential temperature (.300 K) at low

levels (Figs. 16a,b). The hydraulic jump over the Waianae

Range is weaker than during the early morning hours for

strong trades and is completely absent during weak trades.

Furthermore, under weak trades, rising motions due to

orographic lifting by combined upslope–trade wind flow

occurs over the windward side of the Waianae Range while

upslope flow and rising motion occur over the western lee-

side slopes (Fig. 16b), with RH .80% above the ridge tops

and a maximum RH . 90% at the 1.5-km height level

(Fig. 17b). The rising motions over the windward side of the

FIG. 19. As in Fig. 15, but at 1500-m height.
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Waianae Range and the western leeside slopes are smaller

at 1400 LST and mostly disappear by 1700 LST (Figs. 16d,f).

The high RH (.80%) layer around 1–2 km in height extends

westward with time (Figs. 17b,d,f) as the maximum cloud

water mixing ratio associated with orographic clouds above

the Waianae Range drifts westward (Figs. 18b,d,f). Off the

western leeside coast, westerly onshore flow in low levels

brings cooler, moister maritime air toward the western

leeside coast under weak trades (Figs. 16b, 17b, and 18b).

At the 1500-m level, a relatively cool (,301.8 K) and moist

(RH . 90%) area associated with orographic clouds over

the Waianae Range and the leeside coast (Fig. 6b) is sim-

ulated at 1200 LST (Fig. 19b) under weak trades. This

area continues to expand westward, over the wake zone,

at 1400 LST (Fig. 19d) and extends farther downstream at

1700 LST (Fig. 19f) consistent with the simulated integrated

cloud water (Figs. 20b,d,f) and satellite observations of cloudiness

(Fig. 6). These results suggest that the cloudiness in the wake

zone during the afternoon hours comprising remnants of

orographic clouds which have drifted westward under the

influence of the combined eastward upper-level return flow,

associated with the low-level leeside upslope flow, and the

trade winds aloft (Figs. 18b,d,f).

Under strong trades, orographic lifting and descent of

the easterly airflow are simulated over the windward and

leeside slopes, respectively, of both the Koolau and Waianae

Ranges with hydraulic jumps above the leeside slopes of both

mountain ranges (Figs. 16a,c,e). Furthermore, the simulated

cloud water is greater over the Koolau Range under stron-

ger trades than weak trades due to stronger orographic

lifting (Figs. 18a,c,e). At 1200 LST, weak rising motion is

simulated over the leeside coast (Fig. 16a), resulting from

the convergence between the onshore flow and downslope

winds (Figs. 13a and 14a). Rising motions associated with

FIG. 20. Vertically integrated (from the surface to model top) cloud water (mm; shading) for strong trades at

(a) 1200, (c) 1400, and (e) 1700 LST and for weak trades at (b) 1200, (d) 1400, and (f) 1700 LST.
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onshore flow are also simulated at 1400 LST (Fig. 16c), but

disappear by 1700 LST (Fig. 16e). Under weak onshore

flows at 1200 LST (Fig. 13a), only a very small afternoon

cloud area is simulated (Fig. 18a), with an RH maximum

(.75%) in the 1–1.5 km layer off the leeside coast and

maximum integrated cloud water extending offshore under

strong trades. The development of cooler and moister on-

shore flow along the leeside coast is rather weak under

strong trades (Fig. 17).

At the 1500-m height, significant warming (.304 K) and

drying (RH ,60%) above the leeside slopes of both the

Koolau and Waianae Ranges occur due to sinking motions

associated with the mountain waves, with relatively moist

and cooler air over the windward slopes under strong trades

(Figs. 19a,c,e). In the wake zone, at 1200 and 1400 LST, a

region of relatively high moisture (.70%) and cool tem-

perature (,301.8 K) extends westward and broadens from

the leeside of Mount Kaala at 1700 LST (Figs. 19a,c).

Nevertheless, the integrated cloud water over the Waianae

Range is much less than during weak trades and is primarily

found westward downstream of Mount Kaala. These results

suggest that, similar to weak trades, the cloudiness in the

wake zone under strong trades is thermally driven, but that

this mechanism is much less effective in producing clouds

than during weak trades.

Over the Koolau Range, orographic precipitation is

greater during strong trade wind days (.0.6 mm h21) than

during weak trade wind days (;0.1 mm h21) (Fig. 21).

Under strong trades, the early morning rainfall is greater

FIG. 21. Simulated hourly rainfall (mm) for strong trades at (a) 0500 and (c) 1400LST and for weak trades at

(b) 0500 and (d) 1400 LST.

FIG. 22. A schematic diagram of the cloud formations at

1400 LST over Oahu under (a) strong trade wind and (b) weak

trade wind conditions. Color shading represents horizontal

wind speed (m s21), black arrows represent the mean stream-

line above the mountaintops, and blue arrows represent sur-

face wind.
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due to more significant orographic lifting (Figs. 10a,b) with

much higher moisture content (Figs. 11a,b) when the land

surface is the coldest (Fig. 21a). Over the Waianae Range,

sea breezes develop along the Waianae coast, especially

under weak trades, possibly resulting in light afternoon

rainfall (Figs. 21c,d). The simulated diurnal variations

of rainfall are consistent with previous observational

(Hartley and Chen 2010) and modeling (Van Nguyen et al.

2010) studies. The results of the numerical simulations and

satellite data are used to produce a schematic diagram of the

Oahu cloud climatology in the afternoon (Fig. 22) under

different trade wind conditions.

4. Summary

The trade wind strength has a significant impact on the

island-scale airflow and cloudiness over the island of Oahu

and its western leeside wake zone. We confirm the results

of Yang et al. (2008b,c), namely that the warm advection

from the island interior to the wake zone in the afternoon

hours induces convergent airflow off the leeside coast.

However, the Waianae Range, with peaks ;1227 m above

the leeside coast, produces significant drying and warming

associated with descending airflow, which occurs particu-

larly under stronger trades. Thus, the conditions in the

wake zone are unfavorable for the development of con-

vective clouds. We show that the cloudiness in the Oahu

leeside wake zone under summer trade wind conditions

is thermally driven, more significant under weak trades,

and comprises the remnants of clouds which develop

over the Waianae Range and are carried westward by

winds aloft.

After sunrise, clouds on the windward side of the Koolau

Range are caused by orographic lifting of the combined de-

celerated trade wind–anabatic flow. These clouds are more

extensive on the windward side of the Koolau Range when

trades are stronger, and drift westward downstream by the

trade wind flow aloft.

With continued solar heating after sunrise, orographic

clouds increase over the Waianae Range and along the

western leeside coast, especially under weak trade wind

conditions. Under weak trades, in addition to the upslope

flow on the eastern slopes, the land–sea thermal contrast is

critical to leeside circulations and the development of

FIG. A1. Observed (dashed line) and simulated (solid line) diurnal variations of surface temperature (8C) at various stations for Jul–
Aug 2013.
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orographic clouds over the Waianae Range and in the

wake zone in the afternoon. A westerly upslope/sea-breeze

flow develops over the western leeside coast during the

afternoon hours due to this land–sea thermal contrast.

The westerly flow over the wake zone brings in maritime

air along the coast and up the western slopes of the

Waianae Range. Furthermore, with less moisture removal

by orographic precipitation over the Koolau Range under

weaker trades, orographic clouds form over the eastern

slopes as well as over the leeside slopes of the Waianae

Range. The sum total of these clouds are advected west-

ward by the combined trade wind–easterly return flow

above the mountaintops. Clouds off the leeside coast are

most prevalent with the greatest horizontal extent in the

afternoon hours, especially under weak trade wind con-

ditions. These clouds are remnants of orographic clouds

from the Waianae Range and are not generated over the

leeside convergent zone as occurs off the leeside coast

of the Big Island (Smith and Grubi�sic� 1993; Yang and

Chen 2003).

With stronger trade wind speed, the airflow goes over

the Koolau and Waianae Ranges with significant upslope

and downslope winds and hydraulic jumps, especially in

the early morning hours. The wake zone is drier and

warmer under strong trades due to adiabatic warming on

the leeside of the Waianae Range and warm-air advection

by the easterly trade winds. With relatively weak moist

onshore flow along the leeside coast and removal of

moisture by precipitation over the Koolau Mountain

Range, orographic clouds form less frequently over the

mountaintops of the Waianae Range during the daytime,

with fewer clouds offshore in the wake zone in the late

afternoon, during strong trades.
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APPENDIX

Diurnal Variations of Surface Temperature, Surface
Relative Humidity, and Surface Wind at Various Stations

Under trade wind conditions, composite surface tem-

perature, surface RH, and surface wind show significant

diurnal variations (Figs. A1–A4 ). For stations along the

eastern coast (KTAH, KFWH, PHNG, MOKH, E2357,

and AS839), the diurnal ranges in the surface air temper-

ature and RH are smaller than for stations in the island

interior and on the leeside coasts, with higher nighttime

minimum air temperature and RH and cooler and moister

air in the afternoon (Figs. A1 and A2). Stations along the

southern coast (WWFH, PHNL, HOFH, OOUH, and

PHJR) and central valley (SCBH, SCEH, and PHHI), es-

pecially those in areas with urban land use, have the largest

diurnal range in surface air temperature and moisture

(Figs. A1 and A2).

Similarly, winds along the windward coastal areas, which

are well exposed to the incoming trades, have smaller di-

urnal variations as compared to other stations (Figs. 2, A3,

and A4). Over the central Oahu plain, winds are affected by

the mountain–valley wind circulations associated with both

mountain ranges due to the diurnal heating cycle. Stations

along the south shore have the largest diurnal variations

with warmer temperatures, less humidity, and higher wind

speed during the daytime and cooler temperatures, more

humidity, and often light to calm winds at night. For the

stations along the western coasts (HFO05 and D3665),

westerly sea breezes are observed during the afternoon

hours. However, although sea breezes are simulated in

general along the western leeside coast (Fig. 13), they are

not simulated at these two sites despite the fact that the

simulated surface temperature is consistent with obser-

vations. One possible reason for this is that the peak of the

Waianae Range is 887 m in the 1.5-km model grid, which is

substantially lower than the actual height of the highest

peak (1227 m). The deficiency in height may cause the

orographic blocking on the eastern slope to be less sig-

nificant than actually exists allowing the trade wind flow to

move over the mountaintops, resulting in weak easterly

offshore flow in the simulation during the afternoon hours.

In general, the simulation depicts diurnal variations that

FIG. A3. As in Fig. A1, but of surface zonal wind (m s21).
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are in reasonable agreement with observations at most

stations.
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