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ABSTRACT 

The leeside circulations and weather of the island of Hawaii were studied from the fifth-generation 
Pennsylvania State University–NCAR Mesoscale Model (MM5) land surface model simulations for eight 
strong (�7.9 m s-1) and eight weak (�5.2 m s-1) trade-wind days and for five days with southeasterly trades 
(�7.1 m s-1) during summer 2004. The objective is to investigate the effects of trade-wind strength and 
directions on the leeside circulations and rainfall and the modification of these effects by the land surface 
thermal forcing. For the small wake on the lee side of the Kohala Mountains (1700 m, lower than the 
trade-wind inversion at 2000 m) over northern Hawaii, the hydraulic jump is present with stronger down­
slope winds and warmer and drier conditions on the lee side and a weaker westerly reversed flow offshore 
when trades are stronger. In contrast, the westerly reversed flow along the large wake axis off the central 
Kona leeside coast (behind massive mountains with tops >4000 m) is 1–1.5 m s-1 stronger and 200–300 m 
deeper with higher moisture content when trades are stronger. Over the Kona slopes, the daytime thermally 
direct circulation cell is more significant when trades are stronger because of descending airflow aloft with 
less cloudiness. In the evening, the convergence between the westerly reversed flow offshore along the wake 
axis and the offshore/katabatic flow in the Kona coastal region is more significant with higher evening 
rainfall when trades are stronger. During the day, the lee side of the Kohala Mountains is characterized by 
a reversed flow (�4 m s-1) merging with sea-breeze circulations along the coast. When trades are stronger, 
the convergence between the anabatic winds and the descending flow from the upper slopes is greater. 
However, the simulated cloud water there is less under strong trades because of warmer and drier condi­
tions due to significant adiabatic descent in the lee. At night, when trades are stronger, the combined 
downslope/katabatic flow prevails without a reversed flow offshore. Under a southeasterly trade-wind flow 
with a lower trade-wind inversion (1.5 km), the westerly reversed flow is shallower; the adiabatic descent 
aloft on the southwestern leeside areas is more significant with warmer temperatures (0.5 K), a larger 
negative potential vorticity maximum [0.2 potential vorticity units (PVU), 1 PVU = 10-6 K m2 s-1 kg-1], 
and a more pronounced anticyclonic vortex offshore. The westerly reversed flow off the Kona coast shifts 
northward. 

1. Introduction 

The island of Hawaii is the largest of the Hawaiian 
island chain, with a diameter of roughly 140 km. 
Its topography is dominated by two volcanic moun­
tains, Mauna Loa and Mauna Kea (Fig. 1a), both ex-
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ceeding 4100 m in elevation. Climatologically, east-
northeasterly trade winds of 4–10 m s-1 are persistent 
(70%) throughout the year, especially in summer, with 
the maximum occurrence of 92% in August (Schroeder 
1993). 

For a stratified airflow past circular mountains with­
out considering diabatic heating and surface friction, 
the Froude number (Fr = U/Nh, where U is the up­
stream wind speed, N is the Brunt–Väisälä frequency, 
and h is the height of the barrier) or nondimensional 
mountain height (1/Fr) is the control parameter for 
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FIG. 1. (a) Island of Hawaii with terrain height shown by gray 
shading scale of 1000 m from light to dark (the same hereinafter). 
(b) The four nested domains with resolutions of 81, 27, 9, and 
3 km. 

FIG. 2. The mean sea level pressure (hPa) from GFS analysis 
data at 0000 UTC, contour interval (CI) = 2.5 hPa, for (a) the 
eight strong and (b) the eight weak trade-wind days and for (c) the 
five southeasterly trade-wind days in the summer of 2004. The 
four dark points are used for the wind analysis in Table 1. 

flow regimes (Smith 1989; Smolarkiewicz et al. 1988). 
Using a numerical model without surface friction and 
diabatic heating, Smolarkiewicz and Rotunno (1989) 
show that for Fr < 0.5, a pair of vertically oriented 
vortices is simulated on the lee side. For the island of 
Hawaii, the characteristic mountain height h is 3300 m 
(Carbone et al. 1998). With N - 0.01 s-1, Fr varies from 
0.3 for a strong trade-wind flow (10 m s-1) to 0.15 for a 
weak trade-wind flow (5 m s-1). In addition to Fr, the 
island-scale airflow and weather over the island of Ha­
waii are sensitive to trade-wind inversion height (Chen 
and Feng 1995; Chen and Feng 2001). With mountain 
heights (>4000 m) well above the typical height of 
trade-wind inversion (-2 km), the trade-wind inversion 
serves as a lid forcing the low-level flow on the wind­
ward side to split and move around the island (Leopold 
1949; Chen and Feng 2001). The large wake off the 
leeside Kona coast with two large counterrotating vor­
tices (Patzert 1969; Nickerson and Dias, 1981; Smith 

and Grubišić 1993) occurs in the flow regime because of 
the inability of the flow to move over the mountaintops 
of Mauna Loa and Mauna Kea (Schär and Smith 1993). 
In addition to the large wake off the Kona coast, a small 
wake also occurs off the leeside coast of the Kohala 
Mountains in northwest Hawaii (Smith and Grubišić 
1993). The small wake occurs in the flow regime by 
transition to supercritical flow and the presence of a 
hydraulic jump over the lee slope for a small (Fr < 1) 
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TABLE 1. Statistics of the wind speed (m s-1) and directions from GFS 1000 and 925-hPa level wind data at 0000 UTC at the four dark 
points upstream of the island of Hawaii in Fig. 2a for the eight strong and the eight weak trade-wind days and the five southeasterly 
(SE) trade-wind days. 

Max wind speed Min wind speed Mean wind speed Max wind direction Min wind direction Mean wind direction 

Strong 8.7 7.2 7.9 89° 65° 79° 
Weak 5.9 4.1 5.2 88° 72° 80° 
SE 9.0 5.1 7.1 130° 116° 121° 

flow regime when the perturbation wind speed (-Nh) 
is relatively large when compared with U. Both flow 
regimes are associated with wakes that entail significant 
potential vorticity (PV) features and sometimes re­
versed flow. Potential vorticity results from a hydraulic 
jump or contact discontinuities related to the joining of 
two separate streams of fluid with different values of 
the Bernoulli function (Schär and Smith 1993). 

Diabatic heating from orographic clouds and precipi­
tation feeds back to the island-induced circulation af­
fecting island-scale airflow and weather for the island of 
Hawaii (Chen and Feng 2001). Condensation heating 
and evaporative cooling affect flow transition, namely 
“flow over” and “flow around” a mesoscale mountain 
and atmospheric stratification (Buzzi et al. 1998; Migli­
etta and Buzzi 2001; Colle 2004; and others). Idealized 
simulations for a conditionally unstable flow over an 
idealized 2D mountain (Chu and Lin 2000; Chen and 
Lin 2005; and others) show that for a moist airflow over 
mountain barriers with clouds and precipitation, the 
unsaturated moist Froude number (Fw = U/Nwh, where 
U is the incoming wind speed, Nw is the moist Brunt– 
Väisälä frequency, and h is the maximum mountain 
height) and the convective available potential energy 
(CAPE) are two important control parameters for 
flow regimes For the trade-wind flow over the Hawai­
ian Islands, CAPE is about 100 J kg-1 within the trade-
wind layer (-2 km) (Carbone et al. 1998; Li and Chen 
1999), much smaller than in Chen and Lin (2005) (487– 
3578 J kg-1), with a deep conditionally unstable atmo­
sphere. 

In addition to orographic blocking, the land surface 
processes can significantly affect the island-scale circu­
lations throughout the diurnal cycle, especially in areas 
with weak surface winds due to orographic blocking or 
under a weak trade-wind flow (Leopold 1949; Chen and 
Nash 1994; and others). In the past, many numerical 
studies for the island of Hawaii have been conducted 
(Nickerson 1979; Fett and Bury, 1981; Smolarkiewicz et 
al. 1988; Rasmussen et al. 1989; Ueyoshi and Han 1991; 
Reisner and Smolarkiewicz 1994; and others); however, 
the diurnal thermal forcing from the land surface was 
crudely estimated in these studies. 

Feng and Chen (2001) used the fifth-generation 

Pennsylvania State University–National Center for At­
mospheric Research (NCAR) Mesoscale Model 
(MM5), version 1, to successfully simulate the noctur­
nal regime on the windward side of the island of Hawaii 
with the land surface specified as tropical rain forest 
over the entire island. Zhang et al. (2005a,b) coupled a 
mesoscale spectral model (MSM; Juang 2000) with an 
advanced land surface model (LSM) with high-
resolution land surface parameters and simulated the 
sea-breeze circulations for a 6-day period over north­
west Hawaii and the summer trade-wind weather over 
Oahu, with 3- and 1.5-km resolution, respectively. The 
initial soil moisture is specified based on ground cover. 
After the first day, the soil conditions (soil temperature 
and soil moisture) were updated from the 24-h output 
of the previous day’s run. The MSM–LSM model was 
run for 1 month prior to the study period to incorporate 
the impact of orographic precipitation patterns on soil 

FIG. 3. Mean wind profiles calculated from winds at four dark 
grid points upstream of the island of Hawaii in Fig. 2 for the eight 
strong trade-wind days (column 1), the eight weak trade-wind 
days (column 2), and five southeasterly trade-wind days (column 
3). Pennants, full barbs, and half barbs represent 5, 1, and 0.5 
m s-1 respectively (the same hereinafter). 
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moisture fields. Using MM5–LSM version 3 (Chen and 
Dudhia 2001), Yang et al. (2005) successfully simulated 
the island-scale circulations of the island of Hawaii 
throughout the diurnal cycle with improved surface pa­
rameters compiled by Zhang et al. (2005b). They vali­
dated their model results with Hawaiian Rainband 
Project (HaRP) data and showed that better surface 
conditions lead to better simulation of the strength of 
land and sea breezes. They also simulated the thermally 
direct circulation cells on both the windward side and 
the Kona lee side. 

For the island of Hawaii, observation studies showed 
pronounced variations of local winds and weather un­
der different trade-wind strength. The inland advance 
of sea breezes in the afternoon in the lee side of the 
Waimea Saddle of northwest Hawaii is more significant 

FIG. 4. Mean surface winds for (a) the 
eight strong and (b) the eight weak trade-
wind days, and (c) their differences [(a) -
(b)]. The thick solid lines show the loca­
tions of vertical cross sections used in the 
analyses. 

under weak trade-wind flows (Schroeder 1981; Yang 
and Chen 2003, hereinafter YC03). Chen and Nash 
(1994) showed that the onset times of the downslope/ 
offshore and upslope/onshore flow depend on the 
strength of the prevailing trade-wind flow. YC03 
showed that the adiabatic descent of trade-wind flow 
aloft on the northwestern and southwestern lee sides of 
the island of Hawaii is more significant with less rainfall 
for a strong trade-wind flow. However, in previous nu­
merical studies, the effects of the trade-wind strength 
and direction on the leeside circulations and weather 
throughout the diurnal cycle were not studied in detail. 
The island of Maui was not included in most of these 
modeling studies except in Yang et al. (2005), Yang and 
Chen (2008), and Zhang et al. (2005b), resulting in an 
underestimation of the strength of the airflow passing 

FIG. 5. Height–distance cross sections of the mean zonal wind speed along the westerly 
reversed flow in Fig. 4a, CI = 0.5 m s-1, for (a) the eight strong and (b) the eight weak 
trade-wind days. 
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FIG. 6. Height–distance cross sections across the westerly reversed flow (the solid line in Fig. 
4c). (a), (b) Daily mean zonal wind speed, CI � 1 m s�1, for (a) the eight strong and (b) the 
eight weak trade-wind days. (c), (d) Daily mean equivalent potential temperature, CI � 1 K,  
for (c) the eight strong and (d) the eight weak trade-wind days. 

FIG. 7. Height–distance cross sections along the trade-wind flow in the northern area of the 
island (Fig. 4b). (a), (b) The mean wind speed, CI � 2 m s�1, for (a) the eight strong and (b) 
the eight weak trade-wind days. (c), (d) The mean vertical velocity, CI � 20 cm s�1, for (c) the 
eight strong and (d) the eight weak trade-wind days. Vector differences of winds between the 
eight strong and the eight weak trade-wind days are shown in (a) with vector scales shown at 
the bottom of (a). 
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FIG. 8. (a), (b) Height–distance cross sections of the mean potential temperature with an 
interval 1 K and (c), (d) the mean RH (%), CI = 10%, along the trade-wind flow in the 
northwestern area of the island (Fig. 4b) for (a), (c) the strong trade-wind days and (b), (d) 
the weak trade-wind days. 

through the Alenuihaha Channel between the island of tial vorticity generation (Smith and Grubišić 1993). 
Maui and the island of Hawaii. How does the trade-wind speed affect the hydraulic 

Over the northwestern and southwestern leeside ar- jumps and airflow there? How does the diurnal heating 
eas, hydraulic jumps may occur with significant poten- cycle modify the simulated circulations on the lee side? 

FIG. 9. As in Fig. 7, but for the southern area of the island (Fig. 4b). The CI for the 
vertical velocity is 5 cm s-1. Vector scales are shown at the bottom of (a). 
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FIG. 10. Height–distance cross sections of the mean potential temperature (solid lines) with 
an interval of 1 K and the mean RH (%, dotted lines), CI � 10%, along the trade-wind flow 
in the southern area of the island (Fig. 4b) for (a) the strong and (b) the weak trade-wind days. 

How does the trade-wind speed affect the strength of 
the offshore westerly return flow for the small wake off 
northern Hawaii and the large wake off the Kona 
coast? Along the Kona leeside coastal area, an evening 
rainfall maximum during the diurnal cycle was found 
from the analysis of data collected during the Hawaiian 
Rainband Project (11 July–24 August 1990; Chen and 
Nash 1994). For the strong trade-wind days, the rainfall 
maximum there is greater than for the weak trade-wind 
days (YC03). On the other hand, evening rainfall along 
the Kona coast is not sensitive to the observed trade-
wind inversion height observed by Hilo soundings 
(Chen and Feng 1995). YC03 speculated that the en­
hanced convergence between the land breezes and a 
stronger and moist reversed flow offshore is the pos­
sible reason for the greater rainfall production in the 
evening there when trades are stronger. However, few 
observational data were collected off the Kona leeside 
coast during HaRP. This problem will be investigated 
in this study using a numerical model. 

The trade-wind direction also affects the leeside cir­
culations and rainfall production. For the island of Ha­
waii, with a more northerly wind direction, the wake 
circulation is dominated by a cyclonic lee vortex (Ras­
mussen et al. 1989). During the approach of a midlati­
tude cold front to the north, winds over the Hawaiian 
Islands frequently turn to southeasterlies. A southeast­
erly airflow would face a wider mountain ridge than a 
normal trade-wind flow (Rasmussen et al. 1989). Nu­
merical simulations with an idealized bell-shaped 
mountain showed that for a wider mountain, the leeside 
circulations would be wider and deeper (Smolarkiewicz 
and Rotunno 1989; and others). However, the leeside 
circulations and rainfall throughout the diurnal cycle 
for the island of Hawaii under a southeasterly trade-
wind flow have not been studied. 

The objective of this study is to investigate the effects 
of trade-wind strength (strong trade-wind flow versus 

weak trade-wind flow) and direction (southeasterly 
flow versus normal trade-wind flow) on the circulation, 
thermal field, and rainfall production on the leeside of 
the island of Hawaii and to determine how the land 
surface thermal forcing throughout the diurnal cycle 
modifies these effects. In this study, the high-resolution 
(3 km) simulations of MM5/LSM over the island of 
Hawaii during the summer of 2004 were used. 

2. Model description and initialization 

The MM5 (Dudhia 1993) is a nonhydrostatic, three-
dimensional primitive equation model employing the 
terrain-following sigma vertical coordinate. In this 
study, there are 29 sigma levels1 from the surface to the 
100-hPa level. Four nested domains with two-way nest­
ing were used to simulate the island-induced circula­
tions over the island of Hawaii, with horizontal resolu­
tions of 81, 27, 9, and 3 km, respectively (Fig. 1b). 
Grell’s cumulus parameterization (Grell 1993), a grid-
scale warm rain process (Hsie et al. 1984), a cloud ra­
diation scheme (Dudhia and Moncrieff 1989), and 
Hong and Pan’s (1996) boundary layer scheme are used 
in the model. The LSM module has four layers at 
depths of 10, 40, 100, and 200 cm (Chen and Dudhia 
2001). The land use, soil type, and vegetation fraction 
over the island of Hawaii are from Zhang et al. (2005b). 

The daily MM5–LSM experimental runs have been 
conducted since the early fall of 2003 for the island of 
Hawaii with soil moistures and soil temperatures up­
dated from the 24-h simulation of the previous day. The 
simulations are initialized by the National Centers for 
Environmental Prediction (NCEP) Global Forecasting 

1 The full sigma levels are 1.0, 0.999, 0.996, 0.993, 0.990, 0.984, 
0.980, 0.96, 0.925, 0.865, 0.82, 0.79, 0.76, 0.73, 0.7, 0.67, 0.64, 0.60, 
0.55, 0.50, 0.45, 0.41, 0.36, 0.31, 0.26, 0.21, 0.16, 0.1, 0.05, and 0.0. 
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System (GFS) 1° X 1° data at 0000 UTC. The simula­
tion procedures are the same as Yang et al. (2005), 
except that in these studies NCEP–NCAR reanalysis is 
used to provide initial and lateral boundary conditions. 
In this study, we use the output of MM5–LSM from 15 
July to 31 August during summer 2004. The model daily 
hourly output during the 12th–35th-hour simulation (or 
from 1200 UTC to 1100 UTC the next day) is used to 
represent the simulated diurnal cycles. The simulated 
diurnal cycles are not sensitive to the model initialized 
time. 

For summer 2004, the mean upstream wind speed 
and direction at 0000 UTC (i.e., the 24th hour of model 
simulation time) for each day from 15 July to 31 August 
are computed by using the wind data from the four dark 
grid points (Fig. 2) at both the 1000- and 925-hPa levels. 
From the computed mean upstream wind speed and 
direction at 0000 UTC, a strong trade-wind day is clas­
sified if the mean wind speed is higher than 7 m s-1 with 
a wind direction between 60° and 90°. The eight stron­
gest trade-wind days (16, 17, and 29 July; 7, 16, 24, 25, 
and 28 August) are identified from these criteria, with 
a mean wind speed and wind direction of 7.9 m s-1 and 
79°, respectively (Table 1). The eight weakest trade-
wind days (18, 19, 22, and 30 July; 15, 20, 29, and 30 
August) are also identified from the weakest mean 
wind speed, with a wind direction between 60° and 90°. 
The mean wind speed and direction of the eight weak 
trade-wind days are 5.2 m s-1 and 80°, respectively. 
Twelve hours earlier at 0000 UTC [0200 Hawaiian stan­
dard time (HST)], the strong and weak trade-wind days 
have mean wind speeds of 8 and 5.7 m s-1, respectively. 
For the strong trade-wind days, the composite subtropi­
cal high is to the north of the Hawaiian island chain 
(Fig. 2a). For the weak trade-wind days, a midlatitude 
cold front is present to the north of the Hawaiian island 
chain, with a weaker subtropical high (Fig. 2b). From 
the daily 0000 UTC Hilo sounding on the windward 
side of the island of Hawaii, the inversion height varied 
from 1900 to 2400 m for the eight strong trade-wind 
days with a mean of 2100 m, and from 1600 to 2050 m 
for the eight weak trade-wind days with a mean height 
of 1850 m. 

Five days (20 July; 4, 8, 18, and 19 August) with a 
wind direction at low levels between 110° and 130° are 
classified as southeasterly trade-wind days. The mean 
wind direction and wind speed for these five days are 
121° and 7.1 m s-1, respectively (Table 1). For the five 
days with a southeasterly flow, the subtropical high is 
split into two highs by the approach of a midlatitude 
cold front from northwest of the Hawaiian island chain. 
The high to the northeast of the Hawaiian island chain 
has a larger surface pressure maximum than the high to 

FIG. 11. The mean potential vorticity (PVU; 1 PVU = 10-6 

K m2 s-1 kg-1) at 500 m MSL, CI = 0.5 PVU, for (a) the eight 
strong and (b) the eight weak trade-wind days. (c) The differences 
between (a) and (b), CI = 0.1 PVU. 

the northwest of the island chain (Fig. 2c). The com­
posite geopotential heights at the 500-hPa level for the 
five days with a southeasterly flow (not shown) exhibit 
a deeper trough along 152°W than for the weak trade-
wind days. 

For the strong and the weak trade-wind days (Fig. 3), 
the top of the northeasterly flow upstream of the island 
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FIG. 12. The mean potential temperature, CI � 0.5 K, for (a) the eight strong and (b) the 
eight weak trade-wind days at 500 m MSL. 

of Hawaii is at the 350–400-hPa level. Below the 400­
hPa level, the mean wind speed for the strong trade-
wind days is 3 m s�1 greater than for the weak trade-
wind days. The top of the southeasterly flow regime is 
at the 450-hPa level. At low levels, the wind speed of 
the southeasterly flow regime is 1 m s�1 less than the 
strong trade-wind days and 2 m s�1 greater than the 
weak trade-wind days. At high levels, the westerly 
winds are the strongest for the southeasterly flow re­
gime. For the low-level temperature profiles (not 
shown), the air temperature is slightly higher (�0.2 K) 
for the southeasterly flow than for strong and weak 
trade-wind days. The air temperatures below the 850­
hPa level for the strong and weak trades are almost the 
same with N � 0.01 s�1. For h � 3 km, Fr is �0.27 and 
0.17 for the strong and weak trade-wind cases, respec­
tively. 

3. Effects of trade-wind strength 

In this section, the differences of the mean lee-
side circulations, the mean thermal fields, and total 
rainfall accumulation between the eight strong and 
the eight weak trade-wind days during summer 2004 
were studied using the hourly model data for these 
days. 

a. Mean state 

1) WAKE CIRCULATIONS 

The southeasterly (northeasterly) winds along the 
northeastern (southeastern) coast, easterly winds 
around the southern and northern tips of the island, 
and winds through the Waimea and the Humu’ula 
Saddle are 1.5–2.5 m s�1 stronger when trades are 

FIG. 13. The mean surface winds for (a), (b) the eight strong trade-wind days at (a) 1400 and 
(b) 0500 HST and (c), (d) the eight weak trade-wind days at (c) 1400 and (d) 0500 HST. 
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FIG. 14. Height–distance cross sections along the westerly reversed flow of the large wake 
(the solid line in Fig. 4a) for the eight strong trade-wind days. (a), (c) The mean zonal wind 
speed, CI = 0.5 m s-1, at (a) 1400 and (c) 0500 HST; (b), (d) the mean vertical velocity, 
CI = 5 cm  s-1, at (b) 1400 HST, and (d) 0500 HST; and (e), (f) vectors of wind deviations from 
the daily mean at (e) 1400 and (f) 0500 HST. Vector scales are shown in Fig. 15f. 

stronger (Fig. 4). Flow separation occurs on the wind­
ward lower slopes, with a westerly return flow in the 
large wake zone for both the strong and weak trade-
wind days, as a result of the inability of the flow to 
move over high mountaintops with tops well above the 
trade-wind inversion (Schär and Smith 1993; Chen and 
Feng 2001). For a stronger incoming trade-wind flow, 
the flow splitting on the windward side is more signif­
icant (Chen and Nash 1994), with a stronger (3 versus 2 
m s-1) and deeper (200–300 m) westerly reversed flow 
off the leeside Kona coast (Figs. 4 and 5). The deeper 
westerly reversed flow for the stronger trade-wind days 
may be related to the fact that the trade-wind inversion 
is higher for the strong trade-wind days than the weak 
trade-wind days (2100 versus 1850 m). The nondimen­
sional westerly reversed wind speed (u/U) is about the 
same (0.4) for both cases. 

The maximum easterly winds at the northern and 
southern ends of the north–south cross section (Fig. 4c) 
are 2–4 m s-1 greater for the strong trade-wind days 
than for the weak trade-wind days (Figs. 6a,b). The 
maximum differences are greater than the differences 
of the upstream trade-wind speeds between the strong 
and weak trade-wind cases. The leeside counterrotating 
vortices are more significant when trades are stronger 
(Fig. 4). At low levels, the equivalent potential tem­
perature (Figs. 6c,d) within the westerly reversed flow 
along the axis of counterrotating vortices is higher than 
at the northern and southern ends of the north–south 
cross section. The westerly reversed flow is a weak con­
vergence zone with a weak rising motion (1–2 cm  s-1; 
not shown) that is slightly stronger with slightly higher 
equivalent potential temperatures when trades are 
stronger (Figs. 6c,d). 
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FIG. 15. As in Fig. 14, but for the eight weak trade-wind days. 

2) WINDS OVER THE NORTHWESTERN AND
 

SOUTHWESTERN LEESIDE AREAS
 

For the Kohala Mountains over northern Hawaii 
with summits (1700 m) below the trade-wind inversion, 
the trade-wind flow aloft can move over the mountain 
tops. The simulated mean airflow upstream has wind 
speeds (U ) of 11 and 8 m s�1 for the strong and weak 
trade-wind days, respectively. With N � 0.01 s�1, Fr is  
0.7 and 0.48 for the strong and the weak trade-wind 
flows, respectively. For both the strong and weak trade-
wind cases, the flow regime for northern Hawaii is char­
acterized by lee vortices with a reversed flow between 
them (Figs. 4 and 7). For the strong trade-wind days, 
the reversed flow in the small wake is weaker than for 
the strong trade-wind days (0.5 versus 2.5 m s�1 or u/U 
� 0.05 versus 0.3; Figs. 7a,b) in agreement with Smo­
larkiewicz and Rotunno (1989). This is in contrast to 
the return flow of the large wake off the central Kona 

leeside coast, where the return flow is stronger when 
trades are stronger. Significant downslope winds occur 
on the leeside slopes of the Kohala Mountains (Fig. 7). 
As the trade-wind flow moves over the mountains, the 
incoming flow continue to accelerate with decreasing 
depth of the warm, moist trade-wind layer (Fig. 8) until 
the flow becomes supercritical over the lee slopes fol­
lowed by a jump (because the flow must return to sub-
critical downstream; Schär and Smith 1993). For the 
strong trade-wind days, the horizontal wind speed de­
creases from 13 m s�1 (u/U � 1.2) over the mountain­
top and the leeside upper slopes to 2 m s�1 (u/U � 0.2) 
within a distance of 15 km downstream (Fig. 7a), 
whereas for the weak trade-wind days it decreases from 
10 (u/U � 1.3) to 2 m s�1 (u/U � 0.3; Fig. 7b). The 
maximum sinking motion associated with the down­
slope winds are 1.5 and 1.2 m s�1 for the strong and the 
weak trade-wind days (Figs. 7c,d), respectively. The 
abrupt decrease in horizontal wind speed is accompa­
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nied by rising motion. The maximum rising motion is 
0.4 m s�1 for both the strong and the weak trade-wind 
days (Figs. 7c,d). The leeside downslope flow is 3–4 
m s�1 stronger for the strong trade-wind days than for 
the weak trade-wind days (Figs. 7a,b). 

For the cross section over northwest Hawaii (Fig. 8), 
the isentropic surfaces (Figs. 8a,b) above the mountain 
tops descend to lower levels immediately downstream 
of the Kohala Mountains, accompanied by a sharp drop 
in the relative humidity (Figs. 8c,d). The descent of the 
isentropic surfaces and the drop in the relative humidity 
for the strong trade-wind days are more significant than 
for the weak trade-wind days. Immediately down­
stream, the isentropic surfaces tilt upward and are ac­
companied by an increase in the relative humidity. 

Over the southwest leeside slope (Figs. 9 and 10), a 
hydraulic jump is also simulated where the southern 
branch of the splitting airflow moves along the south­
western coast over the southern end of the ridge axis of 
Mauna Loa. The variations of the horizontal wind 
speed and the vertical motions associated with the hy­
draulic jump there are weaker than over the leeside 
slopes of the Kohala Mountains. When trades are 
stronger, the hydraulic jumps over the northwestern 
and southwestern leeside areas are more significant. 

Positive PV mainly occurs on most of the northwest­
ern leeside area with a maximum on the leeside slopes 
of the Kohala Mountains. Near the positive PV maxi­
mum is a negative PV maximum on the leeside slope 
close to the Waimea Saddle (Fig. 11). To the south of 
the negative PV is another positive PV maximum, with 
positive PVs emanating downstream from there. Larger 
negative PVs are simulated on the southwestern leeside 
areas. The negative PVs in the southwestern leeside 
areas are produced by contact discontinuities (Schär 
and Smith 1993). The PV anomaly patterns on the 
northwestern leeside are produced by a combination of 
hydraulic jump on the leeside slopes of the Kohala 
Mountains and contact discontinuities between the flow 
around the island and the larger wake. The hydraulic 
jump on the leeside slopes is accompanied by down­
stream advection of positive (negative) PVs over the 
northern (southern) leeside areas (Schär and Smith 
1993). 

For the strong trade-wind days, the negative PV in 
the southwestern leeside area and the positive PV in 
the northwestern leeside area are larger than those for 
the weak trade-wind days (Fig. 11c) as a result of sig­
nificant wind shear in these regions for the strong trade-
wind days (Fig. 4c). With larger PV production for the 
strong trade-wind days, the large wake circulation is 
more pronounced with stronger westerly return flow 
(Fig. 4). 

FIG. 16. (a) Differences of the mean integrated cloud water 
content (10�3 mm) and (b) differences of the mean surface air 
temperature between the eight strong and the eight weak trade-
wind flow days at 1400 HST. 

3) HORIZONTAL DISTRIBUTION OF THERMAL
 

FIELDS
 

For both the strong and weak trade-wind days in 
summer 2004 (Fig. 12), maximum temperatures are 
simulated on the southwestern and northwestern lee 
sides, as well as on the lee side of the Kilauea volcanoes 
in the southeastern area of the island, consistent with 
observational studies (Chen and Wang 1994; Smith and 
Grubišić 1993; YC03). For the strong trade-wind days 
(Fig. 12a), the temperature maximum on the northwest­
ern and southwestern leeside areas of the island are 
0.5–1 K higher than for the weak trade-wind days (Fig. 
12b). It is apparent that a stronger trade-wind flow re­
sults in a stronger descending trade-wind flow aloft with 
more significant adiabatic warming over these areas. 
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FIG. 17. Height–distance cross sections along the trade-wind flow over the northwestern 
area of the island of Hawaii (Fig. 4b) for the eight strong trade-wind days. (a), (c) The mean 
wind speed, CI = 1 m s-1, at (a) 1400 and (c) 0500 HST and (b), (d) the mean vertical velocity, 
CI = 20 cm s-1, at (b) 1400 and (d) 0500 HST. 

These features are consistent with the results from the 
analyses of portable automatic mesonet data during 
HaRP (YC03). 

b. Daytime and nighttime regimes 

In this section, we investigate how the variations of 
the wake circulations—hydraulic jumps over the north­
west and southwest leeside slopes under strong and 
weak trade-wind flows—are modified by the daytime 
heating and nighttime cooling at the land surface. We 
use data at 1400 and 0500 HST to represent the daytime 
and nighttime regimes, respectively. 

1) LEESIDE CIRCULATIONS 

During the daytime, over the ocean off the Kona 
coast, the westerly reversed flow in the large wake zone 
is enhanced by merging with the sea breezes along the 
coast (Fig. 13a). The wind speed difference of the west­
erly reversed flow offshore between the strong and the 
weak trade-wind days is only 0.5 m s-1 in the afternoon 
(Figs. 13a,c), 0.5 m s-1 smaller than the mean state dif­
ference (1 m s-1; Fig. 4). 

Over the Kona slopes, anabatic winds develop at low 
levels with the combined return branch of the anabatic 

flow and trade-wind flow aloft in the afternoon hours 
(Figs. 14a and 15a). For the strong trade-wind days, the 
descending trade-wind flow moving from the Humu’ula 
Saddle between Mauna Loa and Mauna Kea and high 
mountain ridges aloft has a stronger (5–10 cm s-1) sink­
ing motion than for the weak trade-wind days (Fig. 15e) 
with less cloud cover (Fig. 16a). In addition to trade-
wind strength, the trade-wind inversion height could 
affect the leeside circulations and weather. Observa­
tions and simulations (Chen and Nash 1994; Yang and 
Chen 2008; and others) show strong winds channeling 
through the gap between Mauna Loa and Mauna Kea. 
Furthermore, unlike the strong trade-wind days, for 
most of the weak trade-wind days, the trade-wind in­
version (-1850 m) is below the model terrain of the 
Humu’ula Saddle (-2000 m), preventing the trade-
wind flow from penetrating the inversion and moving 
through the saddle to descend in the lee. Therefore, 
land surface heating is more significant with higher sur­
face air temperatures (Fig. 16b) when trades are stron­
ger. The upslope flow is stronger (0.5 m s-1), with a 
larger vertical shear between the upslope flow above 
the surface and easterly winds aloft, for the strong 
trade-wind days than for the weak trade-wind days; the 
onshore flow and the compensating sinking motion 
over the ocean off the Kona coast are also stronger 
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FIG. 18. Height–distance cross sections along the trade-wind flow in the northwestern area 
of the island (Fig. 4b) for the eight weak trade-wind days. (a), (c) The mean wind speed, 
CI � 1 m s�1, at (a) 1400 and (c) 0500 HST; (b), (d) the mean vertical velocity, CI � 20 cm s�1, 
at (b) 1400 and (d) 0500 HST; and (e), (f) vectors of wind differences between the eight strong 
and the eight weak trade-wind days at (e) 1400 and (f) 0500 HST. Vector scales are shown at 
the bottom of (f). 

(Fig. 15e). The thermally direct circulation cell in the 
afternoon is more significant for the strong trade-wind 
days than for the weak trade-wind days (Fig. 15e). 

At night, the westerly reversed flow offshore con­
verges with the offshore/land-breeze flow over the 
Kona coastal region with katabatic flow on the Kona 
slopes (Figs. 13b,c) (Yang and Chen 2008). The west­
erly reversed flow at night is stronger (3.5 versus 2 
m s�1) for the stronger trade-wind days than for the 
weak trade-wind days (Figs. 14c and 15c), resulting in 
stronger rising motions (5–10 cm s�1) with higher rain­
fall there (as will be shown in section 3c). For the strong 
trade-wind days, the downslope/offshore flow over the 
Kona coastal region is stronger (0.5–1 m  s�1) than the 

weak trade-wind days (Fig. 15f), perhaps a result of the 
feedback of the latent heat release of greater rainfall 
amount at night in this area. 

2) WINDS OVER THE NORTHWESTERN AND
 

SOUTHWESTERN AREAS
 

During the daytime, both the strong and weak trade-
wind days are characterized by a westerly flow in the 
wake (Figs. 17a and 18a). Furthermore, the westerly 
flow in the wake merges with sea breezes along the 
leeside coast. The convergence between the descending 
trade-wind flow and the anabatic flow enhances the 
rising motions associated with the hydraulic jump aloft 
(Figs. 17b and 18b). As a result, the maximum rising 
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motions over the leeside lower slopes of the Kohala 
Mountains in the afternoon are stronger (10–40 cm s�1) 
than the daily mean (Figs. 7c,d). Furthermore, the ris­
ing motion is greater when trades are stronger (Fig. 
18e). 

At night, land surface cooling results in positive sur­
face pressure perturbation (not shown) and the devel­
opment of katabatic flow on the leeside slopes of the 
Kohala Mountains. The descending trade-wind flow 
aloft on the leeside upper slopes of the Kohala Moun­
tains is enhanced by the katabatic flow (Figs. 17c,d and 
18c,d), resulting in stronger downslope flow with larger 
(2–3 m s�1) wind speed maximum and stronger sinking 
motions (20–30 cm s�1) over the leeside slopes than the 
daily mean. For the strong trade-wind days, the com­
bined downslope/katabatic flow prevails in the lee at 
night without a westerly reversed flow offshore. 

Figures 18e and 18f show the differences of winds 
between the strong and weak trade-wind days in the 
afternoon and at night, respectively. For both the day­
time and nighttime flow regimes (Figs. 18e,f), the oro­
graphic lifting on the upper windward slopes, the de­
scending downslope winds past the mountaintops, and 
the rising motion associated with the jump are more 
significant when trades are stronger. However, the dif­
ferences in westerly onshore flow in the afternoon 
along the leeside coast are relatively small between the 
strong and weak trade-wind cases (Figs. 17a and 18a,e) 
suggesting that the land surface heating over the semi­
arid lava rocks plays an important role in the develop­
ment of the westerly flow under the opposing descend­
ing trade-wind flow (Zhang et al. 2005b). At night, with 
land surface cooling, the combined downslope/ 
katabatic winds are 2–4 m  s�1 stronger and extend far­
ther down to the leeside coast when trades are stronger 
(Figs. 17c and 18c,f), resulting in a change from a flow 
regime with a weak reversed flow for the weak trade-
wind days to a flow regime without a reversed flow for 
the strong trade-wind days. 

c. Rainfall 

For both the strong and the weak trade-wind days in 
summer 2004, rainfall accumulation on the windward 
side is greater than on the lee side (Fig. 19). On the 
windward lowlands, more rainfall occurs for the strong 
trade-wind days with the maximum rainfall axis farther 
inland than for the weak trade-wind days, which is con­
sistent with observations (Esteban and Chen 2008). 
Over the central Kona coastal region on the lee side of 
the island, rainfall is greater (50 mm) for the strong 
trade-wind days than for the weak trade-wind days 
(Figs. 19a,b) in agreement with YC03. 

In the central Kona coastal region and lower slopes, 

FIG. 19. The rainfall accumulation, CI � 20 mm, for (a) the 
strong and (b) the weak trade-wind days. 

more rainfall occurs in the evening (Fig. 20) than in any 
other 4-h period due to the convergence between the 
westerly reversed flow offshore and the katabatic flow 
(Yang and Chen 2008). The maximum rising motion in 
the evening for the strong trade-wind days is �35 
cm s�1 (Fig. 21a), about 15–20 cm s�1 stronger than for 
the weak trade-wind days (Fig. 21b). Furthermore, the 
mixing ratio at low levels is 0.5 g kg�1 larger for the 
strong trade-wind days than for the weak trade-wind 
days (Figs. 21c,d). As a result, more rainfall occurs in 
this area when trades are stronger in agreement with 
YC03. The 4-h rainfall maximum (30–40 mm) for the 
strong trade-wind days shifts from the central Kona 
coast and lower slopes in the evening to the ocean near 
the coast around midnight (Figs. 20b,c). 

Over northwest Hawaii, with descending downslope 
winds on the lee side with adiabatic warming and drying 
(Fig. 8), rainfall events are infrequent (Chen and Nash 
1994). Rainfall in this area mainly occurs in afternoon 
hours under weak trade-wind conditions due to the 
convergence between the anabatic winds and descend­
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FIG. 20. The 4-h rainfall accumulation (mm) for the eight strong trade-wind days: (a) 
1400–1800, (b) 1800–2200, and (c) 2200–0200 HST; and for the eight weak trade-wind days: (d) 
1400–1800, (e) 1800–2200, and (f) 2200–0200 HST. 

ing downslope winds (Schroeder 1981; YC03). When 
trades are stronger, with a stronger descending trade-
wind flow from the upper slopes, the convergence be­
tween the anabatic winds and the descending flow 
yields a stronger vertical motion (Fig. 18e). However, 
under strong trades, the observed rainfall amount is less 
(YC03), with less simulated cloud water on the lee side 
(Fig. 16a) because of warmer (Fig. 12) and drier con­
ditions in the lee as compared with weak trade condi­
tions (Fig. 8). 

4. Southeasterly trade-wind flow regime 

Under a southeasterly trade-wind flow regime, there 
are differences in the location and strength of the lee 
vortices, depth of the reversed flow, thermodynamic 
fields, and rainfall production as compared with the 

easterly trade-wind flow regime. In this section, these 
differences will be presented. 

a. Horizontal distribution of thermal fields 

On the southwestern lee side of the island, the maxi­
mum temperature for the southeasterly trade-wind 
days (Fig. 22a) is about the same as for the strong trade-
wind days, and 0.5 K higher than for the weak trade-
wind days (Fig. 12). The descending flow aloft in the 
southwestern leeside area for the southeasterly flow is 
more significant, with stronger adiabatic warming than 
for a weak and normal trade-wind flow. 

Similar to the trade-wind flow, the PV maxima occur 
on the northwestern and southwestern leeside areas of 
the island of Hawaii (Fig. 22b). On the northwestern lee 
side, the positive PV maximum under a southeast­
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FIG. 21. Height–distance cross sections along the westerly revised flow of the large wake 
(the solid line in Fig. 4a). (a), (b) The mean vertical velocity at 2100 HST, CI � 5 cm s�1, for 
(a) the eight strong, and (b) the eight weak trade-wind days and (c), (d) the mean mixing ratio, 
CI � 0.5 g kg�1, for (c) the eight strong, and (d) the eight weak trade-wind days. 

erly flow regime is 0.2–0.5 PVU smaller with a less 
pronounced cyclonic vortex than the trade-wind flow. 
On the southwestern lee side, for the five days with a 
southeasterly flow the negative PV maximum is 0.2 
PVU larger, with a more pronounced anticyclonic vor­
tex than for the trade-wind flow (Fig. 4). 

b. Leeside circulations 

Under a southeasterly flow regime, the wake zone 
(Fig. 23a) shifts northward as compared with the trade-
wind flow (Fig. 4). The mean axis of the westerly re­
versed flow in the large wake is over the ocean off the 
northern Kona coast (19.6°N). Under the southeasterly 
flow regime, the southern anticyclonic lee vortex is 
more pronounced than under trade-wind conditions. 

For the east–west cross section in the Kona area (Fig. 
4a), the depth of the westerly reversed flow is 1.3 km 
(Fig. 23b), about 300 m lower than the trade-wind days. 
The trade-wind inversion heights determined from the 
Hilo soundings for the five southeasterly flow days are 
about 1.5 km, 300–400 m lower than that of the trade-
wind flow. The trade-wind inversion acts as a lid to 
force the trade-wind flow to move around the island 
(Leopold 1949). With a lower trade-wind inversion, the 
wake circulation for the five southeasterly flow days is 
shallower than for the trade-wind days. The mean west­

erly reversed flow offshore under the southeasterly air­
flow is 0.5 m s�1 weaker (stronger) than for the strong 
(weak) trade-wind days (Fig. 5), most likely because of 
the difference in the strength of the incoming airflow 
between the trade-wind flow and the southeasterly flow 
(Table 1). Note the low-level southeasterly flows are 1 
m s�1 weaker than the strong trade-wind flows and 2 
m s�1 stronger than the weak trade-wind flows (Fig. 3). 

With a wider mountain ridge facing the southeasterly 
flow than the east-northeasterly flow, the north–south 
extent of the wake zone with respect to the distance 
between the centers of the two lee vortices is larger for 
the southeasterly flow, consistent with idealized nu­
merical studies (Smolarkiewicz and Rotunno 1989; and 
others). 

In summary, under the southeasterly flow regime, the 
anticyclonic lee vortex is more pronounced than under 
the trade-wind flow with a larger negative PV maxi­
mum. The westerly reversed flow in the wake is shal­
lower and shifts northward. The descending airflow 
aloft over the southwestern leeside slope for is more 
significant than for the trade-wind flow. 

c. Rainfall 

On the windward and leeside slopes of island of Ha­
waii, the maximum rainfall accumulation for the five 
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FIG. 22. (a) The mean potential temperature, CI = 0.5 K, and 
(b) the mean potential vorticity, CI = 0.5 PVU, at 500 m MSL for 
the five southeasterly trade-wind days. 

days with a southeasterly airflow is around 10 mm (2 
mm day-1) (Fig. 23c). The maximum rainfall rate on 
the windward side of the island is much lower than that 
of the strong (18 mm day-1) and the weak (8 mm 
day-1) trade-wind days (Figs. 19a,b). As described 
above, the trade-wind inversion heights of the five days 
with a southeasterly flow are 300–400 m lower than that 
of the trade-wind flow. Lower trade-wind inversion 
height yields less rainfall on the windward side of the 
island of Hawaii (Chen and Feng 1995). Similar to the 
normal trade-wind cases, a maximum rainfall of 10 mm 
(2 mm day-1) occurs over the ocean off the northern 
Kona coast in the evening and around midnight be­
cause of the convergence of the westerly reversed flow 
offshore and the katabatic/offshore flow at night (not 
shown). On the Kona slopes, rainfall occurs mainly in 
the afternoon hours because of the orographic lifting of 
the upslope flow. 

5. Summary 

The trade-wind flow upstream of the island of Hawaii 
has temporal variations in strength and direction, as a 

result, noticeable variations of the leeside circulations 
and weather are frequently observed. On the other 
hand, the land surface forcing during the diurnal cycle 
can affect the leeside circulations and weather. In this 
study, we investigate the effects of the trade-wind 
strength and directions, and modification of these ef­
fects by the land surface thermal forcing with MM5– 
LSM simulations classified for eight strong (7.9 m s-1) 
and eight weak (5.2 m s-1) trade-wind days and for five 
days with southeasterly trades (7.1 m s-1) during sum­
mer 2004. 

The large wake circulation off the Kona western lee-
side coast lies in the flow regime with counterrotating 
lee vortices, a westerly return flow along the wake axis, 
and splitting airflow on the windward side as the in­
coming trades encounter two massive volcanic moun­
tains (Mauna Kea and Mauna Loa) with heights >4000 
m, well above the typical height of trade-wind inversion 
(2000 m). The small wake on the lee side of the Kohala 
Mountains (1700 m) with mountaintops below the 
trade-wind inversion lies in the flow regime; thus, the 
trade-wind aloft can move over the mountains with 
westerly return flow in the wake with a hydraulic jump 
over the leeside slope. The response of wake circula­
tions to variations in trade-wind strength and the diur­
nal heating cycle differs between the large wake and the 
small wake. 

For the small wake, downslope winds are stronger 
with warmer and drier conditions on the leeside for the 
eight strong trade-wind days than for the eight weak 
trade-wind days. The westerly reversed flow in the 
small wake offshore is weaker (0.5 versus 2.5 m s-1) for 
the eight strong trade-wind days as compared with the 
eight weak trade-wind days. In contrast, the westerly 
reversed flow along the large wake axis and the coun­
terrotating vortices in the large wake are more signifi­
cant with a stronger (1–1.5 m s-1) and deeper (200–300 
m) reversed flow with higher moisture content when 
trades are stronger. The deeper westerly reversed flow 
for the stronger trade-wind days may be related to the 
fact that the trade-wind inversion is higher for the 
strong trade-wind days than the weak trade-wind days 
(2100 versus 1850 m). The nondimensional westerly re­
versed wind speed (u/U) is about the same (0.4) for 
both cases. 

Over the Kona slopes, less orographic cloudiness 
with more significant land surface heating occurs during 
the day under stronger trade-wind flow because of de­
scending trade-wind flow aloft through the Humu’ula 
Saddle between Mauna Loa and Mauna Kea. Further­
more, for most of the weak trade days, the trade-wind 
inversion height (1850 m) is below the model terrain of 
the Humu’ula Saddle (>2000 m), preventing the trade­
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wind flow from penetrating the inversion and descend­
ing in the lee of the saddle. As a result, the daytime 
thermally direct circulation cell over the Kona coastal 
region and slope is more significant when trades are 
stronger. For the strong trade-wind days, the conver­
gence between the westerly reversed flow offshore 
along the wake axis and the offshore/katabatic flow in 
the Kona coast region in the evening is more significant 
with stronger (35 versus 20 cm s�1) rising motion and 
higher moisture content within the westerly reversed 
flow than for the weak trade-wind days. As a result, 
more evening rainfall occurs in this region when trades 
are stronger. 

For both the strong and weak trade-wind days, the 
daytime flow regime over the Kohala Mountains over 
northern Hawaii is characterized by a reversed flow (4 
m s�1) off the leeside coast merging with sea breeze 
circulation over the coastal areas and lower leeside 
slopes. When trades are stronger, with a stronger de­
scending trade-wind flow from the upper slopes, the 
convergence between the anabatic winds and the de­
scending flow is greater, with a stronger vertical motion 
on the leeside slopes. However, there is less simulated 
cloud water under strong trades because of warmer and 
drier conditions due to a more significant adiabatic de­
scent in the lee. At night, the flow regime for weak 
trade-wind days is characterized by a weak reversed 
flow (1 m s�1) in the wake with descending airflow on 
the leeside slopes. The combined downslope/katabatic 
flow prevails on the lee side without a reversed flow 
offshore when trades are stronger. 

Under the southeasterly trade-wind flow regime, the 

FIG. 23. (a) The mean surface winds, (b) 
height–distance cross sections of the mean 
zonal wind speed, CI � 0.5 m s�1, along 
westerly reversed flow. The thick straight 
solid line shows the position for cross sec­
tion, (c) Rainfall accumulation (mm), CI � 
10 mm, for five southeasterly trade-wind 
days. 

wake circulations of the large wake shift northward 
compared with the trade-wind flow. The distance be­
tween the two lee vortex centers under a southeasterly 
flow is wider than under a trade-wind flow. The west­
erly reversed flow in the wake is shallower, perhaps due 
to a lower (300 m) trade-wind inversion for a south­
easterly flow than for a trade-wind flow. On the south­
western leeside area, the descending airflow aloft is 
more significant for a southeasterly flow with higher 
temperatures and a larger negative PV maximum than 
for an easterly trade-wind flow. For a southeasterly 
trade-wind flow, the anticyclonic vortex off the south­
western leeside coast is more pronounced than for a 
trade-wind flow. 
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