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ABSTRACT

The near-surface winds and thermal profiles on the windward side of the island of Hawaii are studied using
the dataset from the Hawaiian Rainband Project (HaRP), with special attention to the early morning and late
afternoon transition periods that separate the daytime upslope and nighttime downslope flow regimes. The effects
of rain showers on the development of daytime upslope and nighttime downslope flow are also discussed.

Before sunrise (~0600 HST), the temperature profiles are usually characterized by a nocturnal inversion
about 50-150 m above the ground, with a strength of 1—-4 K. The stable downslope flow layer usually extends
above the nocturnal inversion with a nocturnal jet beneath the inversion. For rain cases, the nocturnal inversion
and the nocturnal jet are weaker with a deeper stable downslope flow than clear cases because of rain evaporation
aloft, reduced infrared radiation heat loss at the lowest levels, and vertical mixing associated with precipitation.
After sunrise the nocturnal inversion weakens and eventually disappears as a result of surface heating. Three
types of upslope flow onset are observed: 1) the upslope flow appears simultaneously within the downslope flow
layer after this layer becomes well mixed and warmer than the environment; 2) slope flow develops near the
surface because of surface heating, progressing upward; and 3) upslope flow onset occurs above the nocturnal
inversion, progressing downward because of turbulence mixing after sunrise.

In the early afternoon, a superadiabatic layer is observed in the lowest levels and disappears before sunset
(~1900 HST). Normally, the surface temperature of the slope surface becomes colder than the environment
about 1-2 h before sunset with the nocturnal inversion forming near the surface. About 30—45 min later, the
downslope flow starts at the surface and progresses upward. It strengthens gradually during the night. Several
cases during HaRP show a much earlier downslope flow onset and a deep downslope flow layer on the windward
lowland because of precipitation. The early downslope flow onset on the lower slopes is caused by the surface
virtual temperature on the lower slopes becoming colder than the environment at an earlier time because of the
evaporative cooling of falling raindrops. The development of a deep downslope layer is caused by the evaporative
cooling aloft. Occasionally, the downdraft outflow from continuous afternoon rain showers on the upper slopes
can also contribute to the early downslope flow onset on the lower slopes. This type of downslope flow is
localized in nature.

1. Introduction breeze, mountain—valley breeze, and the trade winds

(e.g., Eber 1957; Lavoie 1967; Mendonca 1969; Gar-
rett 1980; Schroeder 1981; and others). With very lim-
ited data, those studies attribute the surface thermal
forcing as the primary cause for the daytime upslope
and nighttime downslope winds on the windward
slopes and the observed rainfall occurrence. They sug-
gest that at night, the katabatic winds driven by the

Between 11 July and 24 August 1990, the Hawaiian
Rainband Project (HaRP) was conducted on the island
of Hawaii to study the mesoscale airflow over the island
and the evolution of the rainbands offshore. The island
of Hawaii, dominated by two large volcanoes (Mauna
Kea and Mauna Loa), both above 4100 m high, is un-

der persistent northeasterly trade winds, especially dur-
ing the summer months. As early as 1949, Leopold
documented that the interaction between the island and
the trade winds plays an important role in local micro-
climates in Hawaii. Since then, most observational
studies of the island-induced wind and rainfall regimes
have focused on the combined effects of the land—sea
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radiatively cooled air over the island encounter the in-
coming trade winds offshore, and cloud bands are fre-
quently formed within the resulting convergence zone
upstream. Once formed, they drift inland, resulting in
the maximum nocturnal rainfall along the windward
coastal region.

On the basis of their modeling studies and observa-
tions, Smolarkiewicz et al. (1988), Rasmussen et al.
(1989), and Rasmussen and Smolarkiewicz (1993)
present a different interpretation for the rainband for-
mation offshore. They emphasize the interaction be-
tween the trade wind flow and the island topography.
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Froude number Fr = U/Nh is used to characterize the
island-scale airflow, where U is the far upstream wind
speed, N is the Briint—Visild frequency, and h is the
height of the obstacle. They initialize their model based
on a strong trade wind case with easterly winds of 10
m s~'. In this situation, Fr ~ 0.2, they suggest that a
low-level convergence zone exists along the separation
line between the surface return flow and the incoming
trade winds. This zone results in a band cloud. In brief,
they attribute the surface offshore flow mainly to the
flow reversal caused by the dynamic blocking. The
nocturnal cooling only slightly modifies the strength
and location of the dynamically driven flow.

Using the HaRP dataset, especially the Portable Au-
tomated Mesonet (PAM ) data from 50 surface stations,
Chen and Nash (1994) and Chen and Wang (1994)
documented the diurnal variation of surface airflow,
rainfall frequency, and the thermodynamic fields over
the entire island. Most areas over the island show day-
time upslope and nighttime downslope wind compo-
nents separated by morning and evening transitions.
Chen and Wang (1994) found that the wind shift dur-
ing the transition periods is related to the thermal con-
trast between the island surface and the adjacent air at
the same elevation. On the windward side, the onset of
the downslope flow starts on the lowland just before
sunset. This is the region where the virtual temperature
first drops below the environmental value. The turning
of upslope to downslope flow progresses toward the
coast as the virtual temperature along the coast gradu-
ally becomes lower than the environment. During the
transition, the daytime divergence over the Hilo region
due to flow splitting turns to nighttime convergence as
a result of interaction between the katabatic flow and
the opposing trade winds (Chen and Nash 1994). The
rainfall frequencies over the windward lowland in-
crease. As a result, the region of maximum rainfall fre-
quency also moves seaward. The delay in the onset of
downslope flow at the windward coast is also related
to the fact that it takes time for the katabatic—land-
breeze winds to develop under the opposing trade-wind
flow. With continued nocturnal cooling throughout the
night, the katabatic winds strengthen and gradually
clear the orographic clouds on the slopes. The katabatic
winds reach a maximum intensity before sunrise when
the surface temperature is the lowest. During the early
morning hours, offshore rainbands frequently form up-
stream where the trade winds decelerate. Once formed,
they drift onshore. In the morning transition, the onset
of the upslope flow starts on the windward upper slopes
because of the direct solar heating of bare lava soils
under the clear sky. The turning from downslope to
upslope flow progresses downward and is consistent
with the timing of the occurrence of higher virtual tem-
perature on the slope surface than the upstream air after
sunrise (Chen and Wang 1994).

In addition to the diurnal heating cycle, the variations
of surface thermodynamic fields are also related to
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orography, airflow, and distributions of orographic
clouds and rain showers (Chen and Wang 1994 ). Chen
and Wang (1995) performed a composite of 10 rain
and 10 dry mornings and afternoons during HaRP to
study the effects of precipitation and clouds on surface
thermodynamic fields and airflow. They found that
clouds and rainfall can modify the surface thermal
fields and result in changes in the intensity of the di-
urnal circulations and the timing of the windshift from
downslope (upslope) to upslope (downslope) flow at
the surface in the early moming (late afternoon). Be-
fore sunrise, the rain cases record a weaker surface
downslope flow and higher surface temperature than
the dry cases because of weaker nighttime radiative
cooling from the surface and vertical mixing because
of rain showers. After sunrise, the rain cases have a
slow surface temperature increase because of the re-
duction of insolation by clouds and evaporative cooling
of falling raindrops. For rain cases, the onset of upslope
flow on the windward lowlands and coastal regions is
late because of the slow surface temperature increase.
During the evening hours, rain showers and orographic
clouds also affect the timing of the turning from up-
slope to downslope flow at the surface on the windward
side. For the rain cases, the surface virtual temperature
on the coastal regions drops below the environmental
value at an earlier time because of rainfall, whereas on
the upper slopes, the extensive orographic clouds re-
duce the infrared radiation heat loss and cause a slower
temperature decrease than the dry cases. As a result,
the downslope flow onset for the rain cases is earlier
on the windward lowland and coastal-regions, but later
on the upper slopes than the dry cases. Carbone et al.
(1995) also suggest that evaporation cooling of rainfall
plays an important role for the flow reversal on the
windward side.

In the present study we use tethersonde soundings,
PAM data, Hilo soundings, and upstream aircraft
soundings collected during HaRP to investigate the
characteristics of near-surface winds and thermal pro-
files on the windward side of the island of Hawaii, es-
pecially during the transition periods. The evolution of
thermodynamic structure and the wind shift at the low-
est levels will be examined based on case studies. Fur-
thermore, the effects of rain showers on the near-sur-
face thermal fields, the depth and strength of the down-
slope flow, and the timing of the wind shift during the
morning and evening transitions will be studied. Sec-
tion 2 describes the data we used. Section 3 and 4 pre-
sent, respectively, the general characteristics of the
near-surface winds and thermal profiles before the
morning and evening transitions. Several relatively dry
cases are discussed in sections 5 and 6 to document the
evolution of the low-level airflow during the morning
and evening transitions. In section 7 we investigate the
effects of rain showers. A summary is given in the last
section. '
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FiG. 1. Part of the windward side of the island of Hawaii with
s lected PAM (Portable Automatic Mesonet) sites (solid circle with
station number) and tethersonde stations (*): U (University of Hawaii
Agriculture Experiment Station); K (Kaumana Elementary School).
Contours are for every 1000-m elevation.

2. Data analysis

During HaRP, tethersonde observations of low-level
winds and thermal profiles were made at the University
of Hawaii Agriculture Experiment Station (19.647°N,
155.084°W, elevation 186 m) for 14 mornings and 6
afternoons from 14 July to 2 August, and Kaumana
Elementary School (19.684°N, 155.137°W, elevation
335 m) for 12 mornings and 9 afternoons from 3 to 23
August (Fig. 1). Pressure, temperature, wet-bulb tem-
perature, and winds were measured at a vertical reso-
lution of about 5—10 m (10-s intervals).

Table 1 shows the tethersonde characteristics re-
ported by the manufacturer AIR ( Atmospheric Instru-
mentation Research, Inc.). Because of wetting and fre-
quent malfunction of the temperature and wet-bulb
temperature sensors in rainy periods, about one-third
(25-30 July) of the temperature data and three-fourths
(14-24 and 27 July) of the wet-bulb temperature data
taken at the University of Hawaii Agriculture Experi-
ment Station, and one-third (16—21 August) of wet-
bulb temperature data taken at Kaumana Elementary
School are erroneous based on the comparison with the
nearby PAM measurements. Most of the reliable data
were collected during periods without rainfall. Among
10 rain afternoon cases classified by Chen and Wang
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(1995) during HaRP, only 16 August has tethersonde
observations. For 16 August, no thermodynamic data
are available. A careful manual check is made to re-
move spikes in the data record. Finally, a five-point
running mean is applied to the tethersonde data to re-
move small-scale fluctuations.

The PAM data, especially those from the University
of Hawaii Agriculture Experiment Station (station 44)
and station 15 (19.688°N, 155.154°W, elevation 405
m), are also used. Additional sources of information
include Hilo soundings, satellite images from GOES-
West (Geostationary Operational Fnvironmental Sat-
ellite) and NOAA-11, and upstream aircraft soundings
by the National Center of Atmospheric Research
(NCAR) Electra.

3. Characteristics of early morning soundings near
sunrise

During HaRP a tethersonde sounding is routinely
made near sunrise (~0600 HST) for every observa-
tional morning to document the characteristics of the
surface layer before the morning transition (Tables 2
and 3).

a. At the University of Hawaii Agriculture
Experiment Station

The temperature profile near sunrise is characterized
by a nocturnal inversion at approximately 5—7 hPa (or
50-70 m) above the ground. Since the thermal profiles
are similar (Fig. 2a), we composite the temperature
and potential temperature profiles for the morning cases
near sunrise (Fig. 2b). Because no height data are
available in tethersonde observations, we use the pres-
sure difference relative to the surface as the vertical
coordinate. The average strength of the temperature in-
version is about 2.2 K. Above the inversion layer the
potential temperature increases slightly with height.

The wind profiles before sunrise for each day are
shown in Fig. 2c. In general, a stable downslope flow
layer with a westerly wind component extends above
the nocturnal inversion. This layer is usually negatively
buoyant with respect to the upstream sounding. The
vertical profile of winds is consistent with standard
gravity current circulation over a tall canopy of dense
tropical vegetation where frictional influences domi-
nate in the lowest few tens of meters and the buoyancy-

TaAsLE 1. The tethersonde characteristics.

Measurement Sensors Accuracy Resolution
Wind direction Electronically controlled magnetic compass *5° 1°
Wind speed A patented three-cup anemometer and a +0.25ms™! 0.1ms™!
light-chopper tachometer
Dry- and wet-bulb temperature Two carefully matched thermistors +0.5°C 0.01°C
Pressure Patented electronic aneroid pressure sensor *1 hPa 0.1 hPa
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TaBLE 2. Characteristics of early morning soundings at the University of Hawaii Agriculture Experiment Station during HaRP 1990.

Surface Inversion top Nocturnal jet
Time -P T P T AT Level Speed Dir.
Date (HST) (hPa) ) (hPa) C) O (hPa) (ms™") ©
14 Jul 0634 991 184 986 224 4.0 988 54 220
16 Jul 0609 989 18.4 984 21.2 2.8 985 53 290
18 Jul 0544 991 19.7 986 21.9 22 981 38 300
19 Jul 0550 985 19.9 980 20.9 1.0 981 4.8 260
20 Jul 0614 979 19.5 Pressure is incorrect
23 Jul 0608 989 17.2 984 21.0 3.8 988 39 240
24 Jul 0608 990 18.6 984 204 1.8 - 987 43 280
25 Jul 0634 988 No good thermal data 985 3.9 280
28 Jul 0630 990 No good thermal data 974 5.6 280
30 Jul 0600 987 No good thermal data 982 58 220
2 Aug 0500 991 20.8* 983 ©219 1.1 984 43 280
3 Aug 0614 987 19.2 981 22.0 2.8 987 3.6 230

* This surface temperature is from PAM station 44 because the tethersonde sounding started at 985 hPa.

driven rotor circulation controls above (Simpson
1987). The combination of these produces a nocturnal
jet (3.6—6.0 ms™') just beneath the inversion. The
depth and strength of the nocturnal inversion and the
speed of the nocturnal jet vary from day to day ( Tables
2 and 3). As will be shown later, these variations are
related to rain shower activities. For rain cases, the sta-
ble downslope layer is usually deeper than dry cases
because of the evaporation cooling aloft.

b. At Kaumana Elementary School

Except for the 8 and 15 August cases, most of the
temperature profiles taken at Kaumana Elementary

School near sunrise are similar to those observed at the

University of Hawaii Agriculture Experiment Station
(Table 3). For both the 8 and 15 August cases, the early
morning soundings are modified by rainfall, with a
weak nocturnal inversion and a weak nocturnal jet. We
will take one (8 August) of these two similar cases for

a detailed case study in section 6 and exclude it from
our composite analysis of the thermal profiles shown
in Fig. 3a. The nocturnal inversion is generally deeper
(~120 m) and stronger ( ~2.8 K, with a stronger noc-
turnal jet (4.5-10.0 m s~') at Kaumana Elementary

‘School (Fig. 3b) than at the University of Hawaii Ag-

riculture Experiment Station. The differences in the
depth and strength of the nocturnal inversion and the
speed of the nocturnal jet between these two locations
are not related to different surface properties between
these two stations. Both stations are located in rain for-
ests with similar vegetation. The difference in elevation
between these stations also cannot account for the ob-
served differences. Within the valley, the nocturnal in-
version is rather shallow on the upper slopes and in-
creases toward the coast. At the Mauna Loa Observa-
tory, the nocturnal inversion has a depth of about 55 m
(Mendonca 1969) compared to 200 m at the Hilo coast
(Garrett 1980). The elevation of Kaumana Elementary
School (335 m) is higher than that of the University of

TaBLE 3. Same as Table 2 but for soundings taken at Kaumana Elementary School.

Surface Inversion top Nocturnal jet

Time P T P T AT Level Speed Dir
Date (HST) (hPa) 4} (hPa) C) C) (hPa) (ms™") ©)
6 Aug 0558 977 17.1 963 21.4 43 970 93 290

8 Aug 0506 973 20.1 969 20.2 0.1 No jet due to the rain
10 Aug 0603 978 18.6 966 21.0 2.4 972 6.9 280
14 Aug 0556 980 19.7 967 22.4 2.7 976 6.7 280

15 Aug 0610 977 18.7 970 18.8 0.1 No jet due to the rain
16 Aug 0627 978 No good thermal data 974 45 280
17 Aug 0602 977 18.0 966 21.2 32 974 5.6 290
18 Aug 0601 976 16.0 969 18.8 2.8 974 6.3 280
20 Aug 0558 975 15.6 965 19.6 . 4.0 972 15 270
21 Aug 0601 975 16.5 962 17.6 1.1 968 8.2 280
22 Aug 0552 977 17.3 964 20.8 3.5 971 74 280
23 Aug 0558 974 964 20.3 0.7 968 83 270
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inversion characteristics between these two stations
may be related to the local topography. The University
of Hawaii Agriculture Experiment Station is located on
the eastern slope of Mauna Loa, whereas Kaumana El-
ementary School is located within the valley between
the Mauna Loa and the Mauna Kea. At night, the cold
surface air on both sides of the valley appears to con-
verge toward the valley, resulting in a deeper and
stronger nocturnal inversion at Kaumana Elementary
School. Similar to the tethersonde soundings at the Uni-
versity of Hawaii Agriculture Experiment Station, the
stable downslope flow layer is usually deeper than the
nocturnal inversion.

4. Characteristics of late afternoon soundings before
sunset

In general, the island slopes are covered by oro-
graphic clouds with frequent showers in the afternoon

(0.51)(0.00)(0.28)(1.78)(0.28)(1.78)(0.25)(0.00)(0.76)(0.00)(1.02)

FiG. 2. (a) Temperature (°C) profiles; (b) averaged temperature (°C)
(left) and potential temperature (K) profiles (right); (c) horizontal
winds (m s™') taken at the University of Hawaii Agriculture Exper-
iment Station at about 0600 HST during HaRP. Winds (m s~") with
one pennant, full barb, and half barb representing 5, 1, and 0.5 ms™',
respectively. In (c) the number in parenthesis below the date is the
rainfall (mm) between 0300 and 0700 HST at PAM station 44.

Hawaii Agriculture Experiment Station (186 m). Nev-
ertheless, the nocturnal inversion is deeper at Kaumana
Elementary School. The differences in the nocturnal
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FiG. 3. (a) Averaged temperature (°C) (left) and potential temper-
ature (K) profiles (right); (b) horizontal winds (m s™') at Kaumana
Elementary School at about 0600 HST during HaRP. Wind plotting
convention same as in Fig. 2c. In (b) the number in parenthesis below
the date is the rainfall (mm) between 0300 and 0700 HST at PAM
station 10. (Station 15 frequently records erroneous rainfall data.)
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hours. All tethersonde observations for the evening
transition have sounding(s) between 1700 and 1800
HST, which is about 1-2 h before the mean evening
transition (Chen and Nash 1994). At the University of
Hawaii Agriculture Experiment Station, only two out
of six observational days have reliable thermal data (21
July and 2 August). With limited afternoon observa-
tions, our composite analysis of the tethersonde sound-
ings before the evening transition is made only at Kau-
mana Elementary School.

As will be shown later, the tethersonde soundings in
the early afternoon usually show a superadiabatic sur-
face layer. At Kaumana Elementary School, at about
1800 HST, a subadiabatic layer is observed in the com-
posite temperature and potential temperature profiles
(Fig. 4a), indicating that surface cooling has already
occurred before 1800 HST. For most cases, except 21
July, and ! and 16 August, the low-level winds exhibit
upslope flow at this time (Figs. 4b and 4c¢) that is the
combination of sea breeze and trade winds. For those
three exceptional afternoon cases that exhibit a much
earlier onset of downslope flow, we found that the ef-
fects of rain showers are important. Detailed case stud-
ies for the 1 and 16 August cases will be given in sec-
tion 7.

5. Morning transition

In general, during the morning transition, along with
the rapid change of thermal fields over the island after
sunrise, the winds shift from a nighttime downslope
flow to a daytime upslope flow. Nevertheless, the wind

shift at different levels may start at different times. The .

windshift at the surface is primarily related to the ther-
mal contrasts between the slope surface and the envi-
ronment (Chen and Wang 1994 ). The wind shift above
the surface may be caused by 1) the development of
slope flow because of sensible heat fluxes from the sur-
face and 2) the turbulence-scale mixing.

a. Simultaneous onset of upslope flow within the
whole downslope layer

This type of wind turning, accounting for approxi-
mately 36% of the morning cases during HaRP, reflects
a combination of downward momentum transport be-
cause of vertical mixing and the development of slope
flow at the lowest layer after sunrise. An example of
this type of transition occurred on 20 August. GOES-
West and NOAA-11 satellite images showed a clear sky
over the island on the morning of 20 August. At Kau-
mana Elementary School, a nocturnal inversion with a
strength of 4.0 K is found approximately 11 hPa above
the ground at 0600 HST (Fig. 5a). The downslope flow
is strong, with a nocturnal jet of 7.5 m s~' beneath the
nocturnal inversion (Fig. 5b). The depth of downslope
flow is about 15 hPa. In contrast to the upstream winds
observed by NCAR Electra (about 150 km east to Hilo)
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FiG. 4. (a) Averaged temperature (°C) (left) and potential temper-
ature (K) profiles (right); (b) horizontal winds (m s~') at Kaumana
Elementary School at about 1800 HST during HaRP; (c) horizontal
winds (m s™') taken at the University of Hawaii Agriculture Exper-
iment Station between 1700 and 1800 HST during HaRP. Wind plot-
ting convention same as in Fig. 2c. In (b) and (c), the number in
parenthesis below the date is the rainfall (mm) between 1500 and
1900 HST at PAM stations 10 and 44, respectively.
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FiG. 5. For the early morning of 20 August 1990: (a) temperature
(°C) (left) and potential temperature (K) profiles (right) starting at
0600 HST (solid line), 0700 HST (dashed line), 0730 HST (dotted
line), and 0800 HST (dash—dot line); (b) time series of winds taken
at Kaumana Elementary School and the upstream winds taken by
NCAR Electra; (¢) time series of the surface winds and the differ-
ences of surface virtual temperature (K) from the upstream aircraft
sounding at the stations within the valley between Mauna Kea and
Mauna Loa, Hilo (station 9, elevation 5 m), UH Hilo (station 13,
elevation 32 m), Kaumana (station 15, elevation 405 m), and Lower
Saddle Road (station 16, elevation 1128 m). Wind plotting conven-
tion same as in Fig. 2c.
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at about 0530 HST, the easterly wind component above
the downslope flow is weak because of flow decelera-
tion as the incoming trade winds encounter high pres-
sure on the windward side (Smolarkiewicz et al. 1988).
After sunrise (~0600 HST), buoyant thermals carry
heat upward, resulting in an increase in temperature in
the lowest levels and weakening of the nocturnal in-
version. The nocturnal jet also weakens, with a speed
of 5.6 m s~ at 0700 HST and 3.3 m s ™' at 0720 HST.
The virtual temperature difference between the lower
slopes and the environmental atmosphere is zero at
about 0730 HST (Fig. 5c). The surface winds also start
a clockwise shift in direction at about the same time.
At 0800 HST, both the nocturnal inversion and the noc-
turnal jet disappear as the lowest levels become well
mixed with a neutral stability. The onset of upslope
flow occurs after 0800 HST, approximately simulta-
neously within the downslope flow layer.

b. Upslope flow onset from the lowest levels

Tethersonde observations during HaRP also show
cases with the onset of upslope flow from the lowest
levels (Chen et al. 1991). This situation accounts for
another 36% of the early morning cases observed by
tethersondes. These cases are often accompanied by
significant rainfall before the morning transition with a
deep (30—40 hPa) downslope flow and a weak noc-
turnal jet. After sunrise, the solar heating causes the
surface temperature to increase and initiates vertical
mixing. Because of a deep downslope flow, it usually
takes time for the surface layer to become well mixed.
The turning from downslope to upslope flow starts at
the lowest levels after the slope surface become warmer
than the environment and progresses upward. To dis-
cuss this situation in detail, we will present two case
studies (24 July and 23 August) in section 7 combined
with the investigation of the effects of rain showers.

c. Upslope flow onset above the nocturnal inversion

For the remaining cases (28% ), the onset of upslope
flow occurs above the nocturnal inversion. The 14 July
case is typical for this type of morning transition; it is
a relatively dry morning on the windward side. From
0300 to 0500 HST, only PAM stations 10, 11, and 44
recorded 0.25, 0.75, and 0.50 mm of rain, respectively,
and no rain thereafter. At the University of Hawaii Ag-
riculture Experiment Station, a nocturnal inversion
with a strength of 4.0 K is observed at 6 hPa above the
ground at 0630 HST (Fig. 6a). The downslope flow is
found in the lowest 11 hPa with a nocturnal jet of 5.4
m s~ beneath the inversion (Fig. 6b). About 50 min
later, the surface temperature increases about 3 K and
the nocturnal inversion weakens to a strength of 0.8 K.
Meanwhile, the winds above the nocturnal inversion
turn from a downslope component to an easterly wind
component, while the downslope component remains
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FIG. 6. For the early morning of 14 July 1990: (a) temperature (°C)
(left) and potential temperature (K) profiles starting at 0630 HST
(solid line), 0720 HST (dashed line), and 0800 HST (dotted line); (b)
time series of winds taken at the University of Hawaii Agriculture
Experiment Station and the surface winds recorded at PAM station
44. Wind plotting convention same as in Fig. 2c.

in the lowest 2—3 hPa. With the solar heating after
sunrise, turbulence-scale vertical mixing may be initi-
ated with weakening thermal stability. By 0800 HST,
a well-mixed layer forms and the nocturnal inversion
disappears. The low-level winds become entirely up-
slope. Because the upstream aircraft sounding is not
available on 14 July, we cannot estimate the thermal
contrasts between the lower slope surface and the up-
stream environment. :

In summary, the onset of upslope flow may start 1)
simultaneously within the downslope flow layer after
this layer becomes well mixed and warmer than the
environment, 2) at the lowest levels and progress up-
ward because of the development of slope flow, or 3)
above the nocturnal inversion as the result of turbu-
lence-scale mixing after sunrise. For relatively dry con-
ditions, the largest temperature increase occurs at the
surface because of solar heating. Hence, we conclude
that the thermal forcing is the primary factor controlling
the morning transition.
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6. Evening transition

In the evening transition, the surface winds shift
from a daytime upslope flow to a nighttime downslope
flow as the windward slope surface becomes cooler
than the environment at the same level (Chen and
Wang 1995). From the afternoon/evening tethersonde
observations during HaRP, we note that the turning
from upslope to downslope flow always begins at the
surface. At the University of Hawaii Agriculture Ex-
periment Station, soundings collected during two af-
ternoon tethersonde observational days with reliable
thermodynamic data (21 July and 2 August) are all
affected by rain showers. At Kaumana Elementary
School, among nine afternoon tethersonde observa-
tional days with reliable thermodynamic data, five days
(7, 14, 17, 18, and 21 August) are under relatively dry
conditions with similar evolution in the near-surface
winds and thermodynamic profiles. Among these days,
four (7, 14, 18, and 21 August) are classified as dry
afternoons by Chen and Wang (1995). The sum of the
daily afternoon (13001700 HST) rainfall accumula-
tion of 10 PAM stations on the windward side (stations
4, 8,9, 10, 11, 13, 16, 22, 23, and 44, Fig. 1) is less
than 1 mm for these four days. For the 17 August case,
only three PAM stations (stations 4, 8, and 9) reported
0.25 mm of rainfall, and station 11 received 1.25 mm
during 1300-1900 HST. The rest of the stations on the
windward side did not record any rainfall during the
same period. In this study, we present a detailed anal-
ysis of the tethersonde data for the 17 August case rep-
resenting the evolution of near-surface thermodynamic
fields and wind under relatively dry conditions.

At Kaumana Elementary School, the sky is fre-
quently covered by orographic clouds during the after-
noon hours. The 17 August case is a typical cloudy
afternoon, with the tethersonde observations starting at
1750 HST. A well-mixed layer at 1750 HST is shown
in Fig. 7a. For stations on the windward slopes west of
Hilo (stations 13, 44, 15, and 16) both the temperature
and the specific humidity increase in the morning hours
(not shown). The temperatures reach their maximum
values at about 1200—1400 HST and decrease gradu-
ally in the afternoon hours. The decrease in the surface
temperatures is about 2—3 K from the early afternoon
maxima to 1800 HST. During the same period, stations
13, 15, and 16 did not show any increase in the mois-
ture content. Only station 15 shows a 0.5 gkg™' in-
crease in the specific humidity, suggesting that the ad-
dition of moisture to the air caused by rain evaporation
may be insignificant. For this case, it appears that the
radiative cooling at the surface is the dominant cooling
mechanism. The emission of infrared radiation cools
the lower slope surface to below the ambient air tem-
perature at about 1800 HST (Fig. 7c) and results in the
downslope flow onset at the surface at about 1845 HST
(Fig. 7b). The cooling occurs primarily below the 960-
hPa level with the largest cooling at the surface (Fig.
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FiG. 7. For the evening of 17 August 1990: (a) temperature (°C)
(Ieft) and potential temperature (K) profiles (right) starting at 1755
HST (solid line), 1855 HST (dashed line), 1950 HST (dotted line),
and 2050 HST (dash-dot line); (b) time series of winds taken at
Kaumana Elementary School; (c) same as Fig. 5c but for the evening
of 17 August. Wind plotting convention same as in Fig. 2c.

7a) because of longwave radiational heat loss. A noc-
turnal inversion forms approximately at the 962-hPa
level near sunset (~1900 HST), with a strength of
0.3 K. Both the downslope flow and the nocturnal in-
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version strengthen gradually. At 2100 HST, the down-
slope flow has a depth of approximately 10 hPa with a
nocturnal jet of 4.0 m s™', while the nocturnal inver-
sion strengthens to 1.2 K.

To demonstrate that for these relatively dry cases the
cooling in the lowest levels in the afternoon hours is
dominated by the radiative processes rather than rain
evaporation, we composite the surface specific humid-
ity, temperature, and moist static energy for these five
cases (Fig. 8). The moist static energy is a conserved
quantity during the evaporative processes. If the cool-
ing is primarily caused by rain evaporation, the increase
in the latent heat (Lq) because of the addition of mois-
ture to the air would be approximately balanced by the
decrease in the sensible heat (C,T'). In the morning
hours, the moisture content (Fig. 8a), temperature
(Fig. 8b), and moist static energy (Fig. 8c) increase
related to the diurnal heating cycle. Part of the increase
in the moisture content is also related to the develop-
ment of the upslope flow that brings the moisture from
low elevations to the slope surface (Chen and Wang
1995). In the afternoon hours, the surface temperature,
moisture’ content, and moist static energy decrease
gradually. The addition of moisture to the air because
of evaporative cooling of rainfall is evident only during
the early evening hours and only for stations near the
coast (stations 9, 13, and-44). Moreover, the increase
of specific humidity at those stations is only about 0.5
g kg ™', which is not enough for the 2—3 K temperature
decrease during the same period. For these relatively
dry cases, the decrease in the moisture content in the
afternoon hours accompanying the decrease in temper-
ature and moist static energy attests that the afternoon
cooling for these cases is dominated by radiative pro-
cesses.

In summary, from the afternoon/evening tether-
sonde data during HaRP, for a typical cloudy afternoon,
the temperature and potential temperature profiles show
a superadiabatic layer in the lowest levels in the early
afternoon. This superadiabatic layer disappears in the
late afternoon. A nocturnal inversion appears in the
lowest levels near sunset as a result of emission of in-
frared radiation with a largest temperature decrease at
the surface. The turning of winds from a daytime up-
slope flow to a nighttime downslope flow starts at the
surface after the surface temperature becomes lower
than the ambient air. Both the nocturnal inversion and
the nighttime downslope flow strengthen gradually
with continuous cooling.

7. Effects of rain showers

a. Morning transition

A close relationship between the early morning rain-
fall and the strength of the nocturnal inversion is found
from HaRP tethersonde observations. The strong noc-
turnal inversion is associated with relatively dry morn-
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ings, whereas a weak nocturnal inversion is accompa-
nied by rain cases (Fig. 9). The 2 August case is an
exception, having a weak inversion (~1 K) without
any early morning rainfall. Satellite images from
NOAA-11 at 0314 HST and NOAA-10 at 0817 HST 2
August (not shown) show that the windward side is
covered by trade-wind clouds. It is apparent that for
this case the nocturnal inversion is weakened by a re-
duction of outgoing infrared radiation due to cloud
cover. The weak nocturnal inversion for the rain morn-
ings may be related to 1) the reduced longwave radi-
ation heat loss from the surface due to cloud cover, 2)
- the vertical mixing through the nocturnal inversion be-
cause of rainfall, and 3) the air aloft cooled by rain
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Fic. 8. Composited time series of (a) specific humidity
(g kg™"), (b) temperature (°C), and (c) moist static energy
(kJ kg™") for the five dry afternoon cases at the stations within
the valley between Mauna Kea and Mauna Loa.

evaporation (Chen and Wang 1995). For some rain
mormngs (e.g., 8 and 15 August), the nocturnal inver-
sion is almost absent.

Among the rain cases with available data, we se-
lect the 24 July case at the University of Hawaii
Agriculture Experiment Station and the 23 August
case at Kaumana Elementary School for detailed
analyses. The 22 August case has a brief rainfall
period during the transient period. This case will
also be analyzed to study the effects of rain showers.
Moreover, the night of 7—8 August, during which
most stations on the windward side recorded abun-
dant nighttime (2300-0700 HST) rainfall, will also
be discussed. '
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FiG. 9. The relationship between the strength of nocturnal inversion
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ing transition. (a) The University of Hawaii Agriculture Experiment
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1) Casg oF 24 JuLy

All 10 PAM stations on the windward side record
appreciable rainfall from the evening of 23 July to the
early morming of 24 July (Fig. 10). At the University
of Hawaii Agriculture Experiment Station, the noctur-
nal inversion at 0610 HST is weak (~1.8 K), com-
pared to the relatively dry morning case of 14 July
(~4.0 K) (Fig. 11a). For a rain night, in addition to
radiative cooling at the lowest levels, the air aloft is
also cooled by rain evaporation (Chen and Wang 1995,
their Fig. 7) and is negatively buoyant with respect to
the upstream air. As a result, the stable layer near the
surface extends well above the nocturnal inversion with
a downslope wind component (Fig. 11a). The down-
slope flow reaches the 960-hPa level (Fig. 11b). Its
depth (~30 hPa) is more than twice that of 14 July
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(~14 hPa). The winds above the downslope flow layer
show a northerly component because of island blocking
(Smolarkiewicz et al. 1988; Rasmussen et al. 1989).
The trade winds at about 150 km upstream of Hilo are
easterly with a speed of 10 m s~' (Fig. 11b).

After sunrise, the largest temperature increase is at
the surface (Fig. 11a). Compared with the 14 July case,
there are two important differences: 1) the temperature
increase at the surface is slower, about 3.5 K from 0610
to 0800 HST on 24 July, compared to 4.8 K from 0630
to 0800 HST on 14 July; and 2) a larger temperature
increase occurs above the nocturnal inversion (~983
hPa). For rain cases, the surface heating is reduced
because of cloud cover, evaporative cooling of rainfall,
and a wet surface. With a deep downslope flow (~30
hPa), heat fluxes from the surface are distributed ver-
tically to a deeper layer for rain cases than dry cases.
The air cooled by rain evaporation aloft is heated from
below by turbulent heat fluxes from the surface. As a
result, it takes time for the surface layer to become well
mixed. Note that the increase in temperature occurs in
a much deeper layer than the dry mornings of 20 Au-
gust and 14 July.

When the surface temperature becomes warmer than
the environment at 0730 HST, the surface winds start
a clockwise turning at the same time (Fig. 11c). In
contrast to both the 20 August and 14 July cases, the
turning from the downslope to upslope flow on 24 July
starts from the lowest levels at about 0830 HST (Fig.
11b) and progresses upward. It is apparent that the on-
set of upslope flow at the surface is related to the de-
velopment of slope flow because of surface heating.

2) CASE OF 23 AUGUST

During the night of 23 August (Fig. 12), 3—6 mm
of rainfall is recorded on the windward side and most
of it occurred on the lowland and lower slopes just
before sunrise. As a result, at Kaumana Elementary

19.9
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FiG. 10. The rainfall accumulation (mm) for the windward stations
between 2300 HST 23 July and 0700 HST 24 July 1990.
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FiG. 11. For the early moming of 24 July 1990: (a) temperature
(°C) (left) and potential temperature (K) profiles (right) starting at
0540 HST (solid line), 0650 HST (dashed line), 0800 HST (dotted
line), and 0915 HST (dash—dot line); (b) time series of winds taken
at the University of Hawaii Agriculture Experiment Station, the sur-
face winds recorded at PAM station 44, and the upstream winds taken
by the NCAR Electra; (c) same as Fig. 5c but for the morning of 24
July. Wind plotting convention same as in Fig. 2c.

MONTHLY WEATHER REVIEW

VOLUME 123

School, the strength of the nocturnal inversion before
sunrise is only 0.7 K (Fig. 13a), much weaker than the
inversion ( ~4.0 K) of the clear 20 August case. Similar
to the 24 July case, the stable layer is deep (~40 hPa)
and extends well above the nocturnal inversion with a
downslope flow (Fig. 13b). The layer from the surface
to 957-hPa level has almost the same rate of tempera-
ture increase during 0600-0700 HST. From 0700 to
0800 HST, the surface temperature increases consid-
erably and results in the disappearance of the nocturnal
inversion at about 0900 HST (Fig. 13b). The lowest
levels become neutrally stratified. The upslope flow on-
set occurs at the lowest levels just before 0900 HST
and progresses upward. The upslope flow onset on 23
August is delayed because of rainfall, occurring about
1 h later than on the clear morning of 20 August (Fig.
5b). Because the upstream aircraft sounding is not
available for 23 August, we cannot estimate the thermal
contrasts between the island and the environment.

3) CASE OF 22 AUGUST

On 22 August, no rainfall is reported by windward
PAM stations from midnight to 0500 HST. During
0500-0600 HST, only two coastal stations, stations 8
and 9, receive 0.25 mm of rainfall each. Rainfall ex-
tends to most windward stations in the following hour
(Fig. 14) and stops after 0700 HST. To assess the ef-
fects of rain showers, we compare the conditions of the
lower boundary layer before and after rainfall occur-
rence.

Before rain showers, the characteristics of low-level
thermal fields and winds are very close to that for clear
cases. At 0550 HST, a strong nocturnal inversion is
found at about the 960-hPa level (Fig. 15a), with a
strength of 3.2 K. Because of the katabatic winds in the
lowest levels, the mixing ratio is higher at the top of
the downslope flow (13.6 g kg ') than at the surface
(11.2 g kg~'). The downslope flow is shallow, with a
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FiG. 12. Same as Fig. 10 but between 2300 HST 22 August and
0700 HST 23 August 1990.
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FiG. 13. For the early morning of 23 August 1990: (a) temperature
(°C) (left) and potential temperature (K) profiles (right) starting at
0600 HST (solid line), 0700 HST (dashed line), 0800 HST (dotted
line), and 0900 HST (dash—dot line); (b) time series of winds taken
at Kaumana Elementary School. Wind plotting convention same as
in Fig. 2c.

depth of only 14 hPa (Fig. 15b). A nocturnal jet of 7.4
m s~ is identified at the 970-hPa level.

After rainfall, there is a near 2 K temperature drop
at the levels above 970 hPa from 0550 to 0650 HST
(Fig. 15a). During the same period, the surface tem-
perature increases 0.7 K. PAM data show that there is
a 0.5 K increase in the surface temperature at station
15 from 0545 to 0615 HST, which is about 30 min
earlier than the average timing of temperature increase
caused by solar heating (Fig. 15b). The increase in the
surface temperature is accompanied by a slight increase
in specific humidity and moist static energy at the sur-
face (not shown). In the presence of evaporative cool-
ing and radiative cooling, the increase in the tempera-
ture and moist static energy at the surface attests to the
existence of the vertical mixing between the potential
warmer air above the nocturnal inversion and the colder
and drier air near the surface because of rainfall. From
0615 to 0700 HST, the temperature increase at the sur-
face is only 0.2 K because of the reduced insolation by

3493

clouds and the evaporative cooling of the falling rain-
drops. Both the nocturnal inversion (0.8 K) and the
nocturnal jet (4.5 ms~') weaken. The evaporative
cooling of the falling raindrops produces a stable down-
slope flow with a depth of more than 34 hPa (Fig. 15¢),
which is about three times deeper than before the rain
showers began.

After 0650 HST, the evolution of the lower boundary
layer is similar to that described earlier for rain cases.
The temperature increases in a much deeper layer, but
the rate of temperature increase at the surface, 2.3 K
from 0650 to 0750 HST, is smaller than that observed
on the dry morning of 20 August, 3.7 K from 0700 to
0800 HST. The surface virtual temperature becomes
warmer than the environment at approximately 0815
HST. For this case, no wind profiles are available dur-
ing the onset of the upslope flow. At the 968-hPa level,
the winds turn to upslope flow at 0915 HST. Based on
the PAM data from station 15, the turning from down-
slope to upslope flow at the surface is estimated at
about 0915 HST, which is much later than the clear 20
August case (~0800 HST). It appears that the upslope
flow onset starts simultaneously at the lowest levels.

4) CASE OF 7-8 AUGUST

Based on satellite imagery from GOES at 2000 HST
7 August (not shown), Hurricane Aka is located
around 10.8°N, 152.5°W, about 1000 km southeast of
the island of Hawaii. For most windward stations, the
heaviest nighttime (2300-0700 HST) rainfall during
HaRP is recorded during the night of 7-8 August
(Fig. 16).

The rainfall on the windward side starts at 2200 HST
7 August and ends at 0800 HST 8 August. Before rain
showers, it is a typical cloudy afternoon. At 1600 HST,
a superadiabatic layer is observed in the lowest 5 hPa
at Kaumana Elementary School (Fig. 17a). The tem-
perature decreases in the following 2 h with the largest
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FiG. 14. Same as Fig. 10 but between 0600 and
0700 HST 22 August 1990.
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