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ABSTRACT
During the 2006 wet period, as eastward-moving transient disturbances passed through a semipermanent
low pressure system west of Hawaii, southerly winds east of the low strengthened bringing in higher than
usual amounts of moisture from the deep tropics to Hawaii. All five heavy rainfall episodes during the wet
period occurred during a southerly wind regime. Favorable conditions for the development of the Kahala
Mall flood case on 31 March 2006 are examined. A high low-level ue axis across Hawaii indicated the existence of convective instability over Hawaii. A transient midlatitude trough extending southward merged
with the semipermanent subtropical trough. The tropopause folding associated with the deepening subtropical trough contributed to the spinup of the Kona low. The advection of high-PV air in the upper troposphere enhanced upward motion downstream over Hawaii. The Weather Research and Forecasting
Model (WRF) simulation shows that latent heat release contributed to an eastward shift of the moisture
tongue and enhanced moisture convergence at low levels. The horizontal distributions of instability indices,
especially the K index, from WRF modeling can provide useful forecast guidance for the development of
heavy rainfall. On 31 March, heavy rainfall occurred on the lee side of the Ko’olau Mountain Range with
maximum rainfall at the summit as a convective line followed by an intense storm moved inland along the
south shore and continued to advance northward through the range. As the convective cells moved across the
mountain range, radar echoes intensified with deeper echo tops and higher vertically integrated liquid water
content.

1. Introduction
The National Weather Service (NWS) Forecast Office
in Honolulu recorded an unusual wet period in Hawaii
from 19 February to 2 April 2006. Climatologically, there
are only about two or three flash flood events during this
time of the year (Nash et al. 2010). However, during the
2006 wet period, 111 flash flood warnings were issued. On
31 March 2006, a Kona low northwest of Hawaii brought
in heavy rainstorms over southeastern Oahu causing
Makiki Stream and Manoa Stream to overflow. Floods
occurred in several areas in the Manoa Valley and at the
Kahala Mall (Fig. 1) on the southeastern shore of Oahu
around 1100 Hawaiian standard time (HST, 2100 UTC).
The Kahala area on the lee side of the Ko’olau Mountains
is normally under easterly–northeasterly trades and does

Corresponding author address: Dr. Yi-Leng Chen, Dept. of
Meteorology, SOEST, University of Hawaii at Manoa, Honolulu,
HI 96822.
E-mail: yileng@hawaii.edu

not receive much rainfall. The flooding on the ground
floor of the Kahala Mall forced the mall to shut down for
several days for the first time (Nash et al. 2010). One of
the unique aspects of this case is that the heavy rainfall
occurred on the lee side of low-level easterly winds in
contrast to the windward heavy rainfall cases that are
associated with convective cells anchored by the mountains or caused by persistent orographic lifting of the moist
upslope-wind component (Schroeder 1977; Kodama and
Barnes 1997; Zhang et al. 2005). As will be shown later,
for this particular case, heavy rainfall occurred because
of the orographic enhancement of preexisting storms
that drifted inland.
In this study, favorable large-scale conditions for the
development of the Kahala Mall flood will be analyzed.
The effects of orography on the precipitation process
and rainfall distribution will also be examined. The highresolution numerical model is one of the important
forecasting tools at this time. We will examine the performance of the Weather Research and Forecasting
Model (WRF) and its strengths and limitations in regard
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FIG. 1. The horizontal distribution of accumulated rainfall from 1100 to 1300 HST 31 Mar
2006 (from 2100 to 2300 UTC 31 Mar) over Oahu, HI. The surface rain gauge observations
include those from NWS Hydronet (closed triangles) and other (NCDC, ASOS, RAWS,
USGS; open triangles) stations. Rainfall isopleths are plotted for 10, 20, 40, 60, and 80 mm.
Terrain height (m), from USGS, is shaded. Niu Valley (located at N) and Palolo FS (located at
P) are two rain gauge stations close to the Kahala Mall [located at the filled square (j)].

to this leeward-side heavy rainfall (cold rain) case using
model-derived accumulated rainfall and radar reflectivities. The model-derived horizontal distributions of
stability indices are also computed to provide useful
forecasting guidance for this case. Impacts of latent heat
release for the development of the Kahala Mall flood
will be analyzed through model sensitivity tests.
Chu et al. (1993) studied large-scale flow patterns during
January–February 1982 when the Hawaiian Islands experienced prolonged wet conditions. They found that
a negative Pacific–North American (PNA) teleconnection
pattern associated with a westward retraction of the Asian
jet was accompanied by an anomalous strong cyclonic
circulation over Hawaii. During a blocking pattern in the
central Pacific, the Asian jet splits into subtropical and
polar jets (Rex 1950). Rossby waves–transient disturbances propagate north and south of the blocking pattern (Marques and Rao 1999; Otkin and Martin 2004;
Zhu et al. 2007) along the jet streams (Hoskins and
Ambrizzi 1993). Jayawardena (2007) analyzed the climatological large-scale conditions for the development of the
unusually persistent Hawaiian wet period in 2006. From
her analysis, the negative PNA pattern was accompanied
by an atmospheric blocking pattern in the central Pacific
with a relatively weak Asian jet split into subtropical and
polar jets. In low latitudes, a weak semipermanent trough
in the subtropics, northwest of Hawaii, was accompanied

by a weaker than normal ITCZ in the equatorial central
Pacific with anomalous rising motion over the Hawaiian
Islands and an anomalous moist tongue rooted in the
tropics extending northward to the extratropics.

FIG. 2. The area used for area-averaged TPW (kg m22) and
850-hPa meridional wind (m s21) over HI (18.58–22.58N, 160.58–
154.58W). The box represents the area used for area-averaged WSR88D (from the Molokai site located at 3) derived rainfall over Oahu
(218–228N, 158.58–157.58W). The two routine rawinsonde stations are
located at Lihue, Kauai (PHLI, located at L) and Hilo on the Big
Island (PHTO, located at H). The dashed line is the NE–SW cross
section line along the storm propagation direction for Fig. 21.
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FIG. 3. The 3 domains employed in this study, with resolutions of
18, 6, and 2 km, respectively.

The Kona storm (subtropical cyclone) is one of the
four synoptic disturbances–transient disturbances that
frequently bring in heavy rainfall occurrences over the
Hawaiian Islands. The other three are upper-level
trough, midlatitude cold front, and tropical disturbance
(Blumenstock and Price 1967; Schroeder 1977; Kodama
and Barnes 1997). Kona storms are cold-core lows situated
aloft with dominant circulations at the 250-hPa level that
gradually diminish downward. Simpson (1952) used limited surface and rawinsonde sounding data to show that
the maximum winds and rainfall associated with Kona
storms occur in the eastern or southeastern quadrant. He
also found that the encircling southerly flow in the eastern
quadrant of a Kona storm brings moist tropical air toward
the cyclone center.
Morrison and Businger (2001) studied the evolution
of a Kona storm affecting the eastern end of the Hawaiian
Island chain from 24 to 28 February 1997. They suggested
that upper-level positive vorticity advection (PVA) associated with the Kona low contributed to the development of deep convective cells in the eastern quadrant of
the Kona low. Martin and Marsili (2002), Martin and
Otkin (2004), and Caruso and Businger (2006) showed
that upper-level baroclinic forcing associated with subtropical cyclones enhances the upward motion, convective activity, and surface cyclogenesis over the positive
potential vorticity advection region.
Water vapor is a crucial element for the development
of heavy rainfall events. For a cold front system in the
northeast Pacific, Ralph et al. (2004) and Bao et al.
(2006) found a high Special Sensor Microwave Imager
(SSM/I) vertically integrated water vapor (IWV) band
(.2 cm) rooted in the tropics; the high content of the
atmospheric moisture was transported from the tropics
to the west coast of North America within a narrow band.

VOLUME 26

FIG. 4. Time series of area-averaged TPW (kg m22) and 850-hPa
meridional wind (m s21) over HI throughout the wet period. The
NCEP FNL TPW is represented by the plus sign (1), the daily SSM/I
TPW by the thick solid line, and the NCEP–NCAR reanalysis daily
long-term mean TPW by the thin solid line. The NCEP FNL 850-hPa
meridional wind is represented by the thick dashed line. The histograms show the 12-h accumulated rainfall (mm) over Oahu (Fig. 2)
derived from the Molokai radar site during 19 Feb–2 Apr 2006. The
five gray horizontal bars near the panel top represent the five periods
with moist (when area-averaged TPW was .35 kg m22) southerly
winds prevailing over the Hawaiian Islands. The five periods are 1)
19–22 Feb, 2) 28 Feb–3 Mar, 3) 8–11 Mar, 4) 13–19 Mar, and 5)
21 Mar–2 Apr. (These five periods with moist southerly winds correspond to the five heavy rainfall episodes.)

For a quasi-stationary upper-level cutoff low (COL) over
the eastern Pacific to the west of southern California,
Knippertz and Martin (2007) showed low-level poleward
water vapor fluxes (WVFs) from the tropics to the
southwestern United States. The abundant moisture from
the tropics contributed to heavy rainfalls over southern
California, central Arizona, southern Nevada, and northwestern New Mexico (Knippertz and Martin 2007). Note
that, WVF is defined as qv where q is the specific humidify and v is the horizontal wind vector at a given
pressure level. Jiang et al. (2008a,b) used the water vapor budget for a volume of air to evaluate the rainfall in
tropical cyclones (TCs). They showed that horizontal
moisture convergence and ocean moisture flux are the
dominant sources for precipitation as expected from the
water budget equation. They found that the total precipitable water (TPW) is closely related to the sum of
the horizontal moisture convergence and ocean moisture
flux. They suggested that over the open ocean, where
conventional observations are sparse, retrieved TPW
from satellite observations can be used as one of the main
parameters for predicting TC rainfall. In section 3, we
investigate the relationship, if any, between the temporal
variations of high TPW extending from the tropics to the
extratropics and the heavy rainfall over the Hawaiian
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FIG. 5. Latitude–time cross sections of (a) SSM/I, (b) NCEP FNL TWP (contoured every
10 kg m22, shaded for values .30 kg m22), and (c) NCEP FNL 850-hPa meridional wind
(contoured every 5 m s21, shaded for values .0 m s21) along 1588W from 19 Feb to 2 Apr
2006. The thin light gray horizontal bands mark the Hawaiian region (18.58–22.58N). The five
black horizontal bars represent the five heavy rainfall episodes.

Islands during the 2006 wet period. In section 4, the
impacts of latent heat release on horizontal moisture
convergence and the development of heavy rainfall for
this particular case will be presented.
Stability indices, including the K index (KI; George
1960), the total totals index (TTI; Miller 1972), the lifted
index (LI; Galway 1956), and convective available potential energy (CAPE), are commonly used for estimating thunderstorm probability over the continental United
States. The K index reflects the moisture content at the
lower and middle troposphere in addition to the lapse
rate between the 850- and 500-hPa levels. When it is moist
at the 850- and 700-hPa levels, KI values are relatively
high. The TTI is the sum of two other indices: the vertical
totals index (temperature at 850 hPa minus temperature
at 500 hPa) and the cross totals index (dewpoint at
850 hPa minus temperature at 500 hPa). When the TTI
reaches 48, a few scattered moderate (or even a few
heavy–isolated severe) thunderstorms are likely to occur.
The LI is a measure of stability representing the buoyancy of a surface air parcel at the 500-hPa level. Negative
LI indicates the possibility for thunderstorm occurrences.
Kodama and Barnes (1997) used station soundings and
the surface temperature from buoy stations to calculate

the stability indices over the island of Hawaii (e.g., LI, KI,
and CAPE). They examined the correlation between
these stability indices and 24-h rainfall accumulation averaged from six stations over the southeastern flank of
Mauna Loa volcano (SE ML) from 1978 through 1992.
They showed that the LI and CAPE are less correlated
with rainfall than the KI. The KI serves as better guidance
in forecasting heavy rainfall since the midlevel moisture
is positively correlated with the development of SE ML
(windward side) heavy rainfall events.
However, there are only two rawinsonde sites with
twice-daily soundings over the state of Hawaii [PHLI at
Lihue, Kauai; and PHTO at Hilo (Big Island), Hawaii]
(Fig. 2). The atmospheric soundings are available about
9 h prior to heavy rainfall occurrence and there are no
sounding sites on Oahu and the surrounding ocean.
Although there was high KI and TTI and low CAPE
and negative LI from the Lihue sounding at 1200 UTC
31 March, the KI derived from this sounding cannot
provide precise locations where rainstorms may have
occurred. Since the WRF model can provide high temporal evolution patterns of stability indices with a fine
spatial resolution over the open ocean, we would like
to investigate if horizontal distributions of instability
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FIG. 6. As in Fig. 5, but for the anomalous NCEP–NCAR reanalysis along 157.58W.

indices derived from the model output are useful in
pinpointing the location for the development of heavy
rainfall in advance. The model-predicted radar reflectivities
and accumulated rainfall patterns will be compared with
observed patterns to evaluate the model performance.
We will assess the model-predicted horizontal distributions of stability indices and their relationship with the
simulated heavy rainfall occurrences associated with this
Kona low event, especially the K index [KI 5 (T850 2
T500) 1 Td850 2 (T700 1 Td700)].
The large-scale conditions favorable for the development of the Kahala Mall flood will be investigated in
section 4. Influences of the eastward-moving midlatitude
trough on the deepening of the anomalous low northwest of Hawaii during the Kahala Mall flood case will
also be studied. The low-level tropical moisture and the
upper-level baroclinic forcing associated with the largescale circulation patterns will be examined. The highresolution WRF model will be used as a reasonable tool
to study the impacts of latent heat (LH) release on flow
patterns, moisture fields, and atmospheric instability for
this Kona low case.
Local terrain affects rainfall patterns over the Hawaiian
Island chain. Orographic effects may focus rainfall in
certain areas. Previous studies of orographic effects on

heavy precipitation over Hawaii have focused on the
orographic lifting of the low-level warm, moist flow.
Schroeder (1977) studied a heavy rainfall event over
Oahu associated with an upper-level trough. He showed
that the low-level wind direction is important in determining horizontal distributions of rainfall patterns. With
the Ko’olau Mountains serving as an anchor for the
cumulonimbi, heavy rainfall persisted for 5 h for this
particular case. Kodama and Barnes (1997) found that
orographic lifting of the warm, moist upslope-wind component is important for the occurrence of heavy rainfall on
the SE ML on the island of Hawaii for the Kona storm
and cold front cases. Zhang et al. (2005) studied a wintertime heavy rainfall event over the island of Hawaii
during 1–2 November 2000. They used the coupled
Mesoscale Spectral Model with an advanced Land Surface Model (MSM-LSM) to study the effects of orographic lifting on rainfall amounts over the island of
Hawaii and found that the rainfall amount is significantly
less with a reduced mountain height. Chu et al. (2009)
showed that, climatologically, the horizontal distribution of rainfall over Oahu was affected by terrain for
heavy–very heavy rainfall events with maximum rainfall
at the top of the southeastern portion of the Ko’olau
Mountain Range.
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FIG. 7. As in Fig. 6, but for longitude–time cross section (a) 250-hPa meridional winds (contoured every 20 m s21,
shaded for values .20 m s21), (b) 250-hPa geopotential height (102 gpm, contoured every 0.5 102 gpm, shaded for
values ,0 gpm), (c) 850-hPa meridional winds (contoured every 5 m s21, shaded for values .0 m s21), and (d) TPW
(contoured every 5 kg m22, shaded for values .0 kg m22) along 208N. The thin light gray vertical bands mark the
Hawaiian region (160.58–154.58W).

Cram and Tatum (1979) studied heavy rainfall events
on the island of Hawaii during January–February 1979.
They reported a heavy rainfall event on 20 February
caused by widespread rainstorms over the island of
Hawaii. From the Hilo sounding data, the freezing level
was at 4084 m. Based on visual observations from the
Mauna Loa Observatory (3398 m), all cloud tops were
below the freezing level, which implies that the rainfall was
mainly from the warm rain process. In section 5 of this
paper, the Weather Surveillance Radar-1988 Doppler
(WSR-88D) data from the Molokai site (Fig. 2) will be
used to depict the horizontal distribution of echo tops
and orographic effects on the development of localized
heavy rainfall in Kahala. We would like to determine
whether orographic effects are important for focusing

rainfall over land, after the storms drift inland, for this
leeside heavy rainfall case.

2. Data and methodology
a. NCEP FNL global tropospheric analyses data
and NCEP–NCAR reanalysis data
The National Centers for Environmental Prediction
(NCEP) Final (FNL) global tropospheric analyses 18 3 18
gridded data are used to analyze the large-scale weather
conditions for the Kahala Mall flood case. The climatological mean and anomalous atmospheric conditions are
constructed from the 2.58 3 2.58NCEP–NCAR reanalysis
data. The long-term climatological mean data are computed over a 29-yr period (1968–96).
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for the entire column atmosphere is conserved for adiabatic and frictionless flow.

b. Satellite, Doppler radar, and rain gauge
observations

FIG. 8. Time series of hourly rainfall (mm) at the Niu Valley rain
gauge (HI-06) and the Palolo FS rain gauge (HI-25) on 31 Mar 2006.

The upper-level baroclinic forcing, due to the southward intrusion of an eastward-moving midlatitude trough,
on the cyclogenesis of the Kona storm and the enhanced
convective activity over Hawaii will be investigated. At
the upper levels, near the tropopause, the vertical motion
is rather small. In this case, the two-dimensional QG
frontogenesis function (Bluestein 1986), which ignores
the vertical motion, is used to diagnose the baroclinic
forcing aloft. The two-dimensional QG frontogenesis
function is given by



d
1
›u ›ug ›u ›vg ›u

1
F 2D 5 j$uj 5
dt
›x ›y
j$uj ›x ›x ›x


›u ›ug ›u ›vg ›u
1
.

›y ›y ›x
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c. Numerical modeling

(1)

The isentropic potential vorticity (IPV) is defined as
›u
IPV 5 g(§u 1 f ) ,
›p

(2)

where §u is the relative vorticity on an isentropic surface and u is the potential temperature, which is used
to diagnose the tropopause folding associated with
the upper-level baroclinic disturbance. The 2-PVU [1
potential vorticity unit (PVU) 5 1026 m2 K kg21 s21]
surface is viewed as the approximate boundary between
the stratosphere and the troposphere (Lamarque and
Hess 1994). Ertel potential vorticity (EPV; Rossby 1940;
Ertel 1942), given by
EPV 5

1
h  $u,
r

The daily SSM/I (Hollinger 1989) TPW data (Alishouse
et al. 1990) from the Defense Meteorological Satellite
Program (DMSP) series of satellites (F-13, F-14, and F-15)
are used. The SSM/I TPW data derived from Wentz’s
(1997) algorithm are ideal for describing the horizontal
distribution of moisture over the ocean. The 3-h precipitation (Fulton et al. 1998) derived from the WSR-88D
data from the Molokai (PHMO) site (Fig. 2) is used to
compute 12-h rainfall accumulation during the 2006 wet
period. The level-III radar data including the horizontal
distribution of composite reflectivities, echo tops, and
vertically integrated liquid water content (Klazura and
Imy 1993; Greene and Clark 1972) associated with the
rainstorms will be used.
The rain gauge stations, including 26 stations from the
NWS Hydronet network, 33 other stations operated by
the National Climate Data Center (NCDC), the Automated Surface Observing Systems (ASOS), the Remote
Automated Weather Stations (RAWS), and the U.S.
Geological Survey (USGS) (Fig. 1), are used to investigate the rainfall distribution for the Kahala Mall flood
case.

(3)

is calculated, where r is the density, h is the absolute
vorticity vector, u is the potential temperature. The EPV

The WRF, which is a numerical weather prediction
(NWP) and atmospheric simulation system, has been
widely used for research and operational purposes (information online at http://www.wrf-model.org). In this
study, we examine the model performance and limitations of the Advanced Research version of the WRF
(ARW) for this heavy rainfall case. In addition, a sensitivity test concerning the impact of latent heat (LH)
release on the development of the Kahala Mall flood is
made by turning off the latent heating.
The WRF-ARW uses the sigma (terrain following)
hydrostatic-pressure vertical coordinate (Skamarock
et al. 2008). The Rapid Radiative Transfer Model
(RRTM; Mlawer et al. 1997), Dudhia (1989) radiation
schemes, the Noah land surface model (LSM) (Chen
and Dudhia 2001) and the Yonsei University (YSU)
planetary boundary layer scheme (Hong et al. 2006) are
used. The Betts–Miller–Janjić (BMJ) cumulus parameterization scheme (Janjić 1994, 2000) and the Ferrier
microphysics scheme (Rogers et al. 2001; Ferrier et al.
2002) are employed. The Ferrier grid-scale cloud and
precipitation scheme predicts variations of six species of
water substances (cloud water, cloud ice/small ice crystals, rain, snow, graupel, and sleet).
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FIG. 9. The WRF simulated horizontal winds (each full barb 5 10 kt, or 5.14 m s21) at the (a) 300-, (b) 950-, and
(c) 850-hPa levels and (d) the 10-m level at 2200 UTC 31 Mar from domain 1.

There are 28 sigma levels1 from the surface to the
50-hPa level. The three domains with resolutions of 18,
6, and 2 km, respectively, employed in this study are
shown in Fig. 3. The cumulus parameterization is turned
off in the 2-km-resolution domain (domain 3). The
Global Forecast System (GFS) model output, with 18
horizontal resolution, provides the initial and boundary
conditions for the model simulation.

3. Relationship between temporal variations of the
moist tongue and heavy rainfall during the entire
wet period
Throughout the entire 2006 wet period, the arealaveraged TPW over Hawaii (Fig. 2) was almost always
higher than the climatological value during this time of
the year (;28.85 kg m22), especially during the five
periods with a southerly wind component over the island
1
The full sigma levels are 1.000, 0.981, 0.962, 0.923, 0.903, 0.882,
0.861, 0.839, 0.816, 0.793, 0.770, 0.745, 0.720, 0.694, 0.667, 0.609,
0.577, 0.544, 0.509, 0.471, 0.385, 0.333, 0.259, 0.222, 0.185, 0.148,
0.074, and 0.000.

chain. These five periods were 1) 19–22 February, 2)
28 February–3 March, 3) 8–11 March, 4) 13–19 March,
and 5) 21 March–2 April. During these periods, the arealaveraged TPW is greater than 35 kg m22 (Fig. 4). These
5 periods corresponded to the five heavy rainfall episodes
when flash flood watches (meaning flooding possible
within the next 36 h) issued by the NWS Forecast Office
were in effect (Nash et al. 2010).
During 19 February–19 March, as the areal-averaged
850-hPa southerly wind component gradually developed
and reached a peak, the areal-averaged TPW over Hawaii
also reached a peak with higher rainfall over Oahu (Fig.
4). When the southerly wind weakened or was replaced
by a northerly wind component, the areal-averaged TPW
over Hawaii also decreased with correspondingly less
rainfall. The latitude–time cross sections clearly show
that during five heavy rainfall episodes the low-level
southerly flow extended from low latitudes to Hawaii
with tropical moist air covering the state (Fig. 5). Figure 6
shows anomalous moist conditions throughout the entire wet period, especially during the five heavy rainfall episodes that had a significant positive southerly
wind anomaly over Hawaii. The longitude–time cross
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FIG. 10. (a) The composite reflectivities (dBZ), (b) echo tops (kft; 1 kft 5 304.8m), and
(c) VIL (kg m22) from the Molokai radar site at 1157 HST (2157 UTC) 31 Mar 2006.
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FIG. 11. The NCEP FNL (left) 250- (102 gpm) and (right) 850-hPa geopotential heights (gpm) at
1200 UTC on (a) 26, (b) 27, and (c) 28 Mar 2006.

section also shows that the development of anomalous
strong southerly flow over Hawaii was related to the
deepening of the subtropical semipermanent low pressure system west of Hawaii (;1808 at the beginning of
the wet period) as eastward-moving upper-level transient disturbances arrived (Fig. 7b). Both the upper- and
lower-level southerly winds east of the low pressure
system strengthened (Figs. 7a and 7c) with relatively
moist conditions over Hawaii during the five heavy
rainfall episodes (Figs. 7c and 7d). During the fifth heavy
rainfall episode, the semipermanent low pressure system

shifted eastward toward the Hawaiian region (;1658W)
(Fig. 7b). As a result, low-level southerly winds prevailed continuously with high TPW and frequent heavy
rainfall events over Oahu during this period (Figs. 4, 7c,
and 7d).

4. Favorable large-scale conditions for the
development of the Kahala Mall flood
The time series of hourly rainfall at two NWS hydronet
rain gauge stations, Niu Valley and Palolo F S, close to
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FIG. 12. The daily mean (a) SSM/I and (b) NECP FNL TPW (kg m22), and (c) NCEP FNL ue (K) at 850 hPa on 31 Mar.

the Kahala Mall (Fig. 1) show that the heaviest rainfall
occurred from 1100 to 1300 HST (2100 to 2300 UTC) on
31 March (Fig. 8). The 2-h accumulated rainfall totals
were 73.2 mm at Niu Valley and 61 mm at Palolo F S.
Figure 9 shows that the simulated Kona low exhibits
cyclonic flow at upper levels with diminishing strength
at lower levels. At 2200 UTC, easterly winds prevailed
from the surface up to the 950-hPa level, just below the
top of the Ko’olau Mountain Range (;700 m), over
southeastern Oahu (Figs. 9b and 9d). At the 850-hPa
level, southerly winds prevailed over Oahu, veering to
southwesterly winds at the 300-hPa level (Figs. 9a and 9c),
which was on the east flank of the Kona low, implying
warm advection over Oahu. The low-level convergence
over Oahu (Figs. 9b–d) was associated with significant
geopotential height drops due to latent heating (Fig. 17b)
associated with the heavy rainstorm (Fig. 19a).
From the 2-h rainfall accumulation, it is apparent
that significant rainfall occurred on the leeside of the
Ko’olau Mountain Range (relative to the easterly prevailing winds below the mountaintop) along the southeastern portion of Oahu with maximum rainfall at the
summit (Fig. 1). The heavy rainfall was generated by a
convective line followed by an intense rainstorm moving
from southwest of Oahu onshore over the southeastern
coast. The heaviest rainfall occurred around 1157 HST
(2157 UTC; see Fig. 10). The intense rainstorm covered
almost the entirety of Oahu with high reflectivities
(;55 dBZ), echo tops . 30 000 ft (;9.1 km), and vertically integrated liquid water content VIL . 25 kg m22
over southeastern Oahu. More details about the orographic effects on the rainfall distribution for this case will
be presented in section 5.

a. Moist tongue from the tropics
Figure 11 shows the geopotential height at the 250and 850-hPa levels during 26–28 March 2006, prior to the
Kahala Mall flooding. At the 250-hPa level, the geopotential height field was characterized by an atmospheric blocking pattern in the central North Pacific with
a ridge over the Aleutian Islands and an anomalous low
west of Hawaii in the subtropics. Eastward-moving
troughs occurred simultaneously in the midlatitudes and
the subtropics (Fig. 11, left). At the 850-hPa level, a stationary subtropical cyclone was located west of Hawaii
(Fig. 11, right).
On 31 March, at the 850-hPa level, southerly winds
prevailed over Hawaii with a cyclonic flow to the west and
an anticyclonic flow to the east (Fig. 9c). The horizontal
distribution of SSM/I daily mean total precipitable water
on 31 March shows a moist tongue (TPW . 35 kg m22)
extending from the deep tropics across Hawaii (Fig. 12a).
The moisture content for the NE–SW TPW band (30–
45 kg m22) reaching Hawaii was much higher than
the climatological areal-averaged TPW over Hawaii
(;28.85 kg m22) during this time of the year. The
tropical moisture was brought into the Hawaii region
by the low-level (850-hPa level) southerly flow (Fig. 9c).
The SSM/I TPW image also captures the counterclockwise spiral of moisture due to the cyclonic flow associated with the Kona low (Fig. 12a). The horizontal
distribution of NCEP FNL TPW shows a similar pattern
as the SSM/I TPW (Figs. 12a and 12b). A high equivalent potential temperature (ue) axis, extending from
the tropical central Pacific to Hawaii at the 850-hPa
level (Fig. 12c) and corresponding to the moist tongue
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FIG. 13. (a) The 250-hPa winds (m s21) contoured every 20 m s21 (shaded for values .40 m s21), (b) the 250-hPa
potential temperature (K, contoured, shaded for values ,330 K), (c) the 250-hPa QG frontogenesis (1029 K m21 s21,
shaded) and geopotential height (102 gpm, contoured), and (d) IPV (PVU) on the 335-K isentropic surface at 1200 UTC
28 Mar 2006 from the NCEP 18 3 18 FNL global tropospheric analyses.

(Figs. 12a and 12b), is also evident. It is apparent that the
moist tongue rooted in the deep tropics contributed to
the convective instability over the Hawaiian region.

b. Midlatitude baroclinic forcing on upper-level
cyclogenesis and convective activity associated
with the Kona storm
At 1200 UTC 28 March, the upper-tropospheric QG
frontogenesis associated with both the midlatitude and
the subtropical troughs (Fig. 13c) was diagnosed as the
northerly flow behind the troughs (Fig. 13a) brought
colder air from the north (Fig. 13b). The high IPV (IPV
on the 335-K isentropic surface .2 PVU) air associated
with tropopause folding (Fig. 13d) was clearly evident
west of the trough axis. At 0000 UTC 30 March, the
midlatitude transient trough moved to around 1508W
(Fig. 14c). The midlatitude transient trough deepened
with significant northerly winds behind the trough axis
bringing cold air from the midlatitudes to the subtropics
(Figs. 14a–c). The midlatitude trough then merged with

the subtropical trough west of Hawaii. A NE–SW-oriented
axis of pronounced upper-level QG frontogenesis extended from the northeast Pacific to the central Pacific
with a maximum located around 258N, 1678W (Fig. 14c).
The significant cold advection by northerly winds behind
both the midlatitude and the subtropical troughs and
warm advection by southerly winds ahead of the troughs
induced enhanced QG frontogenesis and tropopause
folding in the subtropics (Fig. 14).
According to Carlson (1998), the tropopause folding
associated with the high-PV air intruding from the stratosphere into the upper, middle, and even lower troposphere
is linked to the descending motions in upper levels. In this
case, the tropopause folding took place in the western
(cold) flank of both the midlatitude and the subtropical troughs where the upper-level convergence of ageostrophic winds (descending motion) was apparent (Fig. 14).
The divergence of ageostrophic winds (ascending motion)
took place over the eastern (warm) flank of the subtropical trough. Ahead of the trough axis, the southeasterly

Unauthenticated | Downloaded 01/09/23 11:56 PM UTC

292

WEATHER AND FORECASTING

VOLUME 26

FIG. 14. As in Fig. 13, but for 0000 UTC 30 Mar 2006 and with the addition of ageostrophic winds (m s21, vectors) in (c).

ageostrophic winds were perpendicular to geopotential
height contours (Fig. 14c). The Coriolis force acting on
the southeasterly ageostrophic winds contributed to the
strengthening of the southwesterly subtropical jet from
0000 UTC 30 March to 0000 UTC 31 March (Figs. 14a
and 15a).
The high-PV air intruding from the stratosphere into
the upper troposphere contributed to the spinup of the
cyclonic flow associated with the subtropical trough in
the upper troposphere (Figs. 14a and 15a). When stratospheric high-PV air intrudes into the troposphere with a
less stable environment, the absolute vorticity (§u 1 f )
must increase to satisfy the conservation of isentropic
potential vorticity (Carlson 1998). For this case, the
baroclinic forcing associated with the southwestward
extension of the midlatitude trough that merged with the
subtropical trough was a crucial mechanism of the deepening subtropical trough and the cyclogenesis of the Kona
low (Fig. 14).
On 31 March, the midlatitude trough continued to
move eastward. The deepened subtropical trough was
cut off from the midlatitude westerly current (Figs. 15a

and 15c). Meanwhile, a relatively warm ridge behind the
midlatitude trough occupied the region north and
northeast of the Kona low (Figs. 15a–c). The advection
of the high-PV air at upper levels by the southwesterly
wind induced the upward motion downstream over
Hawaii (Figs. 15a and 15d). In addition, the southeast
portion of the subtropical jet streak exit region was just
over Oahu (Fig. 15a). All these factors contributed to
the occurrence of a NE–SW band of upward motion
across Oahu at 0000 UTC 31 March (Fig. 15d).
Figure 16 shows the longitude–height cross sections
of EPV, potential temperature, absolute vorticity, zonal
winds, and pressure vertical velocity along 218N at
0000 UTC 31 March. It clearly shows that the descending motion brought down the high-PV stratospheric air
into the upper-level frontal zone (Figs. 16a and 16d) and
spun up the Kona low (with high vorticity values; see
Fig. 16b). The high-PV air aloft, advected by the westerly wind component, enhanced the ascending motion
downstream over Hawaii (around 1588W), in the eastern
flank of the Kona storm (centered near 1638W) (Figs.
16c and 16d).
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FIG. 15. As in Fig. 13, but for at 0000 UTC 31 Mar 2006 and with the addition of 500-hPa pressure vertical velocity
(Pa s21, shaded) in (d).

c. Effects of latent heat release/thermally induced
circulation
The WRF-ARW is used to investigate the impacts
of LH on the environment. The model is initialized at
0000 UTC 31 March, about 1 day before the flooding
occurs. The LH release on the warm, moist, cloudy (eastern) flank of the Kona low (Morrison and Businger 2001)
warms the midtroposphere by up to 18–38C (Fig. 17a)
and leads to the geopotential height drop at the 850-hPa
level at 2200 UTC 31 March (Fig. 17b). The 850-hPa
geopotential height drop northwest of Hawaii, with the
maximum magnitude centered at 248N, 1548W, modifies
the Kona storm cyclonic flow pattern in low levels (Fig.
18). The southerly wind component of the cyclonic flow
associated with the Kona storm shifts farther eastward
toward Oahu in the control run (CTRL; see Figs. 18a
and 18c) as compared to the run without LH release
(WOLH; see Figs. 18b and 18d). The convergence between moist southwesterly and southeasterly flows is
evident over the area south of Oahu at low levels in the
CTRL run (Fig. 18c). The significant geopotential
height drop at the 850-hPa level associated with latent
heat release (Fig. 17b) enhances the low-level moisture

convergence axis across Oahu (Figs. 18e and 18f),
which is favorable for the development of heavy rainfall.

d. Heavy rainfall forecast and stability indices
The 22-h forecasted horizontal distribution of maximum radar reflectivities shows an intense rainstorm over
southeastern Oahu (Fig. 19a), consistent with the observations (Fig. 10a). The WRF-simulated maximum radar
reflectivities over southeastern Oahu (;45 dBZ) are
slightly smaller than observed (;55 dBZ). The simulated pattern of radar reflectivities over the ocean compare favorably with the observed radar echoes. The
simulated northeastward propagation of rainstorms is in
agreement with radar observations (not shown). However, the WRF has limited capabilities in predicting the
occurrence of each individual storm and its evolution.
The model-simulated horizontal distribution of 2-h accumulated rainfall over Oahu (Fig. 20) shows a similar
pattern as the rain gauge observations (Fig. 1) with the
maximum rainfall over the lee side of the southern end
of the Ko’olau Mountain Range. However, the simulated rainfall maximum is underestimated by a factor of
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FIG. 16. Longitude–height cross sections of (a) EPV (PVU, gray dashed lines) and potential temperature (K, black
contours), (b) absolute vorticity (1025 s21, contours, shaded for values .2.5 3 1024 s21), (c) EPV (PVU, gray dashed
lines) and zonal winds (m s21, black contours), and (d) EPV (PVU, gray dashed lines) and pressure vertical velocity
(Pa s21, black contours) along 218N at 0000 UTC 31 Mar 2006 from the NCEP 18 3 18 FNL global tropospheric
analyses (Hawaii region is 160.58–154.58W).

2 compared to the rain gauge observations. The rainfall
production in the model may be sensitive to the precipitation processes employed in the model.
The simulated horizontal distributions of TTI, CAPE,
LI, and KI (Figs. 19b–e) show that the area with positive
CAPE and negative LI corresponds to the area with a
low-level southerly wind component (Figs. 9c and 18c).
Both CAPE and LI provide information for the wide area
where the lifted air would become positively buoyant
without any information concerning moisture content
above the lifted condensation level. The conditionally
unstable air from low latitudes is advected northward to
the Hawaii region by the low-level southerly winds. For
the Kahala Mall flood case, the model-derived CAPE
is relatively low (,1000 J kg21), without a well-defined
maximum axis across Oahu. Only KI and TTI reflect the
moisture content. The horizontal distribution of KI (Fig.
19e) has a maximum axis along the low-level moisture
convergence (Fig. 18e) across Oahu. The KI contains
information for both the lapse rate and the moisture at
the 850- and the 700-hPa levels with the maximum values
along the axis of the warm, moist tongue. The simulated

radar echoes (Fig. 19a) mainly occur along the maximum
axis of KI (Fig. 19e). Thus, for this case, the simulated
horizontal distribution of KI provides valuable information to help pinpoint the likely locations for possible heavy rainfall occurrences. It is apparent that for the
development of heavy rainfall, a deep warm, moist layer
(high KI) is required but high CAPE may not be needed.
It is interesting to note that KI is larger in the WOLH
run compared to the CTRL run but lacks a well-defined
KI maximum axis (Figs. 19e and 19f). The lapse rate term
in the K index (temperature at the 850-hPa level minus
temperature at the 500-hPa level) is reduced with latent
heat release (Figs. 17c and 17d) due to the warming in the
midtroposphere (not shown). The high moisture content at the 700-hPa level (Fig. 18a) is simulated above
the 850-hPa moisture convergence axis (Fig. 18e). Thus,
the horizontal distribution of simulated KI (Fig. 19e)
in the CTRL run has a well-defined maximum over the
850-hPa moisture convergence zone (Fig. 18e). The
model can capture the low-level moisture axis extending
from the tropics to Oahu on the eastern flank of the
Kona low where rainstorms are most likely to develop.
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FIG. 17. The WRF model simulated (a) 700-hPa temperature difference (8C, shaded, contoured for values ,08C),
(b) 850-hPa geopotential [m2 s22; geopotential height 3 g (9.8 m s22)] differences between the LH and WOLH cases
(LH minus WOLH), and lapse rate term in the K index (T850 2 T500) in the (c) LH and (d) WOLH cases at 2200 UTC
31 Mar 2006 from domain 1.

5. Orographic effects on rainfall distributions
over Oahu
The Lihue sounding (Fig. 2) at 1200 UTC (0200 HST)
31 March shows that the freezing level was at 650 hPa
(;4 km). At 2157 UTC (1157 HST), the echo tops of
deep convection within the intense storm were greater
than 30 000 ft (;9.1 km) over southeastern Oahu. In
contrast to the case presented by Cram and Tatum
(1979), precipitation with echo tops greater than 20 000 ft
(;6.1 km) covered the entirety of Oahu (Figs. 10a and
10b) implying that the cold rain process was present for
the Kahala Mall flood case.
The VIL (kg m22) is derived from
ð htop
ð htop
M dh9 5 3.44 3 106
Z4/7 dh9,
(4)
VIL 5
hbase

hbase
26

4/7

where M 5 3.44 3 10 3 Z (kg m23), Z is the linear
radar reflectivity factor (mm6 m23), and h9 is the
height (m). The VIL is calculated by integrating M
from the base to the top of the echo (Greene and Clark
1972). The deep convection (echo tops .30 000 ft ;
9.1 km) associated with the intense rainstorm that passed

the southeastern Ko’olau Mountain Range (Fig. 10b).
The orographic lifting of the storm as it moved across
the mountain increased the VIL with high echo tops
on both the windward side and the lee side of the Ko’olau
Mountain Range over southeastern Oahu (Fig. 10).
To see the orographic effects of the convective line
and the intense rainstorm on precipitation, we take a
NE–SW cross section (Fig. 2) along the storm’s direction
of movement. The time series of the cross sections of
composite radar reflectivities (dBZ), echo tops (kft),
and VIL (kg m22) from 2001 to 2359 UTC are shown in
Fig. 21. Around 2100 UTC, the convective line moved
onshore along southeastern Oahu from the southwest.
Within a half hour, the intense rainstorm also arrived at
the Ko’olau Mountain Range (Fig. 21a). The echo tops
of the convective line and the intense rainstorm increased
from 25 000–30 000 ft (7.6–9.1 km) up to 35 000–40 000 ft
(10.7–12.2 km) (Fig. 21b). Correspondingly, the VIL
within the convective line and the rainstorm increased
from 10–20 up to 30 (kg m22) as they merged on the
southern lee side of the Ko’olau Mountain Range (Fig.
21c). The precipitation was enhanced with higher liquid
water content and taller echo tops on the south side and
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FIG. 18. The WRF-simulated 700-hPa dewpoint (8C, shaded) and winds (m s21) (a) with and (b) without LH
release. The 850-hPa dewpoint (8C, shaded) and winds (m s21) (c) with and (d) without LH release. The 850-hPa
moisture convergence (1024 g kg21 s21) (e) with and (f) without LH release. All at 2200 UTC 31 Mar 2006 from
domain 1.

over the summit of the Ko’olau Mountain Range (Figs.
1, 10, and 21). It is apparent that as the storm was forced
to move over the mountain by the southerly wind component above the ridgetop (Fig. 9c), the storm itself was
lifted by the mountain ridge with enhanced precipitation. The orographic lifting of the intense rainstorm
that merged with the convective line enhanced both the
depth (echo tops) and the liquid water content (VIL) of
the storm. The remnant of deep convection passing
over the summit continued to move northeastward
away from Oahu (Figs. 21a and 21b). The VIL (Fig.
21c) associated with the deep convection decreased
back to 10–20 (kg m22) as the rainstorm, moving offshore, decayed.

6. Summary
In this study, the relationship between the moisture
advected from the tropics to Hawaii and the development
of heavy rainfall over the Hawaiian Islands during the
2006 wet period is investigated. Strong anomalous southerly winds prevailed ahead of a deepening subtropical
trough bringing in higher than usual moisture from the
tropics to Hawaii during the five heavy rainfall episodes
when flash flood watches were in effect according to the
NWS: 1) 19–22 February, 2) 1–3 March, 3) 8–11 March,
4) 13–19 March, and 5) 21 March–2 April.
The favorable conditions for the development of the
Kahala Mall flood on 31 March 2006 are studied. First, at

Unauthenticated | Downloaded 01/09/23 11:56 PM UTC

JUNE 2011

TU AND CHEN

297

FIG. 19. The WRF-simulated (a) maximum radar reflectivities (dBZ) from domain 2 (6-km resolution) and (b) TTI, (c) CAPE (J kg21), (d) LI,
(e) KI, and (f) KI in the WOLH case from domain 1 (18-km resolution) at 2200 UTC 31 Mar 2006.

the 850-hPa level, the southerly winds over the state,
characterized by a stationary subtropical cyclone west of
Hawaii, brought in abundant tropical moisture from the
south beginning on 26 March. A high equivalent potential temperature (ue) axis extending from low latitudes
to Hawaii indicated the existence of convective instability over the islands.
Second, upper-level baroclinic forcing contributed to
the convective activity over Hawaii. When the eastwardmoving midlatitude trough, extending southward, merged
with the semipermanent subtropical trough at 0000 UTC
30 March, the cold air behind the midlatitude trough was

advected to the subtropics. The significant cold advection
by the northerly winds behind both the midlatitude and
the subtropical troughs and the warm advection by the
southerly winds ahead of the troughs induced upper-level
QG frontogenesis and tropopause folding in the subtropics. The descending motion on the western (cold)
flank of the subtropical trough brought down high-PV air
from the stratosphere to a less stable upper troposphere.
Consequently, the absolute vorticity increased to maintain the conservation of the isentropic potential vorticity
(IPV). This led to the spinup of the Kona low from 30
to 31 March. The PV advection by the strengthened
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FIG. 20. The WRF-simulated horizontal distribution of accumulated rainfall from 1100 to 1300 HST 31 Mar 2006 (from 2100 to
2300 UTC 31 Mar) over Oahu from domain 3.

subtropical jet aloft (west of Hawaii for this case) contributed to the upward motion and cyclonic activity
downstream over Hawaii.
The Weather Research and Forecasting Model (WRF)
is used to study the impacts of latent heat (LH) release on
the environmental flow for the Kahala Mall flood case.
LH release warms the lower- and midlevel troposphere
by up to 18–38C on the moist, cloudy (eastern) flank of
the Kona low. The 850-hPa geopotential height drop
northwest of Hawaii, due to the latent heating, contributes to the eastward shift of the Kona low as well as
the low-level moisture tongue ahead of the low. At
2200 UTC 31 March, the large-scale flow patterns are
characterized by a cyclonic flow to the west of Oahu, an
anticyclonic flow to the east and a pronounced southerly
wind component across Oahu in the LH run. The warming and the significant geopotential height drop are accompanied by more pronounced moisture convergence
between southwesterly and southeasterly flows, at low
levels, as compared to the WOLH run. The abundant
tropical moisture brought by the southerly flow, east of
the Kona low, at low levels is transported upward to the
midtroposphere.
Horizontal distributions of the instability indices were
also computed with high temporal resolution from the
WRF output to assess the effectiveness of these indices
in pinpointing the most likely areas for the development
of storms and heavy rainfall. At 2200 UTC 31 March, the
wide region with positive CAPE and negative LI coincides with the area with a southerly wind component
extending from the tropics to Hawaii. The horizontal
distribution of KI reflects the low-level moisture convergence axis across Oahu where KI has maximum

VOLUME 26

values. Intense rainstorms over Oahu occur within this
maximum KI area. However, CAPE is relative low
(,1000 J kg21) and lacks a well-defined maximum over
Oahu. It is apparent that for the development of heavy
rainfall, the presence of a deep warm, moist layer is required but high CAPE may not be needed. Both CAPE
and LI provide information for the wide area over which
the lifted air would become positively buoyant without
any information regarding moisture content above the
lifted condensation level. On the other hand, the KI contains information for both the lapse rate and the moisture
at the 850- and the 700-hPa levels with the maximum
values along the axis of the warm, moist tongue. Thus,
among all the stability indices, the model-derived horizontal distribution of KI provides the best forecast guidance for this heavy rainfall event.
The WRF performance in predicting the heavy rainstorm is investigated from model-derived horizontal
distributions of radar reflectivities and rainfall accumulation. The 2-h accumulated rainfall over Oahu from
2100 to 2300 UTC shows similar patterns to those of the
rain gauge observations but the rainfall maximum over
southeastern Oahu is underestimated by a factor of 2.
The simulated radar reflectivities over the ocean also
compare favorably with the observed radar echoes. Both
the observed and simulated radar reflectivities move
northeastward with the midlevel winds. However, the
WRF has its limitation in predicting the exact location
for the development of each individual storm and its
evolution. There are also uncertainties in rainfall estimates from the model as the predicted rainfall may be
sensitive to the precipitation physics used by the model.
Finally, the orographic lifting of the convective systems advancing over the mountain range, which is also
crucial for the development of heavy rainfall, is investigated. Easterly winds prevailed upstream of Oahu
from the surface to around the top of the southeastern
portion of the Ko’olau Mountain Range on 31 March
2006 as an intense rainstorm, followed by a convective line, moved onshore from the southwest over the
southeastern part of Oahu. Both the depth and the
vertically integrated liquid water content (VIL) of
the storm were enhanced by the Ko’olau Mountain
Range as the storm merged with the previous convective line on the lee side of the range. Heavy rainfall
occurred along the lee side of the Ko’olau Mountain
Range, with maximum rainfall at the summit, from
1100 to 1300 HST (2100 to 2300 UTC). Some deep
convective cells passed over the range and brought
significant rainfall to the windward side of the range
as well. The convective cells continued to move
northeastward away from Oahu with decreasing radar
echoes, echo tops, and VIL.
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FIG. 21. The time series cross section of WSR-88D (a) composite
reflectivities (dBZ), (b) echo tops (kft), and (c) VIL (kg m22) along
the NE–SW line in Fig. 2 from 2001 to 2359 UTC 31 Mar 2006 with
the Ko’olau Mountain height (m) superimposed.
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