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ABSTRACT 
 
 In Hawai‘i, climate is significantly impacted by the occurrence of upper level lows in 

the central North Pacific region.  Some of these systems become cut off from their 

extratropical storm track source, break away from the upper level westerlies, passing south 

of 30°N latitude, and form a subtropical cyclone.  A total of 114 upper level lows occurred 

during the Hawaiian cool season (October-April) over a 34 year period from 1981 to 2014.  

Given the proper meteorological conditions, some upper level lows will lead to surface 

cyclogenesis, creating a stationary ‘Kona low’.  Of the 114 upper level lows that occurred, 

70 had surface development and formed a Kona low.  Although the frequency of these 

storm events has strong interannual variability, an average ~3 upper level lows form per 

year with ~2 developing into Kona lows.  The occurrence (frequency) of both upper level 

low and Kona low events has increased over the past 34 years while the number of days 

(duration) has decreased, although none of these trends are significant.  

These winter storms are an important source of precipitation for the Hawaiian 

Islands.  This analysis investigates the effect of synoptic Kona low circulation on seasonal 

and geographic rainfall patterns across the Islands.  During Kona low events, rainfall 

amounts are higher statewide.  Although these events generally produce relatively uniform 

high rainfall rates, Kona lows contribute more to the total annual precipitation on the drier, 

leeward sides of all islands.  Averaged across all 74 stations used in this analysis, upper 

level lows (including Kona lows) contributed over 50% and Kona lows over 35% of the 

total rainfall during the cool season.  At a single leeward station, Kona lows have 

contributed as much as 87% of the total annual rainfall in a single year. 
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CHAPTER 1:  Introduction 
 

1.1 – Purpose & Objectives  
 

Describing current patterns and trends of rainfall events provides greater insight to the 

complex hydrological cycle on which the Hawaiian Islands rely for their source of fresh 

water.  Understanding the changes in precipitation generating mechanisms is important 

given the overall state-wide drying trend in Hawai‘i (Chu and Chen 2005, Chu et al. 2010, 

Giambelluca et al. 2013) and the state’s dependency on rainfall to supply freshwater 

resources (Sanderson 1993).  This research investigates the climatology of upper level lows 

and, when accompanied by surface cyclogenesis, the development of ‘Kona lows’ in the 

central North Pacific region.  Until now, the effects of Kona lows on rainfall in Hawai‘i are 

known mostly qualitatively or based on few specific examples of extreme events.  While 

weather associated with these events can be destructive, sometimes resulting in millions of 

dollars in damages, Kona lows are also beneficial, contributing a significant portion of the 

annual rainfall.  The purpose of this study is to analyze the potential impact of climatic 

changes on extratropical winter storm events and assess the impacts of Kona lows on 

rainfall variability and patterns in Hawai‘i.   

 

1.2 – Background Information 

  
Hawai‘i’s weather and climate patterns are affected by the occurrence of upper level 

lows, some of which become cut off from their upper level westerlies storm track source.  

These subtropical cyclones can develop surface cyclogenesis to form a ‘Kona low’ (Simpson 

1952; Ramage 1962; Morrison and Businger 2001) during the Hawaiian cool season from 
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October through April.  On occasion, these Kona lows have resulted in severe weather 

events across the Hawaiian Islands such as heavy rains, severe thunderstorms, and flash 

floods (Businger et al. 1998).  Case studies have also shown that they generate a significant 

portion of rainfall on the leeward side of the island chain (Daingerfield 1921; Riehl 1949).  

Such impacts make these Kona low storms an important part of Hawai‘i’s climatology. 

Multiple definitions of a Kona low have evolved from various studies.  Preliminary 

studies identified these storms as large, cold core systems (Simpson 1952) that become cut 

off from the upper level westerlies, creating closed upper level lows, and subsequently 

developing a closed surface low (Ramage 1962).  More recent studies have continued to 

refine this definition.  Caruso and Businger (2005) built on Ramage’s description to limit 

Kona lows to those storms whose center formed or tracked south of 30°N to limit systems 

to the subtropical region that impacts Hawai‘i.  Otkin and Martin (2004) built on Simpson’s 

original definition and to further classify Kona storms into three categories.  Based on the 

development of the system, they categorized Kona lows as cold-frontal cyclogenesis, trade 

wind easterly cyclones, and cold-frontal cyclogenesis/trade wind easterly cyclones.   

According to the American Meteorological Society, the term ‘Kona’ refers to rainy winds 

and squalls from the southwest of Hawai‘i.  An actual Kona storm system is defined as a 

large cyclone that moves slowly within the subtropical region during the cool season.  In 

Hawaiian, ‘Kona’ means leeward and is used to describe the reversal of weather patterns as 

the northeasterly trade winds are replaced by light, variable, southerly winds and serves as 

the root of all previously explained definitions.  This research uses the classification of a 

Kona low defined by Caruso and Businger (2005) to build on the previous analyses of Kona 

lows. 
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Kona low events are slow moving multi-day seasonal storms (Ramage 1962).  These 

storms can track outside of the central North Pacific region where they no longer influence 

the local weather patterns of the Hawaiian Islands.  At the end of their life cycle, Kona lows 

either weaken and dissipate, or become absorbed by other passing weather patterns.  

Although these events last many days and are not fast-moving systems, they can pose 

various forecasting challenges (Morrison and Businger 2001).  Forecasting models face 

difficulties that include predicting the development of storms, estimating the storm track, 

and determining the associated precipitation amounts (Kodama and Barnes 1997). 

Hawai‘i’s precipitation regime is governed by orographic lifting, land-sea interactions, 

frontal systems, winter storm events, and tropical storms.  Persistent orographic lifting 

results in wet windward and dry leeward areas on each island.  Both cold fronts and Kona 

lows, however, along with other synoptic scale disturbances like upper tropospheric 

troughs and tropical systems, are known to generate large, widespread rainfall events 

(Kodama and Barnes 1997, Sanderson 1993).  During Kona low events, the normal trade 

wind patterns that generate orographic lift are interrupted and heavier precipitation 

events are no longer exclusively associated geographically with the windward side of the 

Islands (Norton et al. 2011).  Previous studies have shown that rainfall from Kona lows 

may contribute a significant portion of the annual precipitation totals for many leeward 

areas (Daingerfield 1921, Riehl 1949).  However, the large spatial diversity of rainfall 

patterns across the Hawaiian Islands (Giambelluca et al. 2013) makes it difficult to 

generalize trends from these rain-producing weather patterns.   

Recent studies have noted declining trends in rainfall in Hawai‘i (Chu and Chen 2005, 

Chu et al. 2010, Giambelluca et al. 2013).  Other studies focused on future projections 
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predict a continuation of the declining rainfall trends.  Statistical synoptic downscaling 

projections found a 5-10% decrease in rainfall during the winter season (Timm and Diaz 

2009) and IPCC climate models show a significant decline in heavy rainfall (daily totals > 

90th percentile) since the mid-1970s with future estimates continuing this ongoing 

declining trend (Elison Timm et al. 2011, Elison Timm et al. 2013).  These ongoing and 

future changes threaten water resources and add further complexity to the hydrologic 

cycle and water balance in Hawai‘i. 

Perhaps associated with changes in precipitation, changes in Pacific Basin storm tracks 

have also been recorded under current and future climate change scenarios.  Studies have 

found a consistent poleward shift and intensification of storm tracks associated with 

warming in the upper troposphere within the tropics (Yin 2005).  Multimodel ensemble 

projections verify these findings in the Northern Hemisphere and also detected a 

weakening of storms as they tracked towards the equator in the troposphere, especially 

during the winter season (Chang et al. 2012).  Such changes are accompanied by 

concurrent shifts in surface wind stress and precipitation, altering the climatological 

impacts and weather phenomena associated with storms (Neu et al. 2012).  These changes 

have implications for the moisture balance and water supply for the Hawaiian Islands. 

 

1.3 – Research Questions 
 

In this study, the Kona low analysis of Caruso and Businger (2005) is updated through 

2014 to include an additional 11 years of analysis to add to the climatology of upper level 

lows that develop into Kona lows.  This approach maintains the distinction between upper 
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level lows and those that generate surface cyclogenesis as Kona lows and aims to address 

the following questions: 

 

(1) Have changes occurred in the basic climatology of upper level lows and Kona lows 

over the 34 year study period? 

(2) What are the effects of synoptic Kona low systems on rainfall in Hawai‘i and how 

much rainfall can be attributed to the occurrence of Kona low events? 

(3) How do Kona lows impact the spatial distribution of rainfall? 

(4) To what degree do Kona lows increase heavy rainfall events statewide? 

 

Collectively, these questions and this investigation create a more extensive 

climatological analysis of subtropical lows in the central North Pacific region with specific 

implications for the Hawaiian Islands.  
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CHAPTER 2:  Data and Methods 
 

2.1 – Data  
 

Reanalysis data from the European Centre for Medium-Range Weather Forecasting 

(ECMWF) Re-Analysis (ERA) Interim project (Dee et al. 2011) were used in this study.  The 

data are updated in real time at 6 hourly intervals with 80-km spatial resolution.  Using the 

reanalysis dataset, two atmospheric levels, 250-hPa and sea level, were selected to identify 

upper level lows and Kona lows.  The potential vorticity field was used as a measure for 

cyclonic motion at the 250-hPa level (Fig. 1a), as previous research has shown that the 

strongest system development occurs at this level (Morrison and Businger 2001).  Surface 

cyclogenesis from upper level lows was then identified using sea level pressure (Fig. 1d) to 

classify Kona lows.  Satellite and remotely sensed data (Fig. 1c) have been incorporated 

into the reanalysis datasets along with in situ measurements from aircraft, rawinsondes, 

and surface sensors, including those on ground stations, ships, and buoys since 1980. 

Precipitation data were collected from the daily recording climate stations from the 

Global Historical Climatology Network – Daily (GHCN-Daily) (Menne et al. 2012) 

maintained by the National Oceanic and Atmospheric Administration (NOAA) National 

Climatic Data Center (NCDC).  The data undergo quality assurance checks routinely and 

daily updates are provided to incorporate the more than 20 different data source 

components.  Of the 226 daily reporting rain gauge datasets available from NCDC across 

the state of Hawai‘i, only the 74 stations with 50% or greater data availability during the 34 

year period were used in this analysis.  Fig. 3 shows precipitation time series for (a) 

Honolulu International Airport on O‘ahu and (b) Hilo International Airport on Hawai‘i 

Island.  Records from all 74 stations were used for comparison with the upper level low 
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and surface Kona low time series to determine the relationship between rainfall and these 

winter storm systems. 

 

2.2 – Temporal & Spatial Extent  
 

The study period focuses on the Hawaiian cool season of October to April from 1980 

through 2014.  The analysis was conducted using the United States Geological Survey 

(USGS) definition of water year to encompass each cool season in its entirety.  A water year 

is defined as the 12-month period from October 1 to September 30 of the following year 

and is designated by the calendar year in which it ends.  A total of 34 water years were 

analyzed in this study.  The study period for this analysis, 1980 to 2014, is restricted to the 

period during which satellite data were incorporated in the reanalysis data sets (since 

1980).  The spatial extent of this study ranges from 10° to 45°N and 175°E to 30°W to 

encompass the subtropical region of the central North Pacific Ocean where upper level 

lows and Kona lows both occur and impact the Hawaiian Islands.   

 

2.3 – Low Identification Methodology 
 

Caruso and Businger (2005) documented the occurrence of subtropical cyclogenesis in 

the central North Pacific from 1980-2002.  Using their methods, the time series of upper 

level lows and Kona lows in the region was extended through 2014.  Any low system that 1) 

became cut off from the upper level westerlies for at least 24 hours, 2) passed south of 

30°N, and 3) occurred during the Hawaiian cool season (October-April) was included in 

this study to maintain consistency in the updating of the Caruso and Businger (2005) 

dataset.  These events were either classified as upper level lows without surface 
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development or as Kona lows if a closed surface low developed from the upper level cut off 

low.  

ERA-Interim reanalysis data were used to identify upper level lows and Kona lows.  The 

Grid Analysis and Display System (GrADS) software (Tsai and Doty 1998) was used to 

visualize the potential vorticity and sea level pressure reanalysis data for the identification 

of upper level lows and Kona lows respectively.  Data were displayed using the GrADS 

software at 1-unit contour intervals for every 6-hour time interval from 1980 to 2014.  

Both upper level lows and Kona lows were visually classified using the three main criteria 

listed above based on the methods of Caruso and Businger (2005).  For upper level lows 

identified by this method, those developing surface lows were then classified as Kona lows. 

A validation period of three years from 2000 to 2002 was used to confirm the use of the 

potential vorticity field in place of geopotential height during the identification process of 

upper level low systems.  During this period, upper level lows and Kona lows identified 

here were compared with those identified by Caruso and Businger (2005).  During the 

three year period of overlap storm identification by the current procedure proved to be 

identical to that of Caruso and Businger (2005).  This updated climatology provides a 

complete dataset of these winter season storm occurrences through the 2013-14 winter 

season during the Hawaiian cool season from October through April.  The extended upper 

level low and Kona low records were then compared with daily precipitation data in 

Hawai‘i. 

Other data sources were reviewed and considered for this analysis.  Descriptive 

monthly precipitation summaries written by Kevin Kodama from the National Weather 

Service at NOAA were used as a reference and incorporated into the database of Kona low 
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occurrences (Table 3).  Low events described in the precipitation text summaries reflect a 

subset of all storm systems, because only major rainfall generating events are mentioned.  

As a result, this dataset was limited to serving only as an additional verification of the 

original classification methods.  Gridded data from Dowdy et al. (2013) on extratropical 

cyclones were also considered.  This dataset, however, overestimated the occurrence of 

events due to use of a different broader definition of extratropical cyclones.  The 

methodology used by Businger and Caruso (2005) was therefore considered to be the most 

suitable option for this analysis. 

 
 

2.4 – Statistics 
 

Percentages of rainfall contributed by Kona lows were calculated by aggregating the 

amount of rainfall recorded with the dates of Kona lows and dividing it by the total rainfall 

per station over the entire 34 years.  This same calculation was done for each individual 

year and but mainly applied to the Hawaiian cool season (October-April) subset period for 

each station.  These percentages were then mapped per station location to show the spatial 

distribution across the Hawaiian Islands.  All data processing and analysis was done using 

the R statistical environment (R Core Team, 2014). 

To evaluate how Kona lows affect the probability of rainfall occurrence, the number of 

rain days without a Kona low present were compared to rain days when a Kona low 

occurred.  This conditional probability was used to determine whether the probability of 

rain is higher during these Kona low storm systems.  Using Bayes’ Theorem, the conditional 

probability was calculated as: 

(1) 𝑃(𝑅𝐹|𝐾𝐿) =  𝑃(𝑅𝐹, 𝐾𝐿) ÷ 𝑃(𝐾𝐿) 
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where the probability of rainfall occurring in conjunction of a Kona low being present 

(P(RF|KL) is calculated using the joint probability of rainfall and a Kona low (P(RF, KL)) 

and dividing it by the probability of a Kona low events (P(KL)).  The conditional probability 

describes the covariability and dependence between the two variables and measure the 

percent of coinciding occurrences of events.  Table 3 lists the counts and probabilities for 

all rainfall and storm occurrence combinations. 

These probabilities describe the relationship between rainfall and Kona low storm 

occurrence.  To test the importance of the calculated probability, Monte Carlo methods 

were used to recalculate the distribution of the conditional probability.  After sampling 

1000 times, the 95th percentile was selected as a 5% statistical test for each station to 

determine the significance.  These values were then mapped to show locations of 

significant rainfall contributions across the station network. 

Using the Monte Carlo approach, the occurrence of Kona lows was randomly 

resampled 1000 times and then compared to the static occurrence of rainfall events.  The 

Monte Carlo conditional probability of the resampled distribution was then calculated for 

each station to compare to the actual conditional probabilities calculated from the station 

data.  Stations above the 95th percentile were considered significant (P = 0.05) as there was 

a 5% chance or less that the occurrence of rainfall associated with Kona lows was random.  

To assess extreme events that generate above average rainfall totals during Kona lows, 

an index was calculated to quantify the intensity of events (Chu et al. 2010).  This index of 

simple daily intensity index (SDII) estimates the intensity of precipitation in millimeters 

per day (mm day-1).  The SDII is calculated per station based on wet days where daily 

precipitation ≥ 1 mm using: 
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(2)  𝑆𝐷𝐼𝐼𝑗 =  
∑ 𝑅𝑅𝑤𝑗

𝑤
𝑤=1

𝑊
 

where RRwj is the daily amount of precipitation on wet days, w, (RR ≥ 1 mm) over the 

number of wet days, W, during the time period of j.  To assess changes in intensity, this 

index was calculated per station over the entire study period of 34 years and for each 

individual year when Kona low events occurred. 
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CHAPTER 3:  Results 
 

Throughout the study period of water years from 1981 to 2014, 114 upper level low 

events occurred.  These upper level lows were storms systems that exhibited isolated 

closed contour low pressure patterns within the study area.  Of these 114 events, 44 did 

not develop surface cyclogenesis (Table 1), while 70 were classified as Kona lows (Table 2).  

A comparison of low events identified by the National Weather Service at NOAA can be 

found in Table 3.  Those Kona lows that did develop from an upper level low had closed sea 

level pressure contours at the surface.  This complete record was used to recalculate the 

climatology of storm events. 

The identification methods of these upper level low systems utilized the reanalysis data 

at the 250 hPa and surface levels for potential vorticity and sea level pressure fields (Fig. 

1d).  GrADS software was used to visualize the data and identify the occurrences of these 

cool season storms based on low pressure systems that cut off from the upper level 

westerlies completely for more than 24 hours and tracked south of 30°N within the central 

North Pacific region.  These detected lows can also be seen using GOES-10 satellite imagery 

(Fig. 1c).  Looking at data from the validation period, 2000 to 2002, (Fig. 1 a & b) confirms 

the reliability of using potential vorticity from the ERA-Interim data to identify upper level 

lows. 

Dates with Kona lows present were then compared to daily rainfall station data.  The 

time series of the frequency and duration of both upper level lows and Kona lows was 

plotted over the 34-year study period (Fig.2).  While the number of storm days is 

decreasing, the number of events is increasing, although these trends are very small and 
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not statistically significant.  Two sample stations show the basic data provided by the 

database of Kona low events and daily rainfall (Fig. 3).  The stations at Honolulu 

International Airport (Fig. 3a) and Hilo International Airport (Fig. 3b) represent two 

contrasting climate regimes.  Honolulu on the island of O‘ahu is in a dry region in 

comparison to the wetter, windward station at Hilo on Hawai‘i Island.  These sample 

stations offer a snapshot of the wider variability seen across the islands.  

For each water year, the number of upper level low and Kona low events are shown for 

the 34 year study period in Fig. 4a.  Occurrences of strong El Niño and La Niña events are 

annotated per water year to compare the warm and cool phases to the record of 

subtropical cyclogenesis.  The data shows great interannual variability of these storm 

events.  The occurrences of low events were also aggregated by month (Fig. 4b) and show 

that upper level lows and Kona lows occurred more frequently in October and November.  

These results contribute to the understanding of the climatology of both upper level lows 

and Kona lows over time. 

The record of the Kona low events was compared with daily rainfall across the state.  

Fig. 5 shows the amount of cool season rainfall generated during upper level low events 

and Kona low storms.  Mean annual rainfall total amounts from these lows (Fig. 5a) varies 

interannually, in part, due to the variability in occurrences of these storm systems.  

Averaged over the 34-year study period, upper level lows and Kona lows generate an 

average of 126 mm and 81 mm per year, respectively, in a year across the network of 

stations in Hawai‘i during the cool season.  Averaging over all stations during each year, 

Kona and Upper level lows produced as much as 438 mm (2006) and Kona lows as much as 

304 mm (also in 2006).  Rainfall from these events can account for a large percentage of the 
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annual rainfall (Fig. 5b).  During the cool season, rainfall produced by upper level low 

contributed an average of 18% of the seasonal rainfall total, with 11% attributable to Kona 

lows.  Upper level lows and Kona lows can add as much as 53% and 37%, respectively, to 

the seasonal rainfall total.  As these values are averaged for all 74 stations across the state 

for the entire 34 year study period, this percentage can actually be much higher at 

individual stations, contributing as much as 87% at one station. 

During the presence of these cool season Kona low storm systems, higher rainfall totals 

still occur on the wetter windward sides of all the islands (Fig. 6a).  However, the percent 

contribution of rainfall from Kona lows shows the opposite pattern (Fig. 6b).  On an annual 

and seasonal basis, the leeward side of each island tends to receive a greater contribution 

of rainfall from Kona low systems to their total rainfall.  The statistical significance of this 

contribution from Kona lows was calculated using Monte Carlo methods and then mapped 

to see the spatial pattern of significant effects (Fig. 7).  Of the 74 stations, 45 stations 

proved to have statistically significant Kona low rainfall contributions (p = 0.05).  The 

locations of these statistically affected stations are generally correlated with the pattern 

from the percent contribution, favoring the leeward sides of all islands. 

The calculated conditional probability showed that the average probability of a rain 

event occurring on any given day was 31% (Table 4) during the cool season.  When Kona 

low events occur, the probability of rain increases by 8, to 39%.  From the statistical 

evaluation using Monte Carlo methods, this 8% average increase in the chance of rain 

across the station network is statistically significant (p = 0.05).  To assess intensity, the 

calculated SDII values were plotted to compare effects of Kona lows on rainfall intensity 
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(Fig. 8).  This ratio of Kona low rainfall intensity to average rainfall intensity shows a 

greater rainfall intensity during the passing of these winter storms. 

Maximum recorded rainfall amount attributed to Kona lows in a single year was 

determined for each station.  This was based on the highest percentage of rainfall 

generated from these storm systems during the cool season in an individual water year in 

which greater than 50% of data were available.  These maximums were aggregate by year 

of occurrence (Fig. 9) to show the interannual variability of the maximum Kona low events.  

The maximum contribution was also mapped (Fig. 9) to show the geographic distribution 

and the spatial difference between the leeward and windward sides of the islands. 
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CHAPTER 4:  Discussion 
 

4.1 – Climatology  
 

Both types of low events occurred with great interannual variability over the 34-year 

study (Fig. 4a).  On average, ~3 upper level lows formed per cool season with ~2 

developing into Kona lows.  There were two years (1981 and 1983) with no development 

of any lows.  Three additional years (1985, 1996, and 1998) did not see any Kona lows 

form although upper level lows did occur.  The maximum number of upper level lows 

occurred in 2009 with a total of nine events occurring.  Three years (1986, 1989, and 1990) 

saw a maximum of 6 Kona lows develop and form.  The number of both upper level lows 

and Kona lows per year has increased over the study period of 34 years although neither 

trend is significant. 

Both upper level lows and Kona lows develop more frequently in October and 

November than any other months during the cool season (Fig. 4b).  Approximately half of 

all the events formed during these two months.  In October and November alone, 57 upper 

level lows occurred and 36 developed into Kona lows.  This predominance of low 

development during autumn months is consistent with the previous findings by Caruso and 

Businger (2005) over the entire 34-year period.  Both types of low events peak in 

November, with 32 upper level lows and 22 Kona lows.  April had the minimum number of 

events (of cool season months) with 4 upper level lows and 2 Kona lows.  This seasonal 

frequency of both types of low events has been suggested to be a result of large-scale 

changes in atmospheric circulation, specifically related to the modulation in strength and 

extent of the Asian jet throughout the year (Chu et al. 1993, Otkin and Martin 2004). 

 



 

23 
 

 4.2 – Interannual Variability 
 

Subtropical cyclones are associated with great interannual variability of occurrence, 

duration, and intensity.  The record shows both type of low event occurrences increasing 

despite the number of total days of these event occurrences has slightly decreased.  

Although neither trend is significant, it is important to note these observations.  While the 

average number of Kona low systems has remained consistent with the previous findings 

of Caruso and Businger (2005), these trends may be a result of changes in the larger-scale 

atmospheric dynamics.  For example, as storm track changes continue to shift poleward in 

the Pacific Basin (Yin 2005, Chang et al. 2012, Neu et al. 2012), Kona lows may continue to 

form at the same rate but outside the bounds of the central North Pacific region in which 

they impact local climate in Hawai‘i.  Other changes, such as a decrease in the disturbances 

that give rise to storm genesis or prolonged high pressure blocking patterns in the upper 

atmosphere, could reduce the formation and duration of both upper level lows and any 

subsequent surface development.  These types of climatological and meteorological shifts 

might be occurring as a result of global warming and could continue to cause shifts in the 

future (Yin 2005). 

Additional climatological influences on Kona low storms include the phase changes of 

the El Niño Southern Oscillation (ENSO).  Since 1980, three strong El Niño events and three 

strong La Niña events have occurred (Fig. 4a).  Based on the Oceanic Niño Index (ONI) from 

NOAA’s Climate Prediction Center, strong El Niños occurred in 1982-83, 1987-88, and 

1997-98 while strong La Niña events were in 1988-89, 1999-00, and 2010-11.  During the 

strong El Niño events, a total of four upper level lows occurred with only two developing 

into Kona lows.  The lack of cyclonic development in the Hawai‘i region during the El Niño 
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phase is expected based on the changes in atmospheric circulation that reduce the 

formation of such storms (Chu 2004, Carmargo et al. 2007).  During the strong La Niña 

events, 19 upper level lows occurred and 9 developed into Kona lows.  This is consistent 

with the wet and dry winters experienced across the Hawaiian Islands during La Niña and 

El Niño phases, respectively.     

Kona lows tend to fluctuate in occurrence with ENSO phase changes.  Fewer Kona lows 

form during the El Niño warm phase while more storms develop during the La Niña cool 

phase.  The stronger subsidence within the Hadley cell circulation over the North Pacific 

and the shift in the jet stream location during El Niño events inhibit the mechanisms that 

support cyclonic development and create dry conditions for the Hawaiian Islands.  During 

La Niña events, conditions are more favorable to generate a higher number of these winter 

storms (Chu 2004, Carmargo et al. 2007) and lead to wetter than usual weather (Chu and 

Chen 2005, Elison Timm et al. 2013). 

 

 4.3 – Rainfall & Kona Lows 
 

During Kona low events, rainfall totals are generally increased island-wide.  Within the 

storm bands of a Kona low, precipitation maximums are found in the eastern sector of 

storms (Simpson 1952, Morrison and Businger 2001).  Kona lows do not produce the same 

rainfall patterns as normal northeasterly trade wind weather as the regular winds are 

weakened and often come from the southerly or southwesterly direction.  Rainfall trends 

tend to be more arbitrary across the state as orographic lifting is no longer the main 

mechanism generating precipitation across the state.  Orographic enhancement does occur 

in some areas, but amplification is variable based on each individual storm location, track, 
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and strength and heavy rain events can occur away from the wetter slopes during Kona 

lows.  

More important is the amount of rainfall these Kona storms contribute in relation to the 

annual or seasonal total rainfall per station.  At windward stations, the amount is small in 

comparison to contributions from other rainfall generating mechanisms that govern the 

weather patterns normally, such as orographic precipitation.  For the drier leeward 

stations however, these Kona low events can add a significant portion of the annual or 

seasonal total rainfall. 

The 34-year total rainfall attributed to Kona low storm systems at different stations can 

be as much as 5976 mm and averages 81 mm across the station network throughout the 

state during the cool season.  This accounts for an average of 11% of the total seasonal 

rainfall across all stations and ranges up to 37% during a given water year per station.  In a 

single water year, Kona lows can contribute very high amounts of rainfall at specific 

stations.  Upper level low systems that do not evolve into Kona low events add an average 

of 7% of the seasonal rainfall for a total of 18%.  This can add up to a total of 9339 mm and 

average 126 mm including the rainfall attributed to Kona lows.  

Maximum rainfall contributions from Kona lows in a given year can be as high as 87% 

for specific location in a given year.  These higher percentage contributions tend to occur 

on the leeward sides of the Islands and highlight the importance of these low events to 

annual rainfall totals in these drier regions.  These stations with higher maximum 

percentages also tend to have some of the most statistically significant contributions from 

the occurrences of Kona low storms. 
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4.4 – Intensity of Kona Low Events 
 

Based on Eq. (1), the probability of a rain event occurring during a Kona low was found 

to be 8% higher than the probability of rain falling on any given day.  As these Kona low 

events are rainfall-generating mechanisms, it would be expected that they increase the 

chances of rain events when they occur.  During a Kona low event, the daily chance of 

rainfall is 40% based on the calculated conditional probability among Kona lows occurring 

and rainfall events.  This increased chance of rain is statistically significant averaged across 

the station network (p = 0.05). 

The degree of amplification of rainfall amounts during these winter storms is assessed 

by comparing the annual SDII to the SDII of Kona low events.  This SDII ratio shows that on 

average, a two-fold average rainfall intensity increase can be expected during the 

occurrence of Kona lows.  This means twice as much rain can be expected to accumulate 

when a Kona low system is present and that Kona lows can be associated with heavy 

rainfall events.  Therefore, it is not only important to identify the number of Kona lows 

occurring and their contribution to the total seasonal mean precipitation, but also essential 

to understand the associated changes in intensity. 
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CHAPTER 5:  Conclusions 
 

This is the first time both upper level lows and Kona lows have been studied over a 30+ 

year time period, making it now possible to define a climate norm corresponding to the 

most recent NOAA 30-year climate averaging interval of 1981 to 2010.  Previous work has 

gone into defining Kona low storms specifically and identifying the dynamics associated 

with these systems (Simpson 1952, Ramage 1962, Morrison and Businger 2001, Otkin and 

Martin 2004).  Other efforts have looked at specific case studies to analyze impacts from 

extreme events (Dangerfield 1921, Riehl 1949, Businger et al. 1998).  The results from this 

research provide a more in-depth understanding of these Kona low storm systems that 

generate surface development after they become cut off from the upper level westerlies, 

altering the local climate in Hawai‘i.   

A variety of datasets were considered for this analysis.  Data was collected from 

previous studies on extratropical cyclones (Dowdy et al. 2013) and from the National 

Weather Service monthly precipitation summaries for the State of Hawai‘i.  These two 

additional datasets did not represent the occurrence of these low pressure systems 

accurately in comparison to the Caruso and Businger (2005) data.  Neither dataset was 

sufficient to use for analysis in comparison to daily rainfall data to determine the spatial 

patterns of these storm events and their relationship to rainfall. 

After initial investigation of all these options, it was determined that using the methods 

provided by Caruso and Businger (2005) was the best way to maintain homogeneity of the 

dataset.  However, there are still limitations in using the previously documented data from 

Caruso and Businger (2005).  The data is limited to the Hawaiian cool season which does 

not analyze the months from May to September.  Caruso and Businger (2005) note that 
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there may be rare occurrences of actual surface development of a Kona lows occurring 

during these months.  However without actually analyzing this portion of the year, the 

statistics of both Kona lows and upper level lows remains unknown during these summer 

months.  Additional sources of error include the possibility of slight dfferences in storm 

detection between the potential vorticity and geopotential height data as well as user bias 

during the identification process.  Solutions to this would involve identifying both upper 

level lows and Kona lows for every month since 1980 using either only potential vorticity 

or geopotential height to have a completely homogenous dataset created by a single 

individual using uniform methods. 

This research updates the previous climatology published by Caruso and Businger 

(2005).  An additional 12 years of data was collected to extend the record of low 

occurrences from 1980 through 2014.  Over this 34-year period, 70 Kona lows developed 

surface cyclogenesis, while another 44 upper level lows did not, totaling 114 low events.  

On average, ~3 upper level lows formed per water year and almost 2 would develop at the 

surface and to become a Kona low.  This is consistent with previous findings and shows 

that there has not been significant change in the average formation of storms and duration. 

The geographic distribution of rainfall contribution from Kona lows varies due to the 

complexity of other attributing influences on precipitation in Hawai‘i.  A general pattern is 

evident during the occurrence of Kona low events as they contribute a higher percentage to 

the annual total rainfall in the western (leeward) areas of each island.  These winter storms 

become a vital source of rainfall for the drier, leeward sides of all the Islands.  It is expected 

that these Kona storms would contribute a significant portion of the total annual rainfall to 

these areas as they do not benefit from persistent rainfall generating mechanisms such as 



 

29 
 

orographic convection operating year-round.  While these storms tend to have a seasonal 

occurrence from October through April, their impact on rainfall can be significant on an 

annual basis.  During the cool season, these storms can contribute over 11% to the network 

rainfall total and as much as 37% in a single year on average.  However, the amount of 

rainfall attributed to the occurrence of Kona lows has decreased over the 34-year record 

but not significantly.  As the number of Kona low days decline, it is expected that the 

rainfall attributed to these events would also be reduced.  Although not significant, these 

negative trends are still important to note based on the reliance of leeward regions on 

precipitation generated from such storms to maintain a sufficient water supply and avoid 

droughts. 

The application of this research is relevant to current forecasters, modelers, and 

managers to better understand all aspect that contribute to the distinct climate of Hawai‘i.  

While the results of this work are useful, some shortcomings should be noted.  The 

definition of Kona lows was selected from previous research done by Caruso and Businger 

(2005).  The results of this analysis would be different if the definition of a Kona low was 

used from Otkin and Martin (2004) who classified more storm events within multiple 

categories.  This difference in identification methods based on the definition of a Kona low 

could lead to discrepancies in future studies.  Additional efforts could go into updating the 

storm genesis and tracks for Kona low events as was previously done (Caruso and Businger 

2005) to enhance the entire climatology of Kona lows.  Despite other directions that this 

research could have taken, it does contribute to a major aspect of better understanding 

these winter low systems and their implications for the state of Hawai‘i.  
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This quantification of the behavior of rainfall patterns during Kona low storms was a 

specific focus of this research.  Understanding this relationship between Kona low events 

and rainfall is important due to lack of other rainfall generating mechanisms in leeward 

regions.  Results show that Kona lows do contribute a large part of the hydrological budget, 

especially on these leeward sides of all islands.  Of course other rain producing mechanisms 

are still ongoing and explain the remaining percentage of the annual mean rainfall 

statewide.  This information is relevant to forecasters and resource managers facing 

present climate change scenarios so that they may better predict, prepare, and manage for 

the future.  It is important to grow the knowledge about these storm systems for 

understanding current and future rainfall patterns as they relate to management of fresh 

water resources in the islands.  The climatology of Kona low events contributes to our 

overall understanding of the complex climate of Hawai‘i.   
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APENDEX A: Tables 
 

TABLE 1. Dates and durations of 44 upper-level systems without surface development.  
These events were classified as upper level low systems based on the criteria that they 
became cut off from the upper level westerlies and tracked south of 30°N for more than 24 
hours within the central North Pacific region. 
 

Occurrence of Upper-Level Lows 

24-26 Nov 1981 26-30 Nov 1992 13-20 Dec 1999 16-19 Apr 2007 

28 Oct-1 Nov 1984 10-14 Dec 1992 5-9 Jan 2000 21-24 Nov 2008 

23-27 Feb 1985 1-7 Oct 1994 12-16 Jan 2000 2-6 Dec 2008 

1-4 Mar 1985 19-22 Oct 1994 14-18 Mar 2001 23-25 Dec 2008 

15-20 Nov 1986 12-16 Jan 1996 11-14 Dec 2001 1-5 Jan 2009 

13-16 Oct 1987 20-26 Oct 1996 5-8 Feb 2004 2-6 Feb 2009 

19-22 Oct 1988 18-23 Dec 1996 21-24 Nov 2004 22-24 Mar 2010 

18-22 Nov 1988 25-29 Dec 1997 6-11 Feb 2005 2-5 Oct 2010 

8-14 Oct 1990 10-14 Oct 1998 1-4 Oct 2005 15-19 Nov 2010 

1-4 Dec 1990 2-5 Nov 1999 20-22 Oct 2005 24-26 Feb 2011 

7-11 Nov 1992 4-8 Dec 1999 30 Mar-3 Apr 2006 6-9 Oct 2013 
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TABLE 2. Dates and durations of 70 Kona lows occurring in the central North Pacific.  
Upper level lows that developed surface cyclogenesis were classified as a Kona lows. 
 

Occurrence of Kona Lows 

3-7 Oct 1981 9-13 Dec 1989 18-24 Oct 1999 5-8 Dec 2007 

20-24 Dec 1981 24-29 Jan 1990 26-30 Nov 1999 4-7 Apr 2008 

18-22 Nov 1983 27-31 Mar 1990 27 Dec-1 Jan 2000 14-16 Oct 2008 

15-19 Oct 1985 2-6 Oct 1990 3-7 Feb 2001 21-23 Nov 2008 

29 Oct-2 Nov 1985 8-12 Oct 1990 24-28 Oct 2001 10-11 Dec 2008 

2-6 Nov 1985 16-20 Oct 1990 26-30 Nov 2001 16-20 Dec 2008 

3-8 Nov 1985 20-25 Oct 1990 28 Jan-3 Feb 2002 12-16 Mar 2009 

26-30 Nov 1985 12-15 Nov 1990 17-18 Feb 2003 10-15 Nov 2009 

29 Dec-2 Jan 1986 23-28 Nov 1990 29 Mar-3 Apr 2003 28-30 Nov 2010 

11-16 Nov 1986 13-16 Nov 1991 19-26 Nov 2003 15-18 Dec 2010 

10-16 Dec 1987 5-11 Oct 1992 28-31 Dec 2003 9-16 Feb 2011 

16-20 Dec 1987 7-12 Nov 1993 27 Feb-1 Mar 2004 24-26 Oct 2011 

3-8 Nov 1988 30 Oct-5 Nov 1994 8-11 Mar 2004 24-27 Feb 2012 

17-21 Dec 1988 8-13 Nov 1994 4-6 Oct 2004 20-24 Mar 2012 

25 Feb-2 Mar 1989 16-19 Oct 1996 29 Dec-1 Jan 2005 9-12 Dec 2012 

8-13 Oct 1989 2-7 Nov 1996 21 Feb-2 Mar 2006 16-18 Feb 2014 

31 Oct-3 Nov 1989 24-28 Feb 1997 7-10 Mar 2006 -- 

3-8 Nov 1989 6-10 Mar 1999 3-7 Nov 2007 -- 
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TABLE 3. Upper level lows and Kona lows from 2003 to 2013 identified by Senior Service 
Hydrologist Kevin Kodama at the NOAA National Weather Service Weather Forecasting 
Office in Honolulu.  These occurrences were recorded in the Monthly Precipitation 
Summaries for the State of Hawai‘i as they coincided with notable rain events.  Kona low 
events are indicated by the bold dates within the table of all low events. 
 

Occurrence of Low Pressure Systems 2000-2013 

4-7 Apr 2003 25-26 Jan 2006 21-25 Sep 2008 1-4 Jun 2011 

30-31 Mar 2003 1-3 Mar 2006 21-23 Nov 2008 15-30 Sep 2011 

10 Apr 2003 5-7 May 2006 10-11 Dec 2008 21-22 Feb 2012 

21-23 Nov 2003 23-26 Jun 2006 25-31 Dec 2008 24-27 Feb 2012 

29-31 Dec 2003 30-31 Jul 2006 1-3 Jan 2009 8-9 Mar 2012 

22-31 Jan 2004 6-8 Aug 2006 11-15 Mar 2009 28 May 2013 

1-4 Mar 2004 25-26 Sep 2006 17-18 Aug 2009 23-25 June 2013 

3-4 Aug 2004 7-10 Jan 2007 8-15 Nov 2009 30 Sep-1 Oct 2013 

22-28 Nov 2004 23-28 Feb 2007 10-15 Nov 2009 11-17 Oct 2013 

21-24 Jun 2005 25 Aug 2007 25-26 Jun 2010 26-27 Oct 2013 

13-15 Sep 2005 1-5 Nov 2007 12-18 Dec 2010 7-10 Nov 2013 

22-23 Sep 2005 6-8 Dec 2007 18-19 Jan 2011 18-19 Dec 2013 

30 Sep-1 Oct 2005 29-31 Jan 2008 6-8 Apr 2011 -- 

21-22 Jan 2006 11-14 Sep 2008 6-14 May 2011 -- 
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TABLE 4. Contingency table of the (a) average count of possible events and (b) joint and (c) 
conditional probabilities of possible events from the station network for the cool season. 
 

(a) Averaged Possible Events 

 Days with  
Kona Lows 

Days without  
Kona Lows TOTAL 

Days with Rain 147 1663 1810 

Days without Rain 221 3670 3891 

TOTAL 368 5333 5701 

 

 

(b) Joint Probabilities of Events 

 Days with  
Kona Lows 

Days without  
Kona Lows TOTAL 

Days with Rain 2.54% 28.78% 31.32% 

Days without Rain 3.88% 64.80% 68.68% 

TOTAL 6.42% 93.23% 100% 

 

 

(c) Conditional Probabilities of Events 

 Days with  
Kona Lows 

Days without  
Kona Lows 

Days with Rain 39.35% 30.77% 

Days without Rain 60.65% 69.23% 
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APENDEX B: Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1. Visualization of an upper level low and a Kona low on February 6, 2001 at 1800 
UTC. (a) A cut off upper level low system identified by the closed contours in potential 
vorticity (PV) units. (b) Closed contours of geopotential height at 250-mb of an upper level 
low.  (c) Water vapor imagery from the Geostationary Operational Environmental Satellite-
10 displaying the impacts of a Kona low occurrence within the central North Pacific region 
(Caruso and Businger 2005).  The color scale represents ‘brightness temperature’ where 
lower values indicate higher contents of water vapor in the atmospheric column at each 
pixel.  (d)  Sea level pressure closed contours of surface cyclogenesis from a Kona low. 
 
 
 
 
 

(a) (b) 

(d) 



 

36 
 

 
 
FIGURE 2. Time series of frequency and duration for upper level and Kona lows.  The 
number of days and events are plotted for both types of lows and displayed with a linear 
regression (red) over the entire 34-year study period.  The p-values are not significant for 
both frequency and duration of days and events. 
 
 
 
 
 
 
 

Slope = 0.037 
r2 = 0.025 

Slope = -0.051 
r2 = 0.812 

Slope = -0.194 
r2 = 0.209 

Slope = 0.012 
r2 = 0.70 
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FIGURE 3. Sample station data from (a) Honolulu International Airport on O‘ahu, and (b) 
Hilo International Airport on Hawai‘i Island.  Rainfall records are maintained by the NCDC 
at NOAA.  The red point indicate days with Kona lows present. 
 
 

(a) 

(b) 
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FIGURE 4. The number of low events per (a) water year and (b) month from 1981 to 2014.  
The water year was used to include the contiguous cool season.  In the upper panel, strong 
El Niño and La Niña events from the Oceanic Niño Index (ONI) are marked by red and blue 
stars, respectively.  

(a) 

(b) 
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FIGURE 5. Station-wide (a) mean rainfall and (b) percent contribution from low events per 
water year during the cool season.  

(a) 

(b) 
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FIGURE 6. Maps of (a) mean seasonal rainfall amounts and (b) percentages of rainfall 
contribution from Kona low events per water year during the cool season. 
 

(a) Mean Cool Season Rainfall 
Contribution from Kona Lows 

(b) 

(b) Percentage of Seasonal Rainfall 
Contribution from Kona Lows 
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FIGURE 7. Geographic distribution of stations that receive statistically significant rainfall 
as a result of a Kona low event.  A Monte Carlo approach was used to estimate the 
probabilities of randomly occurring rainfall events on Kona low days.  The stations 
indicated as significant are those for which the actual probability of rainfall during Kona 
lows is significantly higher (p = 0.05) than random.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Monte Carlo Statistical Significance of Kona 
Low Rainfall per Station 
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FIGURE 8.  A comparison of SDII values from Kona low events and from total rainfall at 
individual stations.  The scatterplot (a) compares the relationship between these two 

(b) 
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variables while the histogram (b) shows the distribution of the ratio of SDII values from 
Kona lows to total rainfall. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Water Year Maximum 
Contribution from Kona Lows 
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FIGURE 9. (a) Map of maximum rainfall contributions from Kona low storm systems in a 
single year and (b) the number of stations of Kona low seasonal rainfall maximums by year. 
 
 

(b) 
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