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ABSTRACT

Consistent increases in the strength and frequency of occurrence of the trade wind inversion (TWI) are

identified across a ;40-yr period (1973–2013) in Hawaii. Changepoint analysis indicates that a marked shift

occurred in the early 1990s resulting in a 20% increase in the mean TWI frequency between the periods 1973–

90 and 1991–2013, based on the average of changes at two sounding stations and two 6-month (dry and wet)

seasons. Regional increases in the atmospheric subsidence are identified in four reanalysis datasets over the

same ;40-yr time period. The post-1990 period mean for the NCEP–NCAR reanalysis shows increases in

subsidence of 33% and 41% for the dry and wet seasons, respectively. Good agreement was found between

the time series of TWI frequency of occurrence and omega, suggesting that previously reported increases in

the intensity of Hadley cell subsidence are driving the observed increases in TWI frequency. Correlations

between omega and large-scale modes of internal climate variability such as El Niño–Southern Oscillation

(ENSO) and the Pacific decadal oscillation (PDO) do not explain the abrupt shift in TWI frequency in the

early 1990s in both seasons. Reported increases in TWI frequency of occurrence may provide some expla-

nation for climate change–related precipitation change at high elevations in Hawaii. On average, post-1990

rainfall was 6% lower in the dry season and 31% lower in the wet season at nine high-elevation sites. Rainfall

was significantly correlated with TWI frequency at all of the stations analyzed.

1. Introduction

The effects of climate change in the Hawaiian Islands

has received considerable attention in recent years (e.g.,

Cao et al. 2007; Giambelluca et al. 2008; Timm and Diaz

2009; Chu et al. 2010; Diaz et al. 2011; Elison Timm et al.

2011; Bassiouni and Oki 2013; Diaz and Giambelluca

2012; Krushelnycky et al. 2013; Longman et al. 2014,

2015). Increases in temperature (Giambelluca et al.

2008), decreases in precipitation, and increased drought

occurrence (e.g., Chu and Chen 2005; Levinson and

Kruk 2008; Diaz and Giambelluca 2012), particularly at

high elevations (e.g., Krushelnycky et al. 2013; Frazier

et al. 2013), have been observed in Hawaii over the past

several decades. However, the driving forces behind

these changes are not clearly understood. One possible

explanation of decreased high-elevation rainfall is an

increase in the frequency of occurrence of the trade

wind inversion (TWI). The thermally driven Hadley cell

(HC) circulationmoves air vertically to a height of about

15 km within the intertropical convergence zone, and

then poleward to the subtropics, where air descends.

The TWI is a result of the HC subsidence interacting

with convectively driven air rising from lower levels,

which causes a discontinuity in the vertical temperature

profile (Riehl 1979). When the TWI is present, the

vertical development of clouds is suppressed and the
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transport of moisture to high-elevation ecosystems

above the inversion on Hawaii’s highest mountains is

inhibited (Giambelluca 2005). The TWI is a prominent

feature in the Hawaiian climate system occurring;82%

of the year and disruptions to the TWI are mainly as-

sociated with occurrences of midlatitude-type cyclonic

disturbances, which are common during the wet season

(Cao et al. 2007).

Several studies have been conducted to document

the characteristics of the TWI (e.g., Riehl 1979;

Giambelluca and Nullet 1991; Cao et al. 2007), and to

determine the effects it has on the climate (e.g., Loope

and Giambelluca 1998; Longman et al. 2015) and on

ecological processes (e.g., Kitayama and Mueller-

Dombois 1992; Krushelnycky et al. 2013; Crausbay

et al. 2014; Gotsch et al. 2014) at high elevations in

Hawaii. Cao et al. (2007) identified the TWI using data

from two long-term radiosonde stations in Hawaii (Hilo

and L�ıhu‘e) and showed an increase in TWI frequency

of occurrence and a decrease in base height for most

months analyzed from 1979 to 2003. Whether or not

these trends persisted or abated over the next decade

has not been determined.

Longman et al. (2014) have shown that dry season

solar radiation has significantly increased at four

high-elevation (.2000m) stations on the island of

Maui, Hawaii, from ;1988 to 2013, which, at least for

the period of high-resolution MODIS satellite imag-

ery (since 2001), can be explained by a decrease in

cloud cover. Examination of variations in the fre-

quency of occurrence and base height of the TWI is

relevant to understanding the causes of the observed

trends in cloud cover and solar radiation at high el-

evations. In addition, it is important to understand

the driving forces behind TWI variability including

the response to changes in HC circulation and to

phase changes in the internal modes of climate vari-

ability operating on interannual and/or interdecadal

time scales.

A strong body of evidence now exists indicating that

the tropical circulation belt has both widened and in-

tensified over the past several decades (Lucas et al. 2014,

and references therein). However, the rates of change in

extent and intensity are not known with a high degree of

certainty (Quan et al. 2014). In addition, opinions in the

current literature differ regarding the relationship be-

tween widening and intensification. Some modeling ef-

forts have shown an inverse relationship between HC

intensity and expansion (e.g., Mitas and Clement 2006;

Lu et al. 2007), while other research has found a positive

relationship between these variables (Tanaka et al. 2004;

Quan et al. 2004; Nguyen et al. 2013). Hadley cell varia-

tions aremost commonly defined using themass-weighted

zonal mean meridional streamfunction (e.g., Oort and

Yienger 1996; Trenberth et al. 2000; Quan et al. 2004;

Stachnik and Schumacher 2011). However, they can also

be defined in terms of velocity potential or vertical ve-

locity (omega) at specific pressure levels (Wang 2002;

Tanaka et al. 2004), the meridional component of di-

vergent wind (Song and Zhang 2007), or variations in

meridional atmospheric moisture transport (Sohn and

Park 2010). Changes in HC are also assessed using proxy

data such as outward longwave radiation (OLR) (e.g., Hu

and Fu 2007) or sea level pressure (SLP) (e.g., Song and

Zhang 2007).

Changes in HC width and intensity have been

explained by multiple climate forcing mechanisms such

as, increases in greenhouse gas (GHG) concentrations

and associated changes in the sea surface temperature

(SST; e.g., Staten et al. 2012), stratospheric ozone de-

pletion (e.g., Polvani et al. 2011), and the effects of

aerosols (e.g., Allen et al. 2012). Natural variability such

as ElNiño–SouthernOscillation (ENSO) and the Pacific

decadal oscillation (PDO) have also been found to af-

fect HC width and intensity (e.g., Mitas and Clement

2005; Grassi et al. 2012). During the warm (cool) phase

of ENSO the HC is narrower (wider) and more (less)

intense (Oort and Yienger 1996). Negative-phase PDO

conditions have been shown to promote a widening of

the tropical belt at least during the equinox seasons

(Grassi et al. 2012).

Many of the studies that examine changes to the HC

make use of one or more of eight available global re-

analysis data products (Davis and Rosenlof 2012; Lucas

et al. 2014). The majority of reanalysis products are

limited to the satellite era with only three of the eight

available reanalysis time series extending back to the

presatellite era. Reanalysis data are not without their

shortcomings and many differences among the datasets

have been identified in the literature (e.g., Song and

Zhang 2007; Stachnik and Schumacher 2011; Nguyen

et al. 2013; Lucas et al. 2014). The inclusion or exclusion

of satellite data and differences in the physics of the

underlying models are potential sources of differences

among the various reanalysis products (Lucas et al.

2014). Thorne and Vose (2010) note that because of

these systematic differences it is crucial to examine a

variety of reanalysis datasets to validate a climate

change signal.

In this study, we analyze TWI data obtained from

two atmospheric sounding stations, the vertical ve-

locity of wind variable ‘‘omega’’ from four reanalysis

products, and rainfall data from nine high-elevation

climate stations. The overall goal for this study is to

determine the proximal causes of TWI variability and

the role that TWI variability has on high-elevation

8744 JOURNAL OF CL IMATE VOLUME 28



rainfall patterns in Hawaii. Our main objectives are

to determine 1) whether previously detected increases

in TWI frequency and decreases in TWI base height

persisted after 2003; 2) whether changes in TWI charac-

teristics are significantly correlated with changes in

atmospheric general circulation; 3) the role of large-

scale modes of internal variability, such as ENSO

and PDO, in explaining TWI variability; and 4) the

effects of changes in TWI frequency on rainfall re-

gimes at high elevations, for the two 6-month seasons in

Hawaii.

2. Data

We calculate TWI characteristics from vertical pro-

files of temperature and relative humidity obtained at

two atmospheric sounding stations in Hawaii located at

L�ıhu‘e (21.978N, 159.3338W) on the island of Kaua‘i and

Hilo (19.728N, 155.058W) on the Big Island (Fig. 1). The

1400Hawaii-Aleutian Standard time (HST,HST1 105
UTC) (0000 UTC) soundings from each station from

1973 to 2013 are used in this analysis to identify TWI

characteristics over the period of record. (Atmospheric

sounding data are maintained by the University of

Wyoming and can be accessed online at http://weather.

uwyo.edu/upperair/sounding.html.)

Omega, the Lagrangian tendency of air pressure, dp/dt

(Pa s21), is a measure of the vertical movement of

air (positive values indicate subsiding air). Omega

data at the 500-hPa level obtained from atmospheric

reanalysis datasets are examined for a gridded domain

centered over the main Hawaiian Islands. Four re-

analysis datasets have been identified for this study

(Table 1); they include the National Centers for En-

vironmental Prediction–National Center for Atmo-

spheric Research (NCEP–NCAR) 40-year reanalysis

product (NNRP; Kalnay et al. 1996), the NCEP–U.S.

Department of Energy (DOE) Atmospheric Model

Intercomparison Project (AMIP-II) reanalysis prod-

uct (NDRP; Kanamitsu et al. 2002), the 40-yr Euro-

pean Centre for Medium-Range Weather Forecasts

(ECMWF) Re-Analysis (ERA-40; Uppala et al. 2005),

FIG. 1. Atmospheric sounding and rainfall stations used in this analysis. Rainfall stations are referenced by the state

key number found in the Rainfall Atlas of Hawaii.

TABLE 1. Reanalysis datasets used in this analysis. Period is the

range of reanalysis data used from each dataset; and spatial reso-

lution is the latitude, longitude, and pressure levels available for

each dataset.

Dataset Source Period Spatial resolution

ERA-40 ECMWF 1973–2002 2.58 3 2.58 3 23

NNRP NCEP–NCAR 1973–2013 2.58 3 2.58 3 17

NDRP NCEP–DOE 1979–2013 2.58 3 2.58 3 17

20CR NOAA/CIRES 1973–2012 2.08 3 2.08 3 24
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and the National Oceanic and Atmospheric Adminis-

tration/Cooperative Institute for Research in Environ-

mental Sciences (NOAA/CIRES) Twentieth Century

Reanalysis version 2 (20CR; Compo et al. 2011).

We chose these reanalysis datasets based on several

criteria: the availability of the omega variable at

500 hPa; the period of record of available data (our

analysis of TWI data begins in 1973 and, of the available

reanalysis products, only NNRP, ERA-40, and 20CR

include this start date), and for the spatial consistency

among datasets (all four of our selected datasets are

available at a horizontal resolution at either 28 3 28
(20CR) or 2.58 3 2.58 (ERA-40, NNRP, and NDRP)

gridcell size; Table 1). It should be noted that the 20CR

does not incorporate any upper-air or satellite obser-

vations. Omega values are averaged for a 108 3 108 grid
centered over the main Hawaiian Islands (17.58–258N
latitude, and 1608–152.58W longitude) for 2.58 3 2.58
horizontally resolved data and 188–248N latitude, and

1608–1528W longitude for the 2.08 3 2.08 horizontally
resolved data.

The mulitvariate ENSO index (MEI) is used to define

ENSO status in this study (Wolter and Timlin 1998). The

MEI incorporates six observed fields (SLP, zonal and

meridional surface wind, SST, and total cloudiness) in

the classification of ENSO modes. Data are obtained

from NOAA (http://www.esrl.noaa.gov/psd/enso/mei/

table.html). PDO index values are obtained from the

Joint Institute for the Study of the Atmosphere and

Ocean (JISAO) at the University of Washington (http://

jisao.washington.edu/pdo/PDO.latest).

Historical rainfall data from nine high-elevation cli-

mate stations are obtained from the Rainfall Atlas of

Hawaii (Giambelluca et al. 2013). We use a dataset that

had been screened for outliers and inhomogeneities, and

had all data gaps filled during the period 1973–2012

(Giambelluca et al. 2011). These high-elevation climate

stations are located above 1900m on the islands of Maui

and Hawaii (Fig. 1).

3. Methods

a. Trade wind inversion identification

To identify TWI characteristics, sounding data were

analyzed using a modification of the criteria proposed

by Cao et al. (2007). The following six criteria are used

to identify the TWI: 1) the TWI height is assumed to be

found within the 950–650-hPa pressure range, which

excludes inversions caused by radiative surface cooling

below the 950-hPa level and inversions caused by the

melting of cloud ice particles at altitudes above

650 hPa; 2) the TWI is identified as a layer with a

positive vertical air temperature gradient and a drop in

relative humidity at the same or the next (immediately

higher) level; 3) apparent superadiabatic layers caused

by enhanced cooling of temperature sensors emerging

from the cloud zone are addressed using the method of

Grindinger (1992); 4) for profiles with more than one

inversion, the one with the greatest decrease in relative

humidity with height is defined as the TWI layer (de-

creases in relative humidity are calculated as the av-

erage of the four relative humidity measurements

including and immediately above the initial relative

humidity drop; 5) the inversion top is identified as the

bottom of the first layer above the TWI in which tem-

perature decreases with height; and 6) inversions with a

temperature change .88C and/or thicker than 1000m

are excluded.

We characterize the TWI using three monthly in-

terval metrics. TWI base height is identified as the

mean elevation of the bottom inversion layer in each

month. TWI frequency of occurrence is calculated as

the number of days with an inversion present divided

by the number of days of available data in each month

(months with less than 75% of data are excluded from

the time series). TWI strength is calculated as the

mean vertical temperature gradient within the TWI

layer.

b. Data aggregation and temporal assessment

Hawaii has two distinct 6-month seasons (Giambelluca

and Schroeder 1998): dry (May–October) and wet

(November–April). TWI and omega time series are

each aggregated to a seasonal time step by averaging

the six monthly values within each season. For rainfall

data, the six monthly values are summed for each

season. Wet seasons are identified according to the

year of the beginning of the season (e.g., the wet season

value for 1990 consists of data from November 1990 to

April 1991). Because the TWI time series has gaps,

only seasons with .75% of the data (based on the

number of daily measurements available) are averaged

to get a 6-month seasonal value. Most of the missing

periods in the TWI time series occurred prior to 1979,

and based on the minimum data criterion, we exclude

the years 1975–78 from the TWI time series. After 1979

at least 92% of the data are available for all seasonal

means.

An assessment of seasonal climate variability is

conducted in three ways: 1) time series data are tested

for trends using a linear regression model. In a pre-

liminary analysis, 40 climate variable time series were

tested for temporal autocorrelation using the Durbin–

Watson statistical test (Durbin and Watson 1971). Of

the 40 time series tested, 4 (10%) were significant at
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a 5 0.05 and 1 (4%) was significant at a 5 0.01 and no

consistent patterns among stations or variables were

identified. Based on these results it was decided to not

include a temporal autocorrelation correction in the

regression model. 2) Changepoint analysis (Killick

and Eckley 2014) is used to identify significant shifts

within each time series (changepoint detection is the

name given to a procedure for estimating points in a

time series when a statistically significant shift in the

observations occurs; note: for the TWI characteristic

time series, linear regression and changepoint de-

tection is applied to the period 1979–2013, because of

the 1975–78 data gap in the earlier part of the record;

for the omega and rainfall data, linear regression and

changepoint detection is applied using the start year

of 1979. 3) We test for long-term change by com-

paring variable means between two different periods,

delimited on the basis of the TWI changepoint results

as the periods before and after the start of the 1991

dry season and referred to as P1 (1973–90) and P2

(1991–2013 for the dry season and 1991–2012 for the

wet season). The difference between periods is cal-

culated as difference 5 [(P1 2 P2)/P1] 3 100. Time

series data are tested for normality using the

Shapiro–Wilk statistical test (Shapiro and Wilk

1965). For datasets determined to be normally dis-

tributed, the Welch two sample t test is used to de-

termine if there is a significant difference in the

means of the two periods. Only the omega reanalysis

time series were normally distributed. Some of the

TWI characteristic and rainfall time series have

nonnormal distributions and, therefore, the Wil-

coxon rank sum test (Hollander and Wolfe 1973) is

used to determine if there is a significant difference in

means of the two periods. Statistical tests are con-

ducted using R open source statistical software. We

assess statistical significance at the 95% significance

level (a # 0.05), using the null hypothesis that the

trend is zero.

In addition to the time series method described above,

we also test relationships between atmospheric variables

for various time periods using a linear regression

method, and use the correlation coefficient (r) or the

coefficient of determination (r2) to assess the strength of

the relationships between variables. Again, statistical

significance is assessed at a 5 0.05.

4. Results

a. TWI characteristics and trend assessment

The TWI is a persistent high-elevation climate feature

in Hawaii occurring on average 80% and 76% of the

time for the dry and wet seasons, respectively (Table 2).

The average dry season TWI base height is 2131m at

L�ıhu‘e and 2284m at Hilo. We find our results to be in

close agreement with those reported by Cao et al.

(2007). In a side-by-side comparison for the overlapping

time period, we estimated the annual TWI frequency of

occurrence to be on average 6% lower and annual TWI

base height to be on average 62m lower than those re-

ported by Cao et al. (2007; results not shown). These

differences can be explained by the modifications that

were made to the Cao et al. (2007) TWI identification

criteria.

Trends in the TWI characteristics derived from the

linear regression model for the dry and wet seasons at

each of the two sounding stations are presented based on

the 1979–2013 record of the 1400 HST atmospheric

sounding data (Fig. 2). For the dry season, slight

decreases in base height were observed at Hilo

(20.4myr21) and increases were observed at L�ıhu‘e

(2.3myr21). For the wet season, small increases in base

height were observed at L�ıhu‘e (0.9myr21), and no

base height trends were determined to be statistically

significant in either season (Table 3). The frequency of

TWI occurrence was observed to have increased over the

period of record at both stations during both seasons.

Statistically significant increases of 0.3% and 0.8%yr21

(at Hilo and L�ıhu‘e, respectively) during the dry season

and 0.3% (not significant; p 5 0.056) and 0.6%yr21

(significant) during the wet season were observed. In-

creases in TWI frequencywere greater at L�ıhu‘e, which is

located ;28 north of the Hilo station. Significant in-

creases in TWI strength were observed at both stations in

both seasons.

TABLE 2. Seasonal TWI characteristics at Hilo and L�ıhu‘e. Base height is the average base height of the TWI, frequency is the average

frequency of occurrence of the TWI, and strength is the average strength of the TWI.

Dry season Wet season

Variable Base height (m) Frequency (%) Strength (8Cm21) Base height (m) Frequency (%) Strength (8Cm21)

Station Mean Std dev Mean Std dev Mean Std dev Mean Std dev Mean Std dev Mean Std dev

Hilo 2284 6 83 80 6 8 0.005 6 0.001 2198 6 89 74 6 10 0.006 6 0.001

L�ıhu‘e 2131 6 85 79 6 12 0.004 6 0.001 2023 6 92 78 6 10 0.007 6 0.001
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We applied a changepoint detection algorithm to all

of the TWI time series (1979–2013) to identify any sig-

nificant change years. All of the changepoint years

identified mark an upward shift in TWI frequency time

series. For the dry season, a TWI frequency changepoint

was identified at year 1993 (Hilo) and year 1989

(L�ıhu‘e). For the wet season, 1990 was identified as the

changepoint year for both stations (Table 3). In-

terestingly, the year 1990 also corresponds with the start

of a significant decline of an endemic plant species found

FIG. 2. TWI characteristics: (top) base height, (middle) frequency of occurrence, and (bottom) strength for (left)

dry and (right) wet seasons during 1979–2013.
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at high elevations on Maui, Hawaii (Krushelnycky et al.

2013). Based on these results and in an effort tomaintain

consistency throughout this analysis, the year 1990 is

chosen as the changepoint for our time period compar-

ison. TWI frequency data are separated into periods that

correspond to observations occurring before (P1) and

after (P2) the 1990 changepoint. For the dry season, P2

means were higher for; TWI base height (0.1%and 1.2%

for Hilo and L�ıhu‘e, respectively; not significant), fre-

quency of occurrence (11% and 29%; significant at both

stations), and strength (19% and 16%; significant at

Hilo) (Table 4). For the wet season, P2 means were

found to be lower for TWI base height (20.6% and

20.5%; not significant), and higher for TWI frequency

of occurrence (16% and 24%; significant at both sta-

tions) and strength (22% and 24%; significant at both

stations). TWI frequency of occurrence was significantly

higher during P2 than P1 at both stations for both wet

and dry seasons (Fig. 3).

b. Omega trend assessment

Gridded data obtained from four reanalysis products

for the variable omega at the 500-hPa level are each

averaged for a 108 3 108 field centered over the Ha-

waiian Islands. Regression analysis indicates a consis-

tent increase in omega (enhanced subsidence) for both

the dry and wet seasons for all reanalysis products

(Fig. 4). For the dry season, increases in omega range

from 0.0001 to 0.0005 hPa s21 yr21 and were determined

to be statistically significant for two of the four re-

analysis products (Table 5). For the wet season, in-

creases ranged from 0.000 02 to 0.0007hPa s21 yr21 and

only the ERA-40 trend was statistically significant.

Changepoint analysis applied to all of the omega

time series did not reveal any significant shifts in the

record. To maintain consistency, we use the year 1990

as the year for the time period comparison. Omega was

found to be higher during P2 than P1 for all of the

reanalysis time series for both the dry (14%–47%

higher) and wet (11%–80% higher) seasons (Fig. 5 and

Table 6).

To compare reanalysis products, we calculated the

correlation coefficient (r) for each pair of omega time

series during the time window common to all products

(1979–2002; not shown). In general correlation was good

among the reanalysis products (r5 0.61–0.94). All of the

time series show stronger correlation in the wet season

than the dry season. The relationship between omega

and TWI frequency of occurrence (calculated as the

average of Hilo and L�ıhu‘e TWI data) is assessed using

all of the available data. Significant positive correlations

are found between TWI frequency of occurrence data

TABLE 3. Least squares regression results for TWI variables (1979–2013). Trend is the slope of the regression line, r2 is the coefficient of

determination, standard error (SE) is the standard error of the slope in the same units as trend for each variable, p is ameasure of statistical

significance (p values,0.05 are shown in boldface), and ‘‘C-Y’’ is the year at which a statistically significant shift in the data occurs. For the

dry season n 5 34; for the wet season n 5 33.

Dry season Wet season

r2 SE p C-Y r2 SE p C-Y

Base height Trend (m yr21) Trend (m yr21)

Hilo 20.4 0.00 1.34 0.767 No 0.0 0.00 1.40 0.991 No

L�ıhu‘e 2.3 0.08 1.35 0.093 2003 0.9 0.01 1.43 0.523 No

Frequency Trend (% yr21) Trend (% yr21)

Hilo 0.34 0.24 0.11 0.003 1993 0.30 0.11 0.15 0.056 1990

L�ıhu‘e 0.79 0.58 0.11 0.000 1989 0.58 0.40 0.13 0.000 1990

Strength Trend (8Cm21 yr21) Trend (8Cm21 yr21)

Hilo 0.00008 0.39 2 3 1025 0.000 No 0.00005 0.18 2 3 1025 0.011 No

L�ıhu‘e 0.00004 0.16 2 3 1025 0.016 No 0.00004 0.13 2 3 1025 0.031 No

TABLE 4. Relative differences in TWI characteristics between

time periods P1 (1973–90) and P2 (1991–2013). Diff is the percent

difference between the two time periods calculated as Diff 5 [(P2

mean–P1)/P1 mean] 3 100 (p values ,0.05 are shown in boldface).

Dry season Wet season

Diff (%) p Diff (%) p

Base height

Hilo 0.1 0.988 20.6 0.860

L�ıhu‘e 1.2 0.467 20.5 0.835

Frequency

Hilo 10.5 0.005 16.3 0.001

L�ıhu‘e 28.8 0.000 23.8 0.000

Strength

Hilo 18.8 0.033 23.4 0.002

L�ıhu‘e 15.1 0.130 25.0 0.000
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and all of the omega time series both dry and wet seasons

(Table 7).

Using the NNRP data we examine the omega field in

each season for the Northern Hemisphere (08–508N
latitude). Clear evidence of higher P2 subsidence in

both the dry and wet seasons is rather widespread along

the latitude belt where the Hawaiian Islands are located

(Fig. 6). The widespread intensification of atmospheric

subsidence shownheremaybeexplainedbyan intensification

of the HC, which has been previously identified by

others (e.g., Lucas et al. 2014).

c. ENSO and PDO assessment

All TWI frequency and omega data available be-

tween 1973 and 2013 were tested against the MEI and

PDO indices. In general, correlations of TWI fre-

quency or omega with either MEI or PDO had opposite

signs for dry and wet seasons (Fig. 7). Linear regres-

sion results indicate no significant correlation between

the MEI and TWI frequency (r 5 20.17) or omega

derived from the four reanalysis products (r 5 20.23

to 0.24) during the dry season (Table 7). Wet season

correlations are slightly stronger for TWI frequency

(r 5 0.41; significant) and omega (r 5 0.26–0.47; sig-

nificant for the ERA-40, NNRP, and 20CR omega

time series). Data are also compared with the PDO

index. During the dry season, PDO is significantly

correlated with TWI frequency (r520.48) and NNRP

omega (r520.33) but not significantly correlated with

the three remaining reanalysis products (r 5 20.02

to 20.27). For the wet season, no significant correla-

tion was found between PDO and TWI frequency (r5
0.24) and correlations between PDO and omega were

positive but weak for three of the four comparisons

FIG. 3. TWI frequency of occurrence for (left) Hilo and (right) L�ıhu‘e for the (top) dry and (bottom) wet seasons;

P1 5 1973–90; P2 5 1991–2013; the center line in the box is the median; hinge lines represent the first and third

quartile; horizontal lines on the top of the whiskers refer to the maxim and minimum values excluding outliers;

outliners are defined as any point .1 or .1.5 times the interquartile range (IQR).
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(r 5 0.24–0.50; significant for the 20CR omega time

series).

Despite weak correlations, ENSO and PDO clearly

have some effect on the variability of TWI frequency

especially in the wet season, for which significant re-

lationships were identified between the MEI index

and both the TWI frequency and three of the four

omega time series. For the dry season, a significant

relationship was found between the PDO and both the

TWI frequency and NNRP omega time series. This is

not surprising considering that the PDO has been

shown to have a more dominant effect on climate in

the dry season (see Frazier et al. 2012). It is also im-

portant to note that the relationships between these

variables have opposite signs in the dry and wet sea-

sons (Fig. 7). Considering this, phase changes to these

Pacific centered modes do not explain the long-term

increase (or shift) in TWI frequency reported earlier,

which were consistently found in both seasons (Table 3).

In general, correlations between TWI frequency and

both the MEI and PDO indices are improved when

time series are compared for the shorter P1 and P2

time periods and not assessed for the complete period

of record.

d. Rainfall trend assessment

We calculated linear trends for the dry and wet season

rainfall at nine high-elevation climate stations in Hawaii

from 1973 to 2012. For the dry season, eight of the

nine stations showed decreases in rainfall (21

to 222.7mmyr21) over the period and two of these

decreases were statistically significant (Table 8). For the

wet season, all nine stations showed decreases in rainfall

(23.8 to 222.2mmyr21), three of which were statisti-

cally significant.

Changepoint detection analysis is applied to the

nine rainfall time series. Results varied widely among

stations and between seasons (Table 8). Because of

the high variability of rainfall from year to year, the

changepoint software identifies multiple changepoints

in the time series. For this analysis we have con-

strained the software to identify the most prominent

changepoint in the time series. For the dry season the

most common changepoint year was 2006 (n 5 4),

which corresponds to a transition year from El Niño
to La Niña conditions in 2007. La Niña conditions

have been shown to produce predominantly below-

normal precipitation conditions in the 6-month dry

season (Frazier et al. 2012). For the wet season, the

most common changepoint year identified was 1990

(n 5 4). The year 1990 is also the year in which the

significant shift in wet season TWI frequency was

identified (Table 3).

Rainfall was assessed using the time period com-

parison defined earlier. Again, to maintain consis-

tency among time series, we use the end of 1990 as

the changepoint year (P1 5 1973–90; P2 5 1991–

2012). For the dry season, results varied with lower

P2 rainfall (26% to 230%; relative to P1 rainfall)

found at five stations and higher P2 rainfall (1%–5%;

relative to P1 rainfall) found at the other four sta-

tions (Table 9). For the wet season, lower P2 rainfall

FIG. 4. Average omega from four reanalysis products for (top) dry

and (bottom) wet seasons.

TABLE 5. Least squares regression results for omega (p values ,0.05 are shown in boldface). Note: Time series lengths differ for each

dataset ERA-40: 1973–2002, NNRP: 1973–2013, NDRP: 1979–2013, and 20CR: 1973–2012.

Dry season Wet season

Dataset Trend (hPa s21 yr21) n r2 SE p C-Y Trend (hPa s21 yr21) n r2 SE p C-Y

ERA-40 0.00053 30 0.23 2. 3 1024 0.008 No 0.00066 29 0.15 3. 3 1024 0.040 No

NNRP 0.00027 41 0.16 1. 3 1024 0.009 No 0.00024 40 0.05 2. 3 1024 0.155 No

NDRP 0.00015 35 0.08 9. 3 1025 0.098 No 0.00021 34 0.03 2. 3 1024 0.364 No

20CR 0.00010 40 0.05 7. 3 1025 0.146 No 0.00002 39 0.00 2. 3 1024 0.935 No

15 NOVEMBER 2015 LONGMAN ET AL . 8751



(23% to245%; relative to P1) were found consistently

at all nine stations. Seven of the nine wet season

rainfall comparisons showed statistically significant

increases in P2 rainfall. In general the magnitude of

changes in rainfall was much greater in the wet sea-

son (Fig. 8).

We test correlations between rainfall at the nine

climate stations with average TWI frequency and

the NNRP-derived omega time series. Rainfall was

significantly correlated with both TWI frequency and

omega at all nine stations for both the dry and wet

seasons (Fig. 9). This result confirms our hypothesis

that increases in atmospheric subsidence and subsequent

increases in TWI frequency at least partly explain the

decreases in rainfall identified here. These findings

also provide a physical mechanism to explain decrease

FIG. 5. Omega time period assessment results for (a),(b) ERA-40; (c),(d) NNRP; (e),(f) NDRP; and (g),(h) 20CR

reanalysis products for the (left) dry and (right) wet seasons; the center line in the box is the median; hinge lines

represent the first and third quartile; horizontal lines on the top of the whiskers refer to the maxim and minimum

values excluding outliers; outliners are defined as any point .1 or .1.5 times the interquartile range (IQR).
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in rainfall identified by others (e.g., Frazier et al.

2013, 2015).

5. Summary and discussion

Using TWI data from two atmospheric sounding sta-

tions, omega data from four reanalysis products, and

rainfall data from nine high-elevation climate stations,

we examined long-term changes in atmospheric sub-

sidence over the Hawaii region and the subsequent ef-

fects that these changes have had on rainfall at high

elevations.

We have found a significant increase in TWI fre-

quency and TWI strength over the past approximately

four decades for both the dry and wet seasons most

notably defined by an abrupt upward shift in the early

1990s. Increases in atmospheric subsidence have been

identified in four reanalysis datasets and are in agree-

ment with changes in the TWI frequency. Considering

that TWI frequency is significantly correlated with

omega, we hypothesize that the increases in TWI fre-

quency found here may be directly related to the in-

tensification of HC subsidence that has previously been

reported in the literature (see. Lucas et al. 2014).

Determining the causes of increases in HC subsidence

is not within the scope of this study. However, many

modeling studies have suggested multiple climate forc-

ings that could alter the width and intensity of the HC

(see Lucas et al. 2014). A primary source of tropical

climate variability is ENSO, but the influence of ENSO

on the HC is still debated. Oort and Yienger (1996)

showed that HC intensity has a tendency to increase

during the warm phase of ENSO due to enhanced con-

vection in the equatorial central Pacific resulting inmore

persistent subsidence in the subtropics during the winter

[December–February (DJF)] months. Quan et al. (2004)

showed that HC responses to ENSO were much stron-

ger during the warm (El Niño) phase than during the

cool La Niña phase. More recently, Stachnik and

Schumacher (2011) found that various reanalysis data-

sets show a weak, but statistically significant increase in

HC intensity in the Northern Hemisphere (NH) during

El Niño. In contrast to these findings, Tanaka et al.

(2004) and Mitas and Clement (2005) found little re-

lationship between the NHwintertime HC intensity and

ENSO, and Caballero (2007) found that more than 70%

of HC variability was not related to ENSO. To our

knowledge no study has attempted to connect fluctua-

tions in HC intensity with changes in PDO phase.

However, the HC has been shown to widen during the

cool phase of PDO (Grassi et al. 2012).

In this present analysis we find that correlations be-

tween TWI frequency and omega and the ENSO and

PDO indices are weak and not consistent for the dry and

wet seasons (Table 7). In addition, the effects these

Pacific-centered modes have on TWI frequency and

omega were opposite for the dry andwet seasons (Fig. 7)

and are not in agreement with the approximate 1991

positive shift in TWI frequency (Fig. 3) and omega

TABLE 6. Differences in mean omega between time periods P1

(1973–90) andP2 (1991–2013) (p values,0.05 are shown in boldface).

Note: Time series lengths differ for each dataset ERA-40: 1973–2002,

NNRP: 1973–2013, NDRP: 1979–2013, and 20CR: 1973–2012.

Dry season Wet season

Dataset Diff (%) p Diff (%) p

ERA-40 47 0.009 80 0.017

NNRP 33 0.035 41 0.094

NDRP 14 0.133 34 0.235

20CR 47 0.216 11 0.554

FIG. 6. Composite mean NNRP-derived omega at the 500-hPa level (differences between P1

and P2 calculated as P2 mean minus P1 mean) for (top) dry and (bottom) wet.
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(Fig. 5) identified over the Hawaii region in this study,

which occurs in both seasons. Longman (2015) demon-

strated that for the wet season the warm (cool) phase of

ENSO or PDO corresponds to a more (less) frequent

TWI, resulting in drier (wetter) conditions at high ele-

vations. For the dry season, these relationships are op-

posite (e.g., warm phase: less frequent TWI and wetter).

We agree that ENSO phase changes may play some role

in the variability of TWI frequency of occurrence, but

statistical correlations only explain a small portion of the

variance and the relationship is opposite for the two

seasons (Fig. 8). The relationship between wet season

TWI frequency and ENSO phase change is statistically

significant, but explains only about 17% of the variance

in the time series (Table 7). When subsets of the period

of record (P1 and P2, before and after the end of 1990,

respectively) are assessed, correlations between TWI

frequencies and the MEI index are greatly improved for

both seasons. When these shorter time periods are as-

sessed, ENSO phase change explains 41% (P1) and 26%

(P2) of the variance in the wet season TWI frequency

time series. In general, correlations with the PDO and

TWI frequency are also improved when data are sepa-

rated into pre- and postshift periods. This body of

evidence suggests that while both ENSO and PDO may

explain some of the variability in TWI frequency they do

not explain the longer-term change (i.e., the shift be-

tween the 1973–90 and 1991–2013 periods) reported

here. Correlations between omega and the ENSO and

PDO indices were weak and significant only in the wet

season (Table 7), which suggests that alternative forcing

mechanisms are potentially driving the observed in-

crease in HC intensity. In addition to the results re-

ported here, Merrifield (2011) has shown that a 20%

increase in the amplitude of Pacific trade winds from

1990 to 2009 relative to the previous 40-yr period is

linked to an increase in atmospheric circulation and is

not explained by ENSO and PDO phase changes. The

fact that this reorganization of the wind system is not

consistent with a Pacific-only SST driving mechanism,

suggests that changes outside the tropical Pacific might

be important (McGregor et al. 2014). McGregor et al.

(2014) has concluded that the unprecedented accelera-

tion of the Pacific trade wind system since the early

1990s is, in fact, driven by rapid warming of the Atlantic

in relation to the Pacific. The Atlantic Ocean has been

shown to play an important role in low-frequency vari-

ability in the tropical Pacific via an atmospheric trans-

basin coupling (Chikamoto et al. 2015). Yu et al. (2015)

FIG. 7. Correlation coefficient (r) values derived from linear

regression for omega and TWI frequency when compared with the

(top)MEI index and (bottom) the PDO index for all available data

in each time series; the dashed line represents the critical values of

the two-sided correlation coefficient r at a 50.05 for df 5 32.

TABLE 7. Correlation coefficient (r) values derived from linear

regression between omega and TWI frequency and the relationship

between these variables and the MEI and PDO indices for all

available data from 1973 to 2013. TWI is trade wind inversion

frequency of occurrence, MEI is the multivariate ENSO index,

PDO is the Pacific decadal oscillation index. Note: The length of

the time series are different for each variable and comparisons

between variables are made using all of the available data between

1973 and 2013 (p values ,0.05 are shown in boldface).

Dry season Wet season

r p r p

vs TWI

ERA-40 0.732 0.000 0.630 0.001

NNRP 0.602 0.000 0.580 0.000
NDRP 0.512 0.002 0.471 0.005

20CR 0.483 0.003 0.521 0.001

vs MEI

ERA-40 0.240 0.202 0.407 0.029

NNRP 20.173 0.280 0.330 0.037

NDRP 20.155 0.375 0.256 0.143

20CR 20.225 0.163 0.461 0.003

TWI 20.179 0.289 0.410 0.013

vs PDO

ERA-40 0.020 0.840 0.243 0.148

NNRP 20.333 0.033 0.245 0.127

NDRP 20.269 0.119 0.274 0.118

20CR 20.219 0.175 0.489 0.002
TWI 20.475 0.003 0.235 0.168
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has suggested that a positive phase change in the At-

lantic multidecadal oscillation (AMO) occurring in the

early 1990s is responsible for a strengthening of the

subtropical high in the Pacific and the subsequent in-

creases in trade wind strength. The variability in coupled

atmosphere–ocean modes in the Atlantic has been

shown to feed back to the Pacific through a transbasin

interaction and a global displacement of the Walker

circulation (Chikamoto et al. 2015).

Climate forcing mechanisms unrelated to ENSO or

PDO that may explain increased HC subsidence in-

clude warming due to enhanced GHG concentrations

and associated SST increases, the indirect or direct

effects of aerosols, and/or the depletion of strato-

spheric ozone, which have been hypothesized to affect

HC width (Lucas et al. 2014 and references therein).

Global simulations of future climate show that the

margins of Hadley cell circulation will move poleward

in both hemispheres and in all seasons as a result of

global warming (e.g., Kang and Lu 2012). Perhaps, the

increased frequency in TWI occurrence is explained

by a decrease in atmospheric disturbances in the cen-

tral North Pacific. Cao et al. (2007) suggested that a

global warming–related poleward shift in midlatitude

storm tracks (Yin 2005) would cause fewer inter-

ruptions of Hadley cell subsidence over Hawaii, thus

increasing TWI persistence. The effects of this, how-

ever, would be predominantly seen in the wet season

when storms are more prevalent so this does not ex-

plain the observed upward shift in TWI frequency

identified in both seasons. In general, an expansion or

intensification of the HC due to climate change (Seidel

et al. 2008) would make interruptions of subsidence

less frequent in Hawaii for both the dry and wet

seasons.

To identify the effects that increases in subsidence

have on seasonal high-elevation rainfall patterns we

compared nine rainfall time series with TWI frequency

and omega data. Our results indicate a mixed signal in

the dry season and a consistent drying signal in the wet

season. For the dry season, rainfall at nine stations

(Fig. 8) was significantly correlated with both TWI fre-

quency and omega. Lower P2 rainfall was identified at

five stations (26% to231%) and higher P2 rainfall was

identified at the remaining four stations (1%–5%). On

average, rainfall was 6% lower during P2 relative to P1

(Table 9). These findings suggest that, in general, an

increase in subsidence has contributed to a slight overall

P2 decrease in high-elevation dry season rainfall al-

though decreases at some individual stations are much

more pronounced. It is not clear why some stations

showed small increases in P2 rainfall despite an increase

in TWI frequency. For the wet season, rainfall at all of

the nine stations was significantly correlated with both

TWI frequency and omega (Fig. 9) and the average P2

rainfall for the nine stations analyzed was 31% lower

relative to the P1 mean (Table 9). Based on the NNRP-

derived omega, the P1 to P2 increase in subsidence was

8% stronger in the wet season than the dry season. Also,

the Hilo radiosonde data showed that P1 to P2 increase

in TWI frequency was 6% greater during the wet season

than the dry season. These results are consistent with the

changes in rainfall being more pronounced in the

wet season.

TABLE 8. Time trends, based on least squares linear regression, for nine high-elevation rainfall time series (1973–2012). SKN is the state

key number used to identify rainfall stations; n5 39 for the dry season; n5 38 for the wet season (p values,0.05 are shown in boldface).

Dry season Wet season

SKN Elev (m) Trend (mmyr21) r2 SE p C-Y Trend (mmyr21) r2 SE p C-Y

71 1905 27.1 0.29 1.8 0.000 1997 23.8 0.04 3.2 0.249 1996

338 2143 0.3 0.00 1.9 0.860 1976 215.6 0.06 7.73 0.051 1990

278 2195 222.7 0.13 9.7 0.025 2007 222.2 0.00 15 0.148 1990

279 2459 23.9 0.02 4.1 0.359 2006 22.7 0.00 8.21 0.748 1977

76 2530 22.8 0.06 1.9 0.141 1997 29.9 0.18 3.47 0.007 1990

339.5 2589 21.0 0.01 1.6 0.536 2006 210.9 0.09 5.74 0.067 1990

111 2810 22.2 0.03 1.9 0.253 2006 211.8 0.15 4.6 0.014 1975

339.6 2989 21.0 0.01 1.7 0.541 2006 211.6 0.06 7.57 0.133 1996

39 3397 21.6 0.04 1.3 0.211 2004 26.4 0.11 3.01 0.041 1981

TABLE 9. Differences in mean rainfall between time periods P1

(1973–90) andP2 (1991–2013) (p values,0.05 are shown in boldface).

Dry season Wet season

SKN Elev (m) Diff (%) p Diff (%) p

71 1905 230 0.004 222 0.084

338 2143 5 0.778 238 0.022

278 2195 210 0.180 221 0.042

279 2459 1 0.459 23 0.798

76 2530 29 0.240 236 0.015
339.5 2589 2 0.798 238 0.005

111 2810 26 0.563 239 0.032

339.6 2989 4 0.396 232 0.032

39 3397 211 0.271 245 0.026
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The spatial dynamics and temporal trends in rainfall

have been a topic of great interest to many researchers

in Hawaii. Previous studies have examined rainfall var-

iability on seasonal (Lyons 1982; Chu 1989; Frazier et al.

2013), interannual, and decadal time scales (Chu and

Chen 2005; Timm and Diaz 2009, Chu et al. 2010;Elison

Timm et al. 2011; Diaz and Giambelluca 2012; Frazier

et al. 2013). Levinson and Kruk (2008) detected a statis-

tically significant downward trend in rainfall since 1905

(see also Diaz and Giambelluca 2012), and Elison Timm

et al. (2011) and Chu et al. (2010) have shown a decrease

in the frequency of moderate and extreme rainfall events.

Prior research has identified links between climate vari-

ations and the behavior of the TWI (Tran 1995) and the

results from this study make a clear connection between

increased TWI frequency and decreases in high-elevation

rainfall in Hawaii. This is an important finding because

while many authors have identified changes in rainfall

over time the proximal cause behind these changes are

not always clear.

In other studies, Diaz et al. (2011) found evidence of

drying in vertical humidity profiles at higher elevations,

and Krushelnycky et al. (2013) noted an increase in the

number of zero rainfall days at a leeward high-elevation

site on Maui. While it has been well established that

rainfall patterns are influenced by phase changes in

ENSO and PDO (e.g., Chu and Chen 2005; Frazier et al.

2012), recent evidence suggests rainfall patterns have

decoupled from these modes in the last decade (Diaz

and Giambelluca 2012). Results from this present

analysis are in agreement with the notion of this de-

coupling and suggested that an alternative forcing

mechanismmay be responsible for the observed change.

Sustained increases in the TWI frequency pose several

threats to high-elevation ecosystems including decreases

in streamflow and groundwater recharge (Bassiouni and

Oki 2013). Diaz et al. (2011) noted an increase in the

lifting condensation level since about 2000 on the island

of Hawaii, which combined with an increase in TWI

frequency would reduce the thickness of the cloud zone

thus decreasing rainfall and cloud water interception

there (Giambelluca and Gerold 2011). In addition, the

increases in TWI frequency over the past almost two

decades may have already altered biota at high eleva-

tions. Increases in temperature, solar radiation, and the

number of zero rainfall days, all of which are products of

increased inversion frequency, have been linked to the

decline of an iconic high-elevation endemic species, the

Haleakal�a Silversword, beginning in 1990 (Krushelnycky

et al. 2013).

It is unclear if reported increases in TWI frequency

and the subsequent decreases in rainfall will persist in

the future. We have demonstrated that at least some of

these trends can be linked to broader circulation pat-

terns, potentially caused by anthropogenic global

warming (Dai 2011). Lauer et al. (2013) has used fu-

ture climate projections to determine that TWI fre-

quency of occurrence will increase by 11%, and the

TWI base height will decrease by ;160m by 2100. If

expected increases in the TWI frequency of occurrence

FIG. 9. Amount of variance in seasonal rainfall at nine individual

stations explained by variations in two station seasonal mean (top)

TWI frequency and (bottom) the NNRP omega for wet and dry

seasons (1973–2012); the dashed line represents the critical values

of the two sided coefficient of determination r2 ata50.05 (df5 36).

Note: Stations are positioned in order of increasing elevation (left

to right) for each season.

FIG. 8. Change in rainfall between 1973–90 (P1) and 1991–2012

(P2) calculated as the difference 5 [(P1 rainfall 2 P2 rainfall)/P1

rainfall]3 100. Note: Stations are positioned in order of increasing

elevation (left to right) for each season; stations with an asterisk at

the end of the bar indicate a statistically significant (a 5
0.05) change.
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hold true additional decreases in high-elevation rain-

fall can be expected in both the dry and wet seasons in

the future.
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