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Abstract 

The amount of solar radiation that reaches the Earth’s surface is modulated by 

fluctuations in atmospheric gases including water vapor, the density of aerosols and cloud optical 

depth.  Regional trends in solar radiation have been observed in various places around the Earth, 

but little research has been done on solar radiation trends in Hawai‘i. To address this, data 

obtained from upper elevation climate stations within the HaleNet climate network on the Island 

of Maui, Hawai‘i were evaluated for trends.  First, solar radiation was modeled using the 

SPECTRAL2 clear day radiation model and tested against observations.  Solar radiation was 

modeled using a series of model parameterization scenarios at different temporal resolutions, to 

determine the scenario that most accurately represented clear sky radiation at the points of 

observations.  Second, the modeled solar radiation was compared with observations to identify 

and correct instrument response changes over time. Thirdly, a long-term record of solar radiation 

was evaluated for trends at three upper elevation stations.        

Solar radiation was modeled at three HaleNet locations along a 1630-m elevation 

gradient on the slopes of Haleakalā.  The model was parameterized using daily, monthly, and 

annual mean input scenarios.  The model tended to overestimate clear sky solar radiation at all 

stations under three input scenarios for a 1-year test period, but nevertheless produced 

satisfactory results with regression slopes all within 0.03 of unity and RMSE values in the range 

of 18.9—38.0 W m-2.  The model performed best at these stations when input parameters were 

held constant at their annual mean values.   

 Clear day solar radiation was modeled using a fixed parameterization scenario that was 

determined to give the best simulation of clear sky radiation at the HaleNet stations.  A clear day 
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ratio (CDR) of the observed to modeled clear day radiation was established for the ~21 year 

record at each station.  Historical calibration records were used to assess time periods where 

sensors were either recalibrated or replaced.  Apparent shifts in sensor response were assessed 

using a linear regression analysis including the affects of autocorrelation.  Using the mean CDR 

for a given time period or a linear regression equation (when a significant trend in CDR was 

identified), solar radiation was adjusted to give the CDR during a time when instrument 

calibration was deemed to be the most reliable.    

 A long-term record of solar radiation at three HaleNet stations was analyzed for trends.  

Annual anomalies were calculated as departures from the respective long-term mean and a clear 

day index was established as the ratio of monthly averaged solar radiation to calculated monthly 

extraterrestrial radiation at the top of the atmosphere.  Trends were assessed for all available 

monthly data, and two 6-month seasonal periods, which roughly correspond to the wet and dry 

seasons in Hawai‘i.  Positive trends in annual anomalies were found at all three experimental 

stations (0.29 to 0.9 W m-2 per yr.), however, these trends were not statistically significant.  

During the June to November (dry) seasonal period, statistically significant positive trends were 

shown (1.1 to 1.7 W m-2 per yr.), and maximum positive anomaly was observed in 2010.  Clear 

day index results were consistent with these findings, indicating that cloud cover has decreased 

over time at high elevations on Maui.   
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CHAPTER I 

Introduction 

 Accurate surface solar radiation observations are essential for studies of solar energy 

resource availability, ecosystem processes, hydrological processes, and climate change (Wild, 

2009).  Variations in solar radiation exert strong control on the terrestrial environment by 

regulating available energy at the surface for evapotranspiration and photosynthesis. Surface 

solar radiation observations are important for estimating these processes and for assessing air 

quality and cloud cover through their effects on temporal variation in solar intensity.  Solar 

radiation reaching the surface of the Earth is modulated by atmospheric composition.  Various 

gases and some aerosols (particulate matter) absorb and scatter incoming solar radiation at 

specific wavelengths. However the strongest modulators of surface radiation are clouds.  Thick 

clouds scatter and reflect radiation thus altering the direct transmission to a given point on the 

surface.   

 Long term measurements of solar radiation are now reaching the temporal coverage 

needed to document and quantify changes in the climate.  Recent regional studies have indicated 

a decrease in solar radiation from the mid 20th century to around 1990 and an increase after that 

(Dutton et al., 2006; Riihimaki et al., 2009).  The common explanation for these increasing and 

then decreasing trends is the change in worldwide emissions of anthropogenic aerosol 

particulates and or changes in cloud climatology.  One aspect of this work is to identify 

variations in solar radiation at high elevations on the Island of Maui, Hawai‘i and to identify the 

drivers behind these variations.  

This study is based on long term records of solar radiation that were obtained from the 

HaleNet (HN) Climate network on the Island of Maui, Hawai‘i.  The climate stations in the 

HaleNet Climate Network have been recording microclimatic data since 1988 
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(http://climate.socialsciences.hawaii.edu/HaleNet/Index.htm). The HaleNet Climate network 

consists of 11 individual climate stations on the slopes of Haleakalā Volcano, Maui, Hawaiʻi.  

There are a total of six stations on the leeward side of the volcano and five stations on the 

windward side of the volcano ranging from 960 m to 2990 m in elevation which allows for the 

comparison of solar variability along a high elevation gradient.    

  To conduct an analysis of solar radiation it is essential to ensure that the examined data is 

of the highest quality possible.  The overall goal of this thesis is, to present and apply methods 

aimed at improving the quality of the HaleNet solar radiation data and then to quantify and 

characterize variations in solar radiation at high elevations on Maui.  The analysis is organized as 

follows: 

Chapter II describes how clear sky radiation can be modeled along a high elevation 

gradient in Hawai‘i.  First, a clear day radiation model was tested against solar radiation data 

measured at Mauna Loa Observatory (MLO).  Secondly, methods are proposed for the vertical 

and horizontal interpolation of atmospheric optical properties within the State of Hawai‘i.  

Finally clear day solar radiation is modeled for three HaleNet station locations.   

 Chapter III describes how long term records of solar radiation can be corrected for errors 

and homogenized across the period of record.  First, the relationship between modeled clear sky 

solar radiation and measured solar radiation is used to identify changes in sensor response over 

time.  Secondly, linear regression is used to assess the statistical significance levels of 

identifiable trends including the impact of auto-correlation. Finally, errors in sensor response are 

corrected and the data are homogenized. 

 In Chapter IV the long term corrected solar radiation data from three HaleNet stations is 

examined for trends.  Monthly solar radiation averages, annual solar radiation anomaly averages 
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and a clearness index are fitted using linear regression lines.  Statistical significance levels of the 

trends are analyzed including the impact of auto-correlation.  Trends in seasonal slices of the 

data are also analyzed for long term changes.  Finally, variations in solar radiation are identified 

and discussed.   

 Chapter V is a summary of the conclusions. 
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CHAPTER II 

Modeling Clear Sky Solar Radiation 

2.1 Introduction 

  When direct measurements are not available, models are often used to make predictions 

of solar radiation under clear sky conditions, which, combined with cloud cover estimates, can 

be used to simulate solar radiation under all conditions (Alados-Arboledas et al., 2000; Alados et 

al., 2002).  Clear sky solar radiation models can be tested by comparing predictions to observed 

measurements during cloud-free periods (Gueymard, 2003b). Two types of models are 

commonly used to estimate clear sky spectral irradiance at the Earth’s surface. The first type 

utilizes a radiative transfer scheme which takes into account the vertical profiles of gaseous and 

aerosol constituents, represented as a series of scattering and absorption layers in the atmosphere 

(Jacovides et al., 2004). Examples of this type of model are the commonly used LOWTRAN 7 

(Kneizys et al., 1980) and a higher resolution model called MODTRAN (Anderson et al., 1993).   

These models are not applicable for all situations, due to long execution times and their extensive 

input parameter requirements (Tadros et al., 2005).  The second, more simplified type of 

radiation model approximates atmospheric transmission through a single homogeneous layer of 

the atmosphere in which extraterrestrial radiation diminishes as a result of several absorption and 

scattering processes (Leckner, 1978).  Examples of this type of model include the SPCTRAL2 

model (Bird and Riordan, 1986) and the SMARTS2 model (Gueymard, 1995). SPCTRAL2, 

SMARTS2, and other models can simulate solar irradiance under cloud-free conditions over 

specific discrete wavelength bands or integrated across the full spectrum. The models are semi-

empirical and their performance relies heavily on the accuracy of input parameters (Utrillas et 

al., 1998; Foyo-Moreno et al., 2000; Tadros et al. 2005).  SPCTRAL2 and SMARTS2 have been 
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tested and compared in several contexts.  In general, both have proven versatile and accurate 

(Gueymard, 2001; Jacovides et al., 2004).  In direct comparisons, SMARTS2 results have been 

somewhat better (Utrillas et al., 1998), with results varying according to the spectral band of 

interest (Tadros et al., 2005; Foyo-Moreno et al., 2000; Alados et al., 2002).  Ineichen (2005) 

emphasizes that model selection should be based on simplicity of implementation and 

availability of input parameters. Therefore the SPCTRAL2 model was selected for this study 

because of its simplicity, the availability of known atmospheric model inputs, and because the 

model was available in the visual basic computer programming language.  

  To produce estimates of clear sky radiation, these models have two primary tasks: 

accurately predicting the cosine-adjusted extraterrestrial radiation (ETR) reaching the Earth, and 

estimating the attenuation of incoming shortwave radiation as a function of optical path length 

and atmospheric optical properties.  ETR and optical path length, determined by location on the 

Earth’s surface, time of day and time of year, the geometry and timing of Earth’s rotation and 

orbit, and the variation in the angle between the Earth’s rotational axis and the plane of the 

ecliptic, are well simulated in clear sky models.  Variation in prediction skill is mainly associated 

with how well atmospheric transmission is simulated. Most applications of SPCTRAL2 and 

other clear sky models focus on selection of atmospheric transmission parameter values 

appropriate for the study site.  Temporal variations in atmospheric transmissivity resulting from 

day-to-day, seasonal, and inter-annual fluctuations in column water vapor, ozone, or aerosol 

loading  have only rarely been considered in clear sky model applications (cf., Batlles et al., 

2000; Olom et al., 2001; Ineichen, 2005).   With only limited prior research on this topic, a 

question remains as to the extent of uncertainty in modeled clear sky radiation resulting from the 

use of site specific, but temporally invariant atmospheric transmission parameter values. 
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  The primary objective of this chapter is to determine how results of a clear sky solar 

radiation model vary with different input parameter scenarios, representing a range of different 

levels of temporal resolution in atmospheric parameter settings, at sites on the Islands of Hawai‘i 

and Maui, Hawai‘i.  Atmospheric transmissivity over Hawai‘i varies daily in response to 

fluctuating emission and transport of aerosols from local volcanic eruptions (Smirnov et al., 

2002) and distant sources of dust and pollution, varying marine aerosol production associated 

with breaking waves (Porter et al., 2003), and variation in atmospheric humidity accompanying 

air mass changes.  Annual cycles are seen in aerosols, with a February-June maximum associated 

with the period of active transport of Asian desert dust and pollution (Holben et al., 2001; Eck et 

al., 2005), and humidity, whose annual cycle is influenced by sea surface and air temperature.   

  In this study, SPCTRAL2 model predictions integrated over the full solar spectrum 

(300—4000 nm) were compared against hourly global solar radiation measured under cloud free 

conditions.   The SPCTRAL2 model has been shown to be adequate in prior studies using fixed 

parameter settings (Nullet and Ekern; 1988; Foyo-Moreno et al., 2000; Alados et al., 2002; 

Jacovides et al., 2004). Using time-varying (daily), broadband atmospheric input parameters 

from observations near the highest and lowest elevations in Hawai‘i and interpolating them to 

intervening locations, the SPCTRAL2 model is implemented for stations at a range of elevations.  

Model simulated solar radiation and atmospheric transmissivity is evaluated in relation to 

observations at each site to compare performance for model runs driven by daily, monthly, and 

1-year mean atmospheric parameter settings.  With high temporal resolution (daily parameter 

values) the model should be able to simulate day-to-day variations in atmospheric transmissivity 

associated with fluctuations in aerosol amount and type and column water vapor.  Using mean 
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monthly settings will allow the model to capture the effects of annual cycles in aerosol 

concentration and water vapor content.   

  In this study, it is implicitly assumed that horizontal variations in daily, monthly mean, 

and 1-year mean optical parameter values are negligible within the domain of the experimental 

sites. Qualitative comparison of Hilo and Līhu‘e radiosonde data shows that monthly and 1-year 

averages, and in most cases, daily values of column water vapor content are similar. Transient 

horizontal gradients in column water vapor can occur during the passage of weather 

disturbances, and gradients in aerosol load can persist in areas affected by sea spray and volcanic 

emissions. However, these effects are assumed to be minimal at high elevations (Foster and 

Bevis, 2003; Porter et al., 2003). 

2.2 Methodology 

2.2.1. SPCTRAL2 Model 

  Bird (1984) proposed a simple model based on parametric methods previously developed 

by Leckner (1978) and Brine and Iqbal (1983).  SPCTRAL2 was developed by Bird and Riordan 

(1986) following improvements to Bird’s original model by Justus and Paris (1985). Required 

input parameters include local geographic coordinates, atmospheric pressure (P), precipitable 

atmospheric water vapor content (PW), aerosol optical depth (AOD), Ångström exponent (α), 

surface albedo (A), and ozone concentration (O3).  Other factors that influence aerosol 

attenuation, i.e., forward scattering component (FC), aerosol single scattering albedo (ωo), 

aerosol asymmetry factor (cos θ), and the single scattering albedo at 400 nm (ω04) are generally 

held constant at default values.  The model uses extraterrestrial spectral irradiance values for 122 

wavelengths in the range of 300—4000 nm selected from the 10-nm resolution data set of 

Fröhlich and Wehrli (1981; as cited in Bird and Riordan, 1986), much of which is derived from 
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the spectrum of Neckel and Labs (1981).  Details of the SPCTRAL2 model are given by Bird 

and Riordan (1986). The model is available online in several computer programming languages 

(http://rredc.nrel.gov/solar/models/spectral/SPCTRAL2/).  

2.2.2. Atmospheric Transmission Parameters 

  Natural and anthropogenic aerosols, water vapor, and other atmospheric gases determine 

the atmospheric transmission spectrum for solar radiation (Myers et al., 2002a).  SPCTRAL2 

computes direct, spectrally-resolved, normal-incidence radiation, Idλ, using wavelength-

dependent transmittance functions for Rayleigh scattering, aerosol attenuation, water vapor 

absorption, ozone absorption, and absorption by uniformly mixed gases (Bird and Riordan, 

1986) as,  

λλλλλλλ uoward TTTTTDHI 0=  (Eq. 2.1) 

where H0λ is ETR for a given wavelength, λ, estimated for the Earth’s mean distance from the 

sun; D is a factor that corrects for variation in the Earth-sun distance; and Trλ, Taλ,Twλ, Toλ  and 

Tuλ are wavelength-dependent atmospheric transmittance functions for Rayleigh scattering, 

aerosol attenuation, and absorption by water vapor, ozone, and mixed gases, respectively.  The 

result of (Eq. 2.1) is then adjusted by a factor of cos , where  is the solar zenith angle, to 

obtain radiation incident on a horizontal surface.   

2.2.2.1. Aerosol Optical Depth and the Ångström Exponent  

  Atmospheric aerosols attenuate incoming shortwave radiation through absorption and 

scattering.  Under cloud free conditions aerosol loading in the atmosphere is a major determinant 

of solar irradiance reaching the surface (Olomo et al., 2001; Alados et al., 2002; Ineichen, 2005).  

Sources of aerosols include volcanic activity, sea salt, air pollution, and dust from deserts and 
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agricultural activity. A quantitative measure of the total amount of aerosols between a point of 

observation and the top of the atmosphere is referred to as the Aerosol Optical Depth (AOD) 

(Muller and Kong, 2009).  Aerosol optical depth evaluated at a wavelength of 500 nm is used as 

a basic input parameter for the SPCTRAL2 model.   

  The Ångström parameter, or wavelength exponent, (α) is related to the aerosol particle 

size distribution and controls the wavelength dependence of the effect of AOD on attenuation.  

When direct measurements of the Ångström wavelength exponent are not available, Bird and 

Riordan (1986) recommend using a value of 1.14.  This value, however, may not be appropriate 

for optical environments where aerosol size varies significantly on annual or yearly time steps, 

depending on the combination of anthropogenic and natural factors that influence their formation 

Dubovik et al., (2002).  Holben et al., (2001) showed that monthly mean α values ranged from 

0.09 to 1.88 among the 21 AERONET stations (representing diverse climates across the globe) 

used in their analysis.   

  Daily observations of both AOD (evaluated at 500 nm) and α (evaluated at 440-870 nm) 

were retrieved from the NASA Goddard Space Flight Center Aerosol Robotic Network 

(AERONET) online data access system (http://aeronet.gsfc.nasa.gov/new_web/networks.html, 

accessed 24 March 2011).  Each AERONET site employs a CIMEL sun/sky radiometer (CIMEL 

Electronique's, Paris, France) to measure solar extinction at 8 wavelengths, which are 

subsequently used to compute wavelength-specific AOD and α (Holben et al., 2001).  These 

instruments are typically recalibrated approximately every ~3 months and have uncertainties of 

~0.2 to 0.5 % (Holben et al., 1998).  CIMEL sun photometers have been used at two AERONET 

sites in Hawai‘i, MLO at 3397 m elevation on the island of Hawai‘i (19° 32′ 11″ N, 155° 34′ 37″ 

W) and a site at 20 m elevation on the island of Lāna‘i (20° 44′ 06″ N, 156° 55′ 19″ W).    The 
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two sites are located near the highest (4205 m) and lowest (sea level) points in Hawai‘i and are 

separated horizontally by only 193 km.  Therefore, it is assumed that differences in aerosol 

observations at these two sites are mainly representative of the altitude difference (Eck et al., 

2005).  Based on previous studies (Porter et al., 2003; Clarke and Kapustin, 2010), It is 

postulated that the vertical profiles of AOD and α in Hawai‘i can be approximated by an 

exponential function fit to the observed values at the MLO and Lāna‘i stations.  This approach 

allows estimation of daily AOD and α values at intervening elevations during the 6.5 years that 

the Lāna‘i station was in operation.   

  Many authors have stressed the necessity of choosing an appropriate aerosol 

parameterization in order to get accurate results using clear sky radiation models (Alados et al., 

2002; Utrillas et al., 1998).  When site-specific aerosol optical measurements were not available, 

previous studies employing SPCTRAL2 have incorporated the use of different aerosol models 

(sets of parameter values), representing, for example, urban areas with varying degrees of air 

pollution (Utrillas et. al., 1998; Foyo-Moreno et al., 2000; Jacovides et al., 2004;).  In general, 

this approach uses constant values of AOD and the Ångström exponent, and hence temporal 

fluctuations in the aerosol load and size spectrum are not represented.  A primary goal in this 

study is to determine the added value of using time-dependent measurements of these input 

parameters.  

2.2.2.2. Precipitable Water 

  Precipitable water (PW) is the total water vapor content within the vertical column of air 

above a particular site expressed as the equivalent depth of liquid water (cm), defined as: 

∫
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 (Eq. 2.2) 
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where ρ is the density of water (kg m-3), g is gravitational acceleration (m s-2), q is the specific 

humidity (kg kg-1), P is the elevation-dependent atmospheric pressure (kg s-2 m-1), and the 

integral is evaluated from top of the atmosphere to the pressure level of the site. PW can be 

obtained from optical measurements of the atmospheric column with a sun photometer (Holben 

et al., 2001), or by integrating vertical humidity profile measurements.  

  Atmospheric moisture is highly variable in space and time in Hawai‘i, with a large day-

to-day variability and seasonal trends that show higher values in the summer and fall (Holben et 

al., 2001).  The vertical distribution of water vapor is not uniform and is often characterized by a 

sharp discontinuity at the height of the trade-wind inversion (Cao et al., 2007). Given the 

complexity of the vertical profile, estimating PW along the study gradient based on AERONET 

measurements at MLO and Lanai was not considered to be an effective approach.  Instead, the 

vertical humidity profiles taken at the Hilo radiosonde station (19.72° N 155.05° W) on the 

Island of Hawai‘i were integrated to obtain PW at the elevation of MLO and each HaleNet 

station. The Hilo radiosonde station is approximately 58 km from MLO and 167 km away from 

the HaleNet stations analyzed in this study.  Note that radiosonde humidity measurements are 

subject to several sources of error, most significantly sensor hysteresis, which affects sensors 

under high humidity followed by low humidity; these errors may exceed 10% relative humidity 

(Blackmore and Taubvurtzel, 1999). At MLO, both the AERONET-observed PW and that 

derived from the radiosonde profile were tested. Using discrete observations of specific humidity 

(qi) and pressure (Pi) along a vertical profile levels (i =1,n), PW was estimated for a site at any 

given pressure level, Pz, between the kth and k+1st observation levels as: 
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2.2.2.3. Ozone and Other Input Parameters 

  The majority of ozone absorption takes place in the stratosphere (Gueymard, 2003a), with 

only a small additional amount of absorption by tropospheric ozone.  Using a broadband 

radiation model, Ineichen (2005) showed that even large variations in column ozone 

concentration resulted in very small changes in clear sky radiation.  The ozone optical depth used 

in this study was computed using the determinations of total ozone columnar concentration from 

data obtained from a Dobson Ozone Spectrometer operated by the National Oceanic and 

Atmospheric Administration at MLO (NOAA, 2011).   Of the total column ozone in Hawai‘i 

NOAA (2011) reported an average of 7 Dobson Units (DU) of ozone in the troposphere.  Given 

the relatively low proportion of ozone in the troposphere, variations in  ozone were considered to 

have a negligible effect on absorption.  Therefore, ozone values measured at MLO were used for 

all sites, with no adjustment for elevation.  

  Air pressure was held constant at each station at a value estimated as a function of 

elevation using the hypsometric equation.  Surface albedo values were determined based on field 

observations at each HaleNet station.  Geographic coordinates were established with a GPS unit 

at each station.   

2.2.3. Solar Radiation Observations  

2.2.3.1. Solar Radiation Observation Sites 

  To test the model, results were compared with solar radiation measurements taken on 

clear days.  Observed solar radiation from four sites, MLO and three of the eleven stations 
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making up the HaleNet Climate Network on the slopes of Haleakalā Volcano Maui, Hawai‘i 

(http://climate.socialsciences.hawaii.edu/HaleNet/Index.htm) were used in this analysis.  MLO, 

best known as the site of the longest continuous observations of atmospheric CO2, is one of the 

premier climate monitoring sites in the world.  In addition to the AERONET observations 

mentioned previously, measurements taken at MLO include incident radiation on a horizontal 

surface measured with an Eppley PSP precision pyranometer (Eppley Laboratory, Newport, RI, 

USA). The Eppley PSP has a calibration uncertainty of 2 to 3% (Riihimaki et al., 2008) and may 

experience a thermal offset of -30 W m -2 to -5 W m -2 (Reda et al., 2003).  The three HaleNet 

stations used in this study are located on the leeward side of the island of Maui at elevations 

ranging from 960 to 2590 m.    Each of the three stations is equipped with an Eppley 8-48 

pyranometer measuring global solar radiation, sampled at a 10 s interval and recorded hourly 

using a Campbell Scientific, Inc. (Logan, UT, USA) CR10X data logger. The Eppley model 8-48 

has a cosine response of ± 2 percent (Eppley Laboratories, n.d.) and has been shown to exhibit a 

low thermal offset (±1 W m-2) (Reda et al., 2003). The SPCTRAL2 model was run separately for 

each of the four stations, with geographic coordinates, pressure, atmospheric absorption and 

scattering parameters, and albedo set to represent each site.  Fixed parameter values as well as 

monthly and 1-year average optical conditions for each site are given in Table 2.1. 

  Model results were compared with clear sky measurements during the one-year time 

period 1 July 1999 through 30 June 2000.  This time period was selected because it follows the 

deployment at all HaleNet stations of Eppley pyranometers in July 1999 immediately after they 

were calibrated.  For consistency, the same one year period was used for testing at the MLO site. 

 

 

http://climate.socialsciences.hawaii.edu/HaleNet/Index.htm�
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2.2.3.2. Sensor Intercalibration 

  In June 1999, nine Eppley 8-48 pyranometers were mounted in close proximity to each 

other at a field research area on the University of Hawai‘i at Mānoa campus.  Sensors were 

sampled at a 10 s interval and recorded hourly over a period of 6 days.  Of the nine, five were 

newly calibrated at Eppley Laboratory. At each time interval, the mean of the recently calibrated 

sensors was calculated and used as a standard for comparison with the four remaining sensors. 

The slope of the least-squares linear regression, with a forced zero intercept, between the sensor 

and the standard was used to adjust the calibration factor of each sensor. After adjustment, 

standard errors of each of the nine sensors in relation to the mean of the recently calibrated 

sensors were between 3 and 6 W m-2.  Three of the nine sensors subjected to this intercalibration 

procedure were subsequently deployed to the three HaleNet stations used in this study. 

2.2.3.3. Identifying Clear Days 

  Cloud screening methods have been developed that utilize visual cloud observations 

(Alados-Arboledas et al., 2000, Alados et al., 2002) or measurements of both global and diffuse 

solar radiation (Long and Ackerman, 2000). These methods were not applicable for this study, 

because cloud observations and diffuse radiation measurements were not available at all sites.   

To identify whole clear days (9 AM to 5 PM Hawai‘i standard time (HST)) at the experimental 

stations, the difference between the modeled and measured radiation was taken for each of the 8 

h of peak insolation.  For each day, the standard deviation (SD) of the hourly model-observed 

difference was calculated.  Days with low variability in the difference were chosen, using an 

arbitrarily selected criterion of SD < 13 W m-2.  Candidate clear days identified in this way were 

manually screened to ensure cloud free (CF) conditions.  This method, which identified whole 

days with cloud-free conditions, was applied at all stations. However, a sufficient number of CF 
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days were identified this way only at the MLO site (80 CF days).  Located well above the mean 

trade wind inversion level, MLO experiences frequent cloud-free days.  For the HaleNet stations, 

located at lower elevations with fewer whole clear days e.g. HN-106, (11 CF days), an additional 

cloud screening method was applied to identify cloud-free periods within a given day.  HaleNet 

solar radiation values were manually screened to select hours that followed a typical diurnal 

pattern under cloud free conditions.  To accomplish this, solar radiation values for each day were 

plotted over the 8 h time period and only hours which followed the typical diurnal pattern under 

cloud free conditions were selected. Modeled clear sky radiation was used as a reference; clear 

hours measured radiation matched the shape of the modeled radiation time series.  The difference 

between the modeled and measured radiation was not used as part of the selection criteria. 

2.2.3.4. Evaluating the Model 

The accuracy of the model was evaluated using Mean Bias Error (MBE) and Root Mean 

Square Error (RMSE). These statistical indicators are defined as (Tadros et al., 2005): 
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where N is the number of observations and  yi is the predicted value and xi is the measured value.  

Alternatively, bias and random error can also be computed as the Mean Bias Deviation (MBD) 

and Root Mean Square Deviation (RMSD), expressed as a percentage (Foyo-Moreno et al., 

2000), 
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Linear regression between modeled and measured values was also computed.  For the 

solar radiation analysis, the y-intercepts were negligibly different from zero (not shown). For 

simplicity, therefore, the regression lines for solar radiation were forced through the origin.  

However, for atmospheric transmission, the y-intercept values were significantly different from 

zero, and zero intercept was not forced.  

2.3. Results and Discussion 

2.3.1. Model validation at MLO 

  Model results were initially compared against solar radiation measurements at MLO.  

Because MLO conducts daily sun photometer measurements of atmospheric transmissivity and 

upholds high standards for instrument calibration (Eck et al., 2005), this site is ideal for applying 

SPCTRAL2.  To determine the effects of using radiosonde-derived rather than AERONET-

derived PW, and of using mean rather than time-dependent inputs, the model was implemented 

at MLO under 14 input parameter scenarios (Table 2.2).  Of the 80 CF days identified in the 

cloud screening process, 53 were chosen based on the fact that they represented days for which 

both AERONET- and Hilo-radiosonde-derived PW were available.  Measured and modeled 

hourly solar radiation values were compared during the 53 days (584 hours) of clear sky 

conditions between the hours of 9:00 AM and 5:00 PM (HST).    

  Results indicate close agreement between estimated and measured solar radiation for all 

input scenarios (Table 2.2).  It should be noted that discrepancies between measured and 
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modeled radiation are partly explained by measurement error.  The model underestimated 

measured radiation by 1—3% based on the slope, 10—23 W m-2 based on MBE, or 1—2% based 

on MBD. Random error was small at 17—30 W m-2 RMSE or 2—3% RMSD.  Points fell close 

to the 1:1 line for each of the PW scenarios (Figure 2.1).  However, use of AERONET PW 

yielded consistently better results than Hilo radiosonde PW (Table 2.2).  The model performed 

best when daily AERONET-derived values of PW were used (Runs 1, 3, 5 and 7).  When 

holding α constant at the 1-year mean value, Runs (5-6) had negligible effects on the results.  

AOD has a significant annual cycle, with February-June maximum (Holben et al., 2001; Eck et 

al., 2005) as is evident in the monthly AOD values (Table 2.1).  However, holding AOD constant 

at the 1-year mean (Runs 3 and 4) did not have much effect on the outcome, increasing RMSE 

by less than 0.5 W m-2.  When PW was held constant (Runs 9 and 10) errors increased under 

both scenarios.   

  The results show that accurately representing daily variability in PW does benefit model 

performance. When all variables were held constant at their monthly mean or 1-year mean values 

under the radiosonde PW scenario, model bias and random error, although still reasonably low, 

were higher than all other model runs.  On average monthly mean values of Hilo-radiosonde-

derived PW were 0.04 ± 0.06 cm greater (Table 2.1) than the AERONET-derived PW. This 

explains the greater underestimation by the model when using PW-R. The comparison of the two 

sources for PW input suggests that data from a nearby radiosonde station can provide a good 

alternative when AERONET-derived PW measurements are not available.  The MLO results also 

show that the temporal variability of AOD and α do not have a significant impact on model 

performance, suggesting that the use of constant site-specific parameter values are justified.  
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  The last four MLO model runs, with atmospheric variables set to their respective monthly 

(Runs 11 and 12) and 1-year (Runs 13 and 14) mean values, produced surprisingly good results.  

This indicates that the use of time-averaged parameter values causes only a relatively small 

degradation of model performance compared with results obtained with daily input data (Runs 1 

and 2). An analysis of variance test (ANOVA) was used to test the differences among the results 

of the various model runs.  The one way ANOVA test calculates the probability that differences 

among the model runs are due to chance.  Based on estimated hourly radiation, all runs were 

statistically similar to one another (p > 0.05). Similarly, for five broadband radiative transfer 

models, Batlles et al. (2000) found that the use of monthly averaged input parameter values, as 

opposed to hourly inputs, had negligible effects on global irradiance estimates for two stations in 

Spain.     

 The generally good results obtained here for MLO are consistent with results of a study by 

Garcia et al. (2008), who compared MLO broadband irradiance with modeled AERONET-

derived broadband fluxes calculated using a spectral integration method.  They obtained 

relatively small model errors for MLO (RMSE 9.5 W m-2 and MBE 2 ± 10 W m-2) compared 

with sites in their study with higher, more variable aerosol loads.  

2.3.2. Modeled Atmospheric Transmission 

  To obtain measurements and model estimates of atmospheric transmissivity, observed 

solar radiation and modeled results were divided by the cosine- and Earth-sun-distance-adjusted 

ETR.  Modeled transmissivity was tested in relation to measured values for all fourteen model 

input scenarios run at MLO (Table 2.3).  Results follow a similar pattern to those obtained for 

solar radiation (Table 2.2), with all runs based on direct measurements of PW showing the 

lowest errors. In all runs, atmospheric transmissivity was underestimated, by 0.8-2.3% (MBD). 
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ANOVA testing of transmissivity results confirmed that most runs using daily PW were 

significantly different (p < 0.05) from runs using monthly or yearly averaged PW.  Oddly, the 

exception to this was for daily radiosonde PW vs. averaged AERONET PW, which were not 

significantly different.  For runs involving daily PW, all with like PW source were not 

significantly different, and all with different PW sources were significantly different. 

  Transmissivity was also assessed by averaging clear day measurements and modeled 

irradiance for each individual hour.  Mean diurnal patterns calculated for summer (April-

September) and winter (October-March) seasons (Figure 2.2) show that the underestimation of 

transmissivity is greatest for mid-day summer periods, suggesting that model error is sun-angle 

dependent. Plotting all clear sky observed and modeled (Run 1) transmissivity as a function of 

solar zenith angle (Figure 2.3) shows that for low zenith angle, i.e. for more vertical sun and 

minimum optical path length, model underestimation of atmospheric transmission is greatest, 

while for high zenith angle (low sun, long optical path length), the model overestimates 

transmissivity at MLO.  

2.3.3. Model Application at HaleNet Stations 

  The SPCTRAL2 model was applied at three HaleNet stations using three different input 

scenarios at each location: scenario (D) used daily input parameters derived from the 

methodology explained above in which AOD and α were interpolated from AERONET-

measured values and Hilo radiosonde measurements were used for PW; scenario (M) set 

parameters to their respective monthly mean values; and scenario (Y) held all parameters 

constant at their respective 1-year mean values.  Parameter values for scenarios M and Y are 

presented Table 2.1.  The time period 9 AM to 5 PM was used to avoid effects of topographical 

obstructions evident for early morning and late afternoon hours on the western slope of 
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Haleakalā.  Scatterplots of observed radiation versus radiation modeled with input parameters 

held constant (Y) at the three HaleNet stations (Figure 2.4) show that the model performs very 

well.  Table 2.4 summarizes the results for the three HaleNet stations.  Again, note that model-

measurement discrepancies are partly explained by measurement error.  The model tended to 

overestimate solar radiation at all stations under all three input scenarios, but nevertheless 

produced satisfactory results with regression slopes all within 0.03 of unity and RMSE values in 

the range of 18.9—38.0 W m-2.  In terms of MBE, RMSD, and MBD, the model performed 

better at all three stations when scenario M or Y was implemented, i.e. when monthly or annual 

input parameters were used.  The best performance was obtained by holding parameters constant 

at their annual mean values.  

2.3.3.1. Atmospheric Transmissivity at HaleNet Sites  

  Modeled results at the MLO were improved when daily measurements (Runs 1-2) were 

used as opposed to monthly or annual parameter settings (Runs 9-12).  The opposite result was 

obtained for the HaleNet stations.  To assess why the model performed better at the HaleNet 

stations when inputs were held constant, atmospheric transmissivity was analyzed (Figure 2.5).  

Use of daily parameter values (Run 1) at MLO does well at capturing the daily variability in the 

actual observed transmission, compared with using constant annual mean parameter values (Run 

11), which resulted in under-prediction of the observations.  Use of daily parameter values at 

HaleNet stations obviously results in more day-to-day variability than simulations using constant 

annual mean parameter values.  However, annual parameter settings produce results closer to the 

observations.  This shows that it is preferable to use time-averaged atmospheric parameter values 

if time-variant values cannot be accurately estimated.  Use of daily parameter values improved 

model performance only at MLO, where daily direct optical measurements of atmospheric 
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variables are taken.  However, MLO is hardly typical in this regard, as most sites of interest will 

not have the luxury of a co-located AERONET station.  Despite being bracketed (vertically) by 

the MLO and Lāna‘i AERONET stations and having a nearby radiosonde station at Hilo, 

interpolated aerosol parameters and radiosonde-derived PW used at the HaleNet stations in this 

study did not capture this day-to-day variation well and annual mean values of these parameters 

produced more accurate results. 

  It should be noted that because of the isolation of Hawai‘i from continental source areas 

for desert dust and pollutants, the variability of atmospheric attenuation is relatively low 

compared with other locations. Among 21 AERONET sites analyzed by Holben et al. (2001) 

with statistics over the complete annual cycle, MLO and Lāna‘i had the lowest annual ranges of 

AOD and PW.  To test the sensitivity of the model to observed ranges of the key atmospheric 

variables, the model was run using the maximum, mean, and minimum of the mean monthly 

values of AOD, α, and PW at both MLO and Lāna‘i (Table 2.5) while holding all other 

parameters at their mean monthly values. This was done for two sample days representing high 

and low sun conditions, 21 June and 21 December, respectively.  The results, shown in terms of 

model-estimated transmissivity (Table 2.6), indicate only very small differences in atmospheric 

transmissivity due to variation in these parameters over the annual cycle. Variations in 

transmissivity are higher for AOD and PW than for α, and are higher at Lāna‘i than at MLO.  But 

in all cases, these parameter shifts result in transmissivity changes of less than +1%.  These 

relatively small variations in atmospheric transmission are most likely attributable to the low 

monthly mean values used in this sensitivity analysis.  Overall variations in the annual cycle of 

atmospheric optical properties is generally low in Hawai‘i when compared to other AERONET 

sites around the world (Holben et al., 2001).   
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2.4 Conclusions 

  Application of the SPCTRAL2 clear sky solar radiation model at MLO produced 

reasonably accurate estimations of solar radiation at the MLO site under all input parameter 

scenarios.  On average, atmospheric transmissivity at MLO was slightly underestimated (1-2%).  

Mid-day summer periods had the largest error, i.e. model underestimation of atmospheric 

transmissivity was greatest for a more vertical sun and minimum optical path length, while for 

low sun and greater optical path length the model slightly overestimated transmissivity. The 

model performed best when time-dependent AERONET-derived inputs were used and errors 

were higher when annual mean values and radiosonde-derived PW were used.  Comparison of 

the two PW sources suggests that data obtained from a nearby radiosonde station can provide a 

good alternative when AERONET-derived PW measurements are not available.  The results also 

show that the temporal variability of AOD and α does not have a significant impact on the model 

performance at MLO, indicating that constant site-specific parameter values can be used with 

relatively little degradation of model performance. However, it should be noted that the 

SPCTRAL2 model is considered to be rather simplistic, and hence, it is possible that more 

sophisticated clear-sky models may derive greater benefit from temporally-resolved input data.  

   Applying the model at three HaleNet stations across a 1630-m elevation gradient on Maui 

Island, the model tended to overestimate observed clear sky radiation.  The smallest errors were 

obtained with model parameters held constant at their 1-year mean values.  The fact that higher 

temporal resolution input data improved model performance at MLO but not at the HaleNet sites 

indicates significant uncertainty in daily parameter values at the HaleNet sites.  Errors arising 

from vertically interpolating between the MLO and Lāna‘i sites and/or from horizontal 

variability are such that daily variations in clear sky radiation are not well represented. 
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  Because of Hawai‘i’s mid-oceanic location and distance from continental aerosol source 

areas, variability in atmospheric transmissivity is relatively low. This helps to explain why 

reasonably accurate model results are obtained when constant mean parameter values are used in 

place of daily interval data.  In other regions, with higher day-to-day variability or a larger 

annual cycle in aerosol loading or humidity, the use of time-averaged input data is likely to have 

a greater impact on model performance. 
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CHAPTER III 
 

Use of a clear-day solar radiation model to homogenize solar radiation measurements in 
Hawai‘i 

 
3.1. Introduction 
 
3.1.1 Background 

Global solar radiation is the total flux of short wave radiation incident at a given point on 

the Earth’s surface comprised of the direct and the diffuse components of sunlight.  Measuring 

solar radiation incident at the surface requires specialized calibrated instrumentation designed 

specifically for this purpose. Such instrumentation is subject to some level of calibration 

uncertainty and this uncertainty can increase when instruments are moved from ideal laboratory 

calibration conditions into a field environment (Gueymard and Myers, 2009).  Instruments that 

are left in the field for extended periods of time are likely to produce results inconsistent with 

factory calibrated standards that could lead to inconsistencies in data sets.  Data of unknown 

quality may lead to incorrect assumptions of environmental phenomena, so when necessary, data 

should be corrected to account for sensor calibration errors (Allen, 1996).   Data screening 

procedures that detect and correct errors associated with calibration uncertainty are necessary in 

order to insure that representative, high quality data are made available for further investigation.   

The World Climate Research Programme (WCRP) has initiated a radiometric network 

where standardized calibration and maintenance procedures have been established so that long-

term solar variations can be assessed accurately (WCRP, 1991). Several authors have proposed 

calibration and correction techniques aimed at reducing measurement uncertainty based on these 

standards (Dutton et al., 2001; Myers et al., 2002b; Reda et al., 2003; Lester and Myers, 2006). 

However the implementation of such techniques requires instrumentation that measures the 

direct component of global radiation and a consistent maintenance regiment to ensure that 
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sensors are serviced on an appropriate time interval.  Researchers dealing with resource 

limitations need alternative methods that correct calibration errors in order to produce an 

unbiased homogenized data set.   

This study was designed to improve the overall accuracy of measured solar radiation data 

by applying a new method for correcting instrument errors.  Allen (1996) suggested that the 

evaluation of pyranometer operation and calibration accuracy can be tested by comparing ground 

based measurements with computed short wave radiation under cloud free conditions.  It is 

possible to calculate expected short wave radiation under cloud free conditions with the use of a 

simple parametric clear day solar radiation model such as the SPCTRAL2 discussed in Chapter 

II.  In this chapter a new method for homogenizing and correcting long term measurements of 

solar irradiance is presented.  This method integrates clear day radiation estimates obtained from 

the SPCTRAL2 code to identify discontinuities that exist in a long term record of solar radiation 

measurements.  Procedures for correcting these discontinuities are applied to long term solar 

radiation data sets obtained from three high elevation experimental stations in Maui, Hawai‘i.   

3.1.2 Solar Radiation Observation Sites and instrumentation  

The climate stations in the HaleNet Climate Network have been recording microclimatic 

data since 1988 (http://climate.socialsciences.hawaii.edu/HaleNet/Index.htm). The HaleNet 

Climate network consists of 11 individual climate stations on the slopes of Haleakalā Volcano, 

Maui, Hawaiʻi. Three of the eleven stations were selected for this analysis (Figure 3.1,Table 3.1).  

These climate stations located at on the leeward slope of Haleakalā Crater, cover a 870 m 

vertical elevation gradient (2190 - 2990 m) and represent points above and near the mean trade 

wind inversion (2200 m).  Each station is equipped with an Eppley model 8-48 (Eppley 

Laboratory, Newport, RI, USA) thermopile pyranometer measuring global solar radiation, 
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sampled at a 10 s interval and recorded hourly using a Campbell Scientific, Inc. (Logan, UT, 

USA) CR10X data logger.  Beginning in January, 2011 a Hukseflux (Manorville NY, USA) 

model NR01 four component net radiation sensor was installed at the nine HaleNet stations 

currently in operation.   

Thermopile pyranometers record incident radiation based on the temperature difference 

between a hot junction, an absorbing surface and a cold junction, a surface that does not absorb 

solar radiation (Lester and Myers, 2006).  The response of a pyranometer is determined by the 

voltage created by 1 W m-2 of solar radiation (Riihimaki et al., 2008).  Pyranometers output a 

voltage proportional to incident solar radiation which is then divided by a response value 

determined by calibrating each instrument against a known reference. The Eppley laboratory 

model PSP (Precision Spectral Pyranometer) and the Eppley 8-48 black and white pyranometer 

are examples of thermopile pyranometers used to measure global radiation (direct + diffuse) on a 

horizontal surface.  One difference between the two instruments is the way in which the voltage 

produced by incident radiation is measured.   In the PSP model, a wire-wound thermopile 

measures the temperature difference between a black painted surface disk that absorbs solar 

radiation and the instrument body (not in contact with the absorbing disk) which does not absorb 

radiation (Riihimaki, 2008).   In the 8-48 models, the temperature difference between the black 

hot junctions and the white reference cold junctions determines the measured voltage (Myers et 

al., 2002b). PSP thermopile pyranometer degradation is well known but there has been little 

published work with regards to the rate at which these instruments degrade (Riihimaki, 2008).  

Nelson et al. (1994) has reported that PSP degrades at an average rate of 1.9% per year and 

Wilcox et al. (2001) has reported that the PSP degradation is more affected by temperature and 

irradiance exposure than it is by time in the field.  In addition, Wilcox et al. (2001) has also 
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reported that the decline in the Eppley PSP response follows the same trend as a model used to 

predict the aging of paint.  The PSP response has been shown to decline over time, thus under-

predicting actual solar radiation (Riihimaki, 2008). There is very little in the literature indicating 

whether or not the Eppley 8-48 degrades at the same rates as the PSP, however given its design 

and painted surface it is likely that some change in sensor response would occur over time.  It is 

possible that aside from the different measurement techniques employed by the two instruments 

the unequal deterioration of the two different colors on the 8-48 might produce a different 

response to incident radiation over time compared to a PSP model. 

Four-component net radiation sensors such as the Hukseflux model NR01measure the 

upward and downward fluxes of both short and long wave radiation individually.  The shortwave 

downward component is measured with a thermopile pyranometer (type SR01) that has a cosine 

response of ± 0.5 percent and a maximum thermal offset error of -15 W m-2 (Hukseflux Thermal 

Sensors, n.d.).  There is no known published literature in regards to the rate at which these 

instruments degrade.  

3.2. Methods 

3.2.1 SPECTRAL2 model applications 

The SPCTRAL2 code was used to model hourly clear sky solar radiation for the period of 

record at each of the three HaleNet stations used in this analysis.  With model input parameters 

interpolated from AERONET stations, use of daily-interval data does not improve model 

simulations of the day-to-day variability of modeled solar radiation (Chapter II).   Statistical 

testing has shown that regardless of the input parameter scenario used in the clear day 

simulations, very little difference existed among the different model runs analyzed for 1999 

(Chapter II).  Because of Hawai‘i’s mid-oceanic location and distance from continental aerosol 
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source areas are there is relatively low variability in atmospheric transmissivity.  Therefore, 

predicting clear sky radiation in Hawai‘i using the SPCTRAL2 code primarily depends on the 

accurately predicting the cosine-adjusted extraterrestrial radiation (ETR) reaching the Earth, if a 

reasonable fixed parameter scenario is used to address atmospheric attenuation.  By holding 

parameters constant over time, a stable baseline of clear-sky solar radiation is created in which 

the only inter-annual variations that occur are a result of the leap year cycle (which is accounted 

for in the SPCTRAL2 code).  This clear-sky solar record can then be used to assess how 

pyranometer response changes over time by comparing the modeled radiation to clear-sky 

measurements from the observational record.  To accomplish this, the seven peak hours of solar 

radiation (9 AM to 4 PM HST) were averaged to produce a single clear day modeled (CDMd,m,y) 

and clear day observed (CDOd,m,y) value for each day. The daily clear day ratio (CDRd,m,y) 

between the modeled and measured daily averages can be expressed as: 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐾𝐾 ,𝑚𝑚 ,𝑦𝑦 = 𝐶𝐶𝐶𝐶𝑃𝑃𝐾𝐾 ,𝑚𝑚 ,𝑦𝑦

𝐶𝐶𝐶𝐶𝐶𝐶𝐾𝐾 ,𝑚𝑚 ,𝑦𝑦
                   (Eq. 3.1) 

 
CDRd,m,y is used to identify inconsistencies within a given data set by analyzing how this 

ratio changes over time. The principle behind the adjustment is that the CDRd,m,y should be 

consistent over time and any apparent shifts or significant trends within the CDRd,m,y time series 

would indicate a change in the sensor response.  The CDRd,m,y may also be expressed as a 

monthly value (CDRm,y) by averaging all CDRd,m,y values within a given month and as an annual 

value (CDRy) by taking the mean of all available months within a given year.  As long as the 

model is consistent and gives a reasonable estimate of clear-sky solar radiation, the results can be 

used to assess pyranometer response.  The relationship between the modeled and clear-sky 

observations can be used to correct observations under any sky conditions.   
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3.2.2 Model parameterization 

The SPCTRAL2 model was run separately for each of the eleven stations with 

geographic coordinates, pressure, atmospheric absorption and scattering parameters, and albedo 

set to represent environmental characteristics at each experimental station.  Fixed model 

parameterization values for each HaleNet station are given in Table 3.1. 

The SPCTRL2 model performes best when fixed annual values are used for model 

parameterization over a 1630 m elevation gradient during 1999 in the HaleNet network (Chapter 

II).  Here additional parameterization scenarios were tested in order to verify that the most 

representative scenario was being incorporated into the model.  These new scenarios were tested 

to determine how annual and inter-annual variations in atmospheric constituents would affect the 

model and could best be accounted for given historical gaps in the available parameterization 

data.   

The model was tested using three different parameterization scenarios all incorporating 

AERONET derived measurements of PW, AOD, and α. Scenario-1, consisted of long-term fixed 

means;  Scenario-2, where fixed means were derived from a period when both MLO and Lānai 

stations were in operation (11 August 1996 to 3 Feburary 2004); Scenario-3, which treated AOD 

and α the same as in scenario two and PW was calculated using a 1–year running average of 

AERONET derived PW measurements during this same time period.  The model was then tested 

against five years of measured clear day solar radiation data from two HaleNet stations following 

a pyranometer recalibration in July of 1999.  

3.2.3 Identifying Clear Days 

To make an accurate assessment of the model performance, only values observed on clear 

days could be tested against measured radiation. Modeled results were compared with 
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measurements taken at the HaleNet climate stations in order to evaluate their capacity to follow a 

typical diurnal distribution of solar radiation. The method for determining clear days that was 

mentioned in Chapter II was modified for this experiment. To identify clear days within the solar 

record, the difference between the modeled and measured data was taken for each of the seven 

hours of peak insolation (9 AM to 4 PM).  For each day, the standard deviation (SD) of the 

hourly model-observed difference was calculated.  Clear Das were selected, using an arbitrarily 

selected criterion of SD < 10 W m-2.  Candidate clear days identified in this way were then 

manually screened to ensure cloud free conditions.   This method, which identified whole days 

with cloud-free conditions, was applied first to all three HaleNet stations used in this experiment.  

This method was effective for identifying cloud free days over a majority of the study period.  

When large gaps in the cloud free record were identified the manual cloud screening method 

explained in Chapter II was employed to ensure a sufficient number of cloud free days for each 

time period in question.   

3.2.4 Identifying Sensor Drifts 

To identify any significant trends in the CDRd,m,y record, a regression analysis was 

performed on all unique time periods within the record as delimited by known or suspected 

sensor changes or sensor calibration shifts.  Three distinct time periods were initially identified at 

all stations; T1 which represents measurements taken before the sensor inter-calibration period in 

July of 1999, T2 which represents measurements taken after the inter-calibration period and 

before the installation of the Hukseflux radiometers in Jan of 2011 and T3 which represents 

measurements taken after the Hukseflux installation.  There was a ~3 month period in which 

both the 8-48 and Hukseflux sensor were simultaneously in operation. Time periods T1 and T2 

can be further subdivided depending on the historical record at each individual station.  To 
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further subdivide these time periods a historical record consisting of field notes, voice transcripts 

and calibration records were analyzed to identify periods when pyranometers were either 

recalibrated or replaced.  CDRy values were calculated for periods that encompassed >1 year of 

data and CDRm,y values were calculated for all periods covering shorter time spans.  To apply 

these statistical tests to the data, the anomaly values (departures from the respective long-term 

monthly mean) for each period were used in order to eliminate any seasonal variation associated 

with the ratios.   An annual cycle in the value of the CDR was noted in an initial screening, with 

higher values occurring in the winter.  As was concluded in Chapter II, the modeled solar 

radiation came closest to the measured solar radiation during times of low sun angles which 

would explain higher CDR’s for the winter months.   When testing only the anomaly values, bias 

associated with seasonal variations or unequal seasonal samples is considerably reduced because 

the data have been normalized.  Daily clear day anomaly (CDAd,m,y) values can be expressed as: 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐾𝐾 ,𝑚𝑚 ,𝑦𝑦 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐾𝐾 ,𝑚𝑚 ,𝑦𝑦 −  𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚�                                        (Eq. 3.2) 
 
Where 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,�  is the long term mean for a given month (m).  Daily Clear day anomaly values 

were averaged for each month to produce a monthly clear day anomaly value (CDAm,y ) for the 

respective year and each month was averaged to produce a clear day anomaly value for each year 

(CDAy). 

For time periods that did not encompass > 4 years of data the mean of the  CDRm,y value 

over that time period was used to calculate daily anomalies.  Daily clear day anomalies 

calculated this way can be expressed as: 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐾𝐾 ,𝑚𝑚 ,𝑦𝑦 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐾𝐾 ,𝑚𝑚 ,𝑦𝑦 −  𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝐶𝐶�                 (Eq. 3.3) 
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Where 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝐶𝐶�  is the mean of all CDAm,y values within a period of record. Trends were 

calculated using the standard least squares regression to produce an expression for CDA (t)i, of 

the form (Santer et al., 2000): 

 
𝐶𝐶𝐶𝐶𝐶𝐶�(𝑡𝑡) = 𝑎𝑎 + 𝑏𝑏𝑡𝑡;           𝑡𝑡 = 1, … ,𝑛𝑛𝑡𝑡                 (Eq. 3.4) 
 
where a is the intercept and b is the slope of the regression line and t is time (year), 𝐶𝐶𝐶𝐶𝐶𝐶�  (𝑡𝑡) .   
 
The regression residuals, 𝑒𝑒(𝑡𝑡) are expressed as 
 
𝑒𝑒(𝑡𝑡) = 𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡) −  𝐶𝐶𝐶𝐶𝐶𝐶�(𝑡𝑡);     𝑡𝑡 = 1, … ,𝑛𝑛𝑡𝑡               (Eq. 3.5) 
 
Trend uncertainties calculations are based on the standard error of the slope coefficient, b.  The 

standard error of b for values of 𝑒𝑒(𝑡𝑡) can be defined as: 

 
𝑆𝑆𝑏𝑏 =  𝑆𝑆𝑒𝑒

�∑ (𝑡𝑡−𝑡𝑡̅)2𝑛𝑛𝑖𝑖
𝑡𝑡=1 �

1/2                           (Eq. 3.6) 

 
Where 𝑆𝑆𝑒𝑒  

2 , is the variance of the residuals around the regression line, is expressed as 
 
𝑆𝑆𝑒𝑒2 = 1

𝑛𝑛1−2
∑ 𝑒𝑒(𝑡𝑡)2𝑛𝑛𝑖𝑖
𝑡𝑡=1                            (Eq. 3.7)         

 
 
To test whether a trend in 𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡) is significant, the ratio between the estimated trend and the 

standard error is derived as follows: 

 
𝑡𝑡𝑏𝑏 =  𝑏𝑏

𝑆𝑆𝑏𝑏
                    (Eq. 3.8) 

 
The calculated t-value is compared with a critical value at a significance level α and ni - 2 

degrees of freedom (df) (Santer et al., 2000). If e(t) is autocorrelated, this method may indicate 

significance in the regression that is not actually there.  Least squares regression calculations 

assume that the data being fit are independent, which may not be the case for consecutive time 

steps in a time series.  If values of e(t) are not statistically independent temporal autocorrelation 



 

33 
 

must be accounted for.  Following the methods proposed by Santer et al. (2000), trend 

significance is assessed including the effects of autocorrelation within the data sets.  Their 

method assumes a linear trend plus the inherent noise of the data set which is assumed to have a 

lag-1 autocorrelation structure.   When autocorrelation is a factor then the number of degrees of 

freedom is reduced.  Assuming lag-1 autocorrelation, df can be approximated as: 

 
𝐾𝐾𝑑𝑑 = 𝑛𝑛𝑒𝑒 − 2 ≈ 𝑛𝑛𝑡𝑡

1−𝑟𝑟1
1+𝑟𝑟1

− 2        (Eq. 3.9) 
 
 
Where 𝑛𝑛𝑒𝑒  is the effective sample size, n is the number of data points and r1 is the lag-1 

autocorrelation coefficient of the residuals after removing the linear trend.   

Probability values (p-values) were calculated for the potential trend periods based on 

CDAm or CDAy depending on the duration of the time period in question and evaluated at 95% 

confidence.   

3.2.5 Data Homogenization  

Sensor shifts and changes in sensor response (drifts) are both taken into consideration 

during the homogenization process.  Each individual time period is treated uniquely to 

compensate for sensor conditions at that time.  Solar radiation data is corrected based on how the 

CDR’s compare with the ratios obtained during a period in which measurements are assumed to 

be correct. The mean of time period T3 (time period with Hukseflux instrumentation installed at 

the stations) was used as the clear day ratio reference period (CDRrp) and all other time periods 

were be corrected based on this value. The CDRrp was calculated as a monthly weighted annual 

mean of the CDRdd,m.y values for the  ̴7 months of  clear days available during the T3 time 

period. An adjustment factor (AF) was derived based on the relationship between a clear day 

ratio reference (CDRr) and CDRrp.  AF is expressed as: 
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AF =  CDR rp

CDR r
                     (Eq. 3.10) 

 
 
For periods in which no statistically significant trend was dected, the annual mean was used as 

the CDRr value.  For periods with a statistically significant trend, the regression equation 

identified in the linear regression analysis of the anomaly values is used to define the CDRr value 

as a function of time.  The AF value can be applied to CDR values at any time step as well as 

hourly solar radiation (Kdh) measurements. Adjusted hourly solar radiation (AKdh) is calculated 

as: 

 

𝐶𝐶𝐾𝐾𝐾𝐾ℎ = 𝐶𝐶𝐴𝐴 ∗ 𝐾𝐾𝐾𝐾ℎ          (Eq. 3.11) 

3.2.6 Checking the Consistency of the Adjustments 

Once the adjustments were made to the Kdh values it is then necessary to check for 

consistency within the entire adjusted record.  Given the proximity of the three experimental 

stations used in this analysis certain assumptions can be made based on the location of each 

individual station.  For example, concurrent daily average solar radiation values should be 

generally higher at the higher elevation stations along the experimental gradient because of the 

diminishing effect that occurs as solar radiation passes through more of the Earth’s atmosphere 

before reaching the lower elevations stations, and because cloud cover generally decreases with 

elevation above the trade wind inversion. The method used for checking the overall consistency 

of the record involved graphing the average daily solar radiation values (8 AM to 6 PM HST) for 

the three HaleNet stations over time.  A 30-day running mean was used to smooth each time 

series.  Sensor response can be assessed by a visual examination of these smoothed lines. If the 

smoothed daily solar radiation at a lower elevation station exceeds that of a higher elevation 
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station at any given time it may indicate a spurious shift in calibration or a sensor malfunction at 

one or both stations.   

 
3.3 Results and Discussion 
 
3.3.1 Testing the model 
 

The three model parameterization scenarios were tested for their capacity to predict solar 

radiation at HaleNet station 152 and 153.  The SPCTRAL2 model performs best at the HaleNet 

stations when fixed parameters based on 1999 mean input values of atmospheric constituents are 

held constant, it was uncertain how the model would perform over an extended period.  This was 

of particular concern considering that measurements of these inputs did not exist prior to 1996, 

so an annual mean value would not be available for each year in question.  The model was run 

under each of the three input scenarios at HN-152 and HN-153.  A single factor ANOVA 

statistical test was applied to the three sets of pairs and no significant difference was found 

between the means (p > 0.05).  While all three parameterization scenarios produced similar 

results it was concluded that scenario-3 preformed slightly better based on a linear fit to the data 

(i.e. lowest standard error, highest r2, not shown).  

3.3.2 Identifying Abrupt Changes and Trends in Sensor Response 

Using the methods described above, CDRd,m,y and CDRy were calculated and plotted over 

time for the three experimental stations analyzed in this study.  HaleNet station 152 (HN-152) is 

used as an example in this section.  CDRd,m,y and CDRy values for each station are plotted over 

time to assess discontinuities within the HN-152 record (Figure 3.2).  Unique time periods are 

differentiated by different colors and trend lines are shown for time periods exhibiting significant 

trends.  Time period T1 is subdivided into four unique time periods representing times in which a 

documented sensor modification occurred. 
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3.3.3 Identifying Significant Trends 

To assess the significance of the trends within this clear day record, the CDA’s were 

calculated using the methods outlined above (Eqs. 3.2,3.3). A regression analysis including the 

effects of autocorrelation was performed for all time periods with >7 months of CDR values 

based on the CDA,d,m,y or CDAy values available within a given time period.  CDA values are 

presented for three unique time periods at HN station 152; T1-b (1 November 1990 to 30 

November 1991), T1-c (1 July 1992 to 14 March 1999) and T2 (15 July 1999 to 22 January 

2011) (Figure 3.3; note time period T1-a was not assessed because it did not meet the >7 month 

criteria). Time period T1-b (Figure 3.3 top panel) and T1-d (Figure 3.3 middle panel) had p-

values of 0.48 and 0.50 respectively and as such had no significant trend based on the criteria 

outlined above.  Time period T2 however had at p-value of 0.01 which indicated a significant 

trend in the data and a probable drift in the response of the sensor.  

Careful attention was paid to time periods where distinct events such as the eruption of 

Mt Pinatubo in June of 1991, which increased the aerosol load in the atmosphere thus decreasing 

atmospheric transmission of solar radiation for several years after (Dutton and Bodhaine, 2001).  

The effects of this event can be seen in the time series as low ratio values during 1991-1993 at all 

three HaleNet stations analyzed here.  At HN-152 no significant trend was identified during the 

time period in which the eruption occurred.  However, during the three years with increased 

aerosols, three recalibrations occurred at this station, so establishing a long term clear day trend 

was not possible.   Any significant trends identified during this time period were not adjusted 

with mean values derived from a linear regression to avoid adjusting out any real trends in solar 

radiation.    
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3.3.4 Homogenizing Clear Day Ratios 

Using the homogenization procedures outlined above the sensor shifts and significant 

calibration related trends identified in the CDR record were corrected.  Both CDRd,m,y and CDRy 

values were anchored to the T-3 time period, which was used as the reference.  Both CDRd,m,y 

and CDRy values have been homogenized by multiplying them by the appropriate AF values 

(Eq. 3.10) for each unique time period (Figure 3.4).  The AF values used in the homogenization 

procedure are given for all three stations in the Appendix (Table A-1).  The CDR values for 

HaleNet stations 153 and 151 are presented in the Appendix (Figure A-1 and Figure A-2 

respectively). 

After the homogenization procedure was completed a visual consistency test was applied 

to the daily averages of the AKdh values (AKdd)   For this test the 30-day average of AKdd 

values for all three experimental stations are graphed over time (Figure 3.5).  The stations are 

relatively close in relation to one another. As a result, aside from differences in elevation 

atmospheric conditions are assumed to be similar across the gradient.  The consistent increase in 

solar radiation with elevation is partly related to a vertical gradient in cloud frequency caused by 

the trade wind inversion (TWI) which prohibits the vertical development of clouds (Cao et al., 

2007).  During periods in which the TWI falls below 2190 m (elevation of HN-151), the 30-day 

average AKdd at the three stations should track one another with respect to elevation.  Given the 

elevation differences between the three stations it is expected that each higher elevation station 

would have a slightly larger AKdd value than the station below it. AKdd is higher at HN-153 than 

HN-152 88% of the time, and higher at HN-152 than HN-151 79% of the time (Table. 3.2).  

These long-term (21-year) relationships were consistent with relationships assessed on shorter 

(7-8 year) time scales.  Results for four time periods (All years, 1990 to 1996, 1997 to 2003, 



 

38 
 

2004 to 20011) are given in Table 3.2.   When averaging over a 30-day period of time it is 

possible to see abrupt changes that are not a result of natural variations in the cloud conditions at 

each station.  The 30-day AKdd averages of the three stations follow expected patterns and 

gradual deviations from one another are most likely the result of varying cloud conditions 

regulated by changes in the TWI (Figure 3.5).   

3.4  Conclusions 

Inconsistent calibration procedures, sensor replacement, and the degradation in 

pyranometer response can contribute to inconsistencies in long-term measurements of solar 

irradiance.  Here, such inconsistencies found at three experimental stations in Hawai‘i were first 

and identified and then corrected.  Corrections were based on a clear day ratio record created by 

dividing observed daily radiation by computed short wave radiation obtained with the 

SPCETRAL2 parametric clear day model.  The SPCTRAL2 model does a good job of providing 

a consistent baseline value of clear day solar radiation when long term monthly means are used 

to quantify aerosol properties and a 1-yr running mean is used to quantify PW in the model 

(Scenario 3).  The consistency of the inter-annual model results provides a baseline in which 

sensor response can be tested over time.  Abrupt changes in sensor response are clearly 

identifiable when using this method and these changes correspond well with the historical 

calibration record.   The correction procedures employed here aim to homogenize the data 

without compromising any natural variations within the record.  The uncertainties of 

pyranometer calibrations over time limits how consistently the data can be adjusted especially 

given inherent cosine response errors and sensor degradation associated with exposure to the 

environment.  While the final product in this analysis may not meet calibrations standards 

proposed by the WCRP, it does improve the overall consistency of the data and provides a 
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tenable approach where WCRP standards cannot be met due to remote sensor locations.  As 

such, the new homogenization method proposed in this study can serve as an alternative for 

researchers who do not have the resources to meet the WCRP calibration standards.   
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CHAPTER IV 

Variations in Long Term Solar Radiation Receipt in Hawai‘i 

4.1 Introduction 

Spatial and temporal variations in solar radiation measured at the Earth’s surface (Kd) 

affect climate, photosynthetic activity, hydrologic cycling and surface energy budget.  Multi-

decadal solar radiation time series are used to assess the impacts of both natural and 

anthropogenic contributions of aerosols to the atmosphere and there subsequent effect on Earth’s 

climate system and availability of solar energy.  Observational studies over the past twenty years 

have suggested that substantial decadal variations in Kd have occurred (Wild, 2009).  A number 

of authors have investigated both the regional and global trends in Kd and  have speculated on 

the mechanism behind decadal variations in Kd (Stanhill and Cohen, 2001; Liepert, 2002; Alpert, 

et al., 2005; Che et al., 2005; Pinker et al., 2005;  Wild et al., 2005, Dutton et al., 2006;  Long, et 

al., 2009; Riihimaki et al., 2009).  In general variations in Kd can be caused by either changes in 

the quantity of solar radiation reaching the top of the atmosphere or changes in the transparency 

of the atmosphere.  The radiation reaching the top of the atmosphere is governed by Earth’s 

orbital parameters and solar output from the sun. These factors change on geologic time scales 

and decadal variations such as the 11-yr sunspot cycle have a negligible effect on reported 

variations in solar radiation (Wild, 2009).   As a result, variations in Kd are most likely the result 

of changes in the transparency of the Earth’s atmosphere.   

Solar radiation incident on the Earth is affected by variations in aerosols and gas 

concentrations including water vapor, the internal variability of clouds and feedbacks involving 

clouds.  Trend analyses of ground based surface solar radiation measurements have shown a 

sustained decrease from the 1950s to late 1980s (Stanhill and Cohen, 2001; Liepert, 2002; Alpert 
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et al., 2005; Dutton et al., 2006; Riihhimaki et al., 2009). A decreasing long term trend in Kd is 

commonly referred to as global dimming.  More recent analyses of solar radiation trends 

occurring from the late 1980s onward suggest that global dimming did not persist and instead an 

increasing trend in solar radiation at the Earth’s surface, or global brightening has occurred 

(Pinker et al., 2005; Wild et al., 2005; Dutton et al., 2006; Riihimaki, 2008; Long et al., 2009).  

Dutton et al. (2006) demonstrated that the dimming and then brightening pattern existed at three 

remote sites during the years 1977-2004. Alpert et al. (2005) suggested that this reported global 

brightening may be a result of reduced aerosol emissions associated with more effective clean air 

regulations, along with the decline in the Eastern European economy in the late 1980s. These 

authors also suggest that dimming effects were dominated by atmospheric pollution generated by 

large cities and that continued dimming trends into the 1990s were local or regional in nature.   

In this chapter, multi-decadal time series of solar radiation at three remote observation 

stations on the Island of Maui, Hawai‘i were examined for internal variations.  The long-term 

solar records at three HaleNet stations were homogenized and corrected with the methods 

outlined in Chapter III.   At each station, the ~21 year time series (1990-2010) of monthly mean 

Kd is examined for linear trends.  The objective of this study was to determine if any trends exist 

in long term solar records at upper elevations on Maui, Hawai‘i.   

4.2. Methods 

4.2.1 Analysis Procedure 

As a first step in the analysis, monthly averages of solar radiation were calculated based 

on the mean diurnal cycle.  This entailed averaging each measured hour of Kd for a given month 

and then taking the average of the 24-h diurnal cycle from those averaged values.  Months were 

selected if at least 25 values were available for each individual hour within the month.  Second, 
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annual anomalies were calculated as departures from the respective long-term monthly mean for 

each station.  Third, a clear day index (CI) was established as the ratio of monthly average Kd 

(W m-2) to the calculated monthly extraterrestrial radiation at the top of the atmosphere.  Finally, 

long-term trends for these three variables were evaluated using a least squares regression 

analysis and tested for significance with attention to the effects of autocorrelation.  Trend 

significance was based on the 95% confidence level.  

4.2.2  Calculating Monthly Trends 

 Unlike the solar irradiance studies mentioned above, it was not possible to assess the 

trend in annual mean Kd because gaps existed in the long-term solar record at all three of the 

experimental stations.  Gap filling strategies for Kd exist (Dutton et al., 2006 and Riihimaki, 

2008) but the methods outlined in these prior studies require instrumentation and resources that 

were not available for this study.  Given the unequal distribution of Kd over the course of a year, 

it is not possible to make an unbiased assessment of trends at the annual time step if any months 

are missing within a given year. In order to analyze Kd trends, each month must be individually 

assessed.  To do this, the 24-hr monthly mean for each month was plotted verses time and a 

regression analysis accounting for the effects of autocorrelation was preformed.   

4.2.3 Calculating Anomalies 

 Monthly anomaly values were calculated as departures from the respective long-term 

monthly means.  When using anomaly values calculated in this manner, seasonal bias is removed 

and inter-annual variations can be assessed by analyzing the trend in calculated departures. A 

baseline period of June 1995-August 2011 was used for calculating the long-term monthly means 

in Kd to exclude the effects of the eruption of Mt. Pinatubo in June of 1991 and the subsequent 

observed aerosol loading that persisted for four years after the eruption (Riihimaki, 2008).  Long-



 

43 
 

term means calculated with and without these years included, however, were very similar.  

Eliminating these years from the long-term record is a precautionary measure considering that 

aerosol scattering does not have a large diminishing effect on global irradiance and only affects 

the proportion of the direct and diffuse components (Riihimaki, 2008). Monthly anomaly values 

(AnomKdm) were expressed as: 

𝐶𝐶𝑛𝑛𝐴𝐴𝑚𝑚𝐾𝐾𝐾𝐾𝑚𝑚 .𝑦𝑦 = 𝐾𝐾𝐾𝐾𝑚𝑚 .𝑦𝑦 −  𝐾𝐾𝐾𝐾𝑚𝑚�                   (Eq. 4.1)                                                                                    

Where 𝐾𝐾𝐾𝐾𝑚𝑚 .𝑦𝑦  is the 24-h monthly Kd mean for a given month m and year y, and 𝐾𝐾𝐾𝐾𝑚𝑚�  is the 

long-term mean (1995 to 2011) Kd for month m. 

Annual anomaly values (AnomKdy) were calculated as the average of the AnomKdm.y 

values within a given year.  AnomKdy values were calculated only if 10 or more AnomKdm 

values were available within a given year.  Seasonal anomaly values (AnomKds) were also 

calculated in this analysis by averaging AnomKdm values within two six-month periods. These 

periods were selected based on preliminary results and are defined as June-November and 

December-May.  Note the December value included in the December to May seasonal mean is 

taken from the previous year.  These two seasonally periods roughly correspond to the dry and 

wet seasons respectively.  AnomKds values were only calculated if 5 or more months of 

AnomKdm.y values were available within a given seasonal period.  A regression analysis 

including the effects of autocorrelation was performed on the Anomkdy and AnomKds values in 

this study.   
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4.2.4 Calculating a Clearness Index 

 A monthly clearness index (CIm) was calculated for the three observation sites. CIm is 

defined as the ratio of Kdm to monthly extraterrestrial radiation (ETRm) on that surface. The CIm 

can be expressed as:   

𝐶𝐶𝐶𝐶𝑚𝑚 =  𝐾𝐾𝐾𝐾𝑚𝑚 𝐸𝐸𝐸𝐸𝐶𝐶𝑚𝑚�                   (Eq. 4.2) 

Extraterrestrial radiation (ETR) was calculated using the SPCTRAL2 parametric clear day 

radiation model discussed in Chapter II and III.  ETRm was calculated as the average ETR for a 

given month, and, to maintain consistency the same days that were used in the Kdm calculations 

were also used in the ETRm calculations.  The CIm provides a general indication of the combined 

effects of scattering and absorption processes that affect transmission in the atmosphere (Che et 

al., 2005). An annual clearness index (CIy) was calculated by averaging the CIm values within a 

given year.  Only years with at least 10 CIm values were used for the CIy calculations.  A 

seasonal clearness index (CIs) is calculated based on the same seasonal criteria mentioned above.  

4.3 Results and Discussion 

4.3.1 Solar Radiation Trends 

   Variations in Kd can be the result of local or regional changes in climate and can 

provide some insight into what may be expected in the future.  Temporal trends in Kdm were 

calculated for each month at the three observation sites used in this analysis (Table 4.1).  A long-

term monthly time series was evaluated for each month within the calendar year at all three 

experimental stations.  The p-value of the slope was calculated and used as an indicator of 

significance.  Of the 36 time series evaluated 10 showed negative trends and 26 showed positive 

trends.  Of the 26 positive trends evaluated 8 were significant at or above the 95% confidence 

level (p ≤ 0.05).  Based on the similarity of trends, this monthly assessment identified of two 
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distinct seasons which roughly correspond to the wet and dry seasons of Hawai‘i.  The June to 

November (Dry) season had positive trends for all months while negative trends were more 

common during December to May (Wet) season.  Results at all three stations showed statistically 

significant positive trends in Kd (1.7 – 2.5 W m-2 per year) during the month of September. 

Positive significant trends were also shown during the month of July at HN stations 152 and 153 

with increases in Kd ranging from 1.7 – 2.2 W m-2 per yrear.  The 10 negative trends identified in 

this analysis were not statistically significant.  

4.3.2 Solar Radiation Anomaly Trends  

  AnomKdy values were assessed for all available months as well as the Dec. to May and 

June to November seasonal periods (Table 4.2).  When AnomKdy values were assessed for all 

available months results indicate non-significant (p > 0.05) increasing trends at all three stations 

(0.29 to 0.9 W m-2 per yr.).  Anomaly trends were also calculated for the two seasonal periods 

outlined above.  For the June to November season, significant (p ≤ 0.05) long-term positive 

trends in the anomaly time series were found for all three stations (1.1 to 1.7 W m-2 per year, 

Figure 4.2).  During the December to May season non-significant negative trends were found in 

the anomaly time series (-0.02 to -0.54 W m-2 per year, Figure 4.3). 

 The assessment of AnomKds allows for a more complete analysis of the solar record 

given that some years with missing data did not meet the criteria for calculation of AnomKdy but 

had a sufficient number of months available for the AnomKds assessment.  In both the AnomKdy 

and the AnomKds analyses anomaly records at all three HaleNet stations are consistent with one 

another.   Note that the largest positive anomalies were reported at all three stations for the year 

2010 for the June to November seasonal period.  For stations HN-153 and HN-152 the largest 
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positive trends were also reported for the annual and the December to May seasonal periods 

(available data were not sufficient to assess these time periods at HN-151). 

4.3.3 Clearness Index trends  

 The annually averaged CIy and the seasonally averaged CIs for the three HN stations 

show trends similar to those determined in the anomaly assessment.  All three HaleNet stations 

showed increasing trends when the CIy was evaluated, however, the trends were not statistically 

significant (p > 0.05) (Figure 4.4).  Statistically significant increasing trends (p < 0.05) were 

found during the June to November period (Figure 4.5).  Decreasing trends were found during 

the December to May period (Figure 4.6) although none of these trends were statistically 

significant. CI statistics are given in Table 4.3 for all experimental stations.   

 The annual averaged CI for all three stations had increasing trends, which were mostly 

influenced by statistically significant increasing clearness trends during the June to November 

period.  From these results, one can conclude that cloudless conditions have become more 

frequent at high elevations on Maui during the period of study.  For the December to May season 

2010 the highest CI values were reported at all three experimental stations.  For the June to 

November season 2010 the CI was highest at HN-153 and HN-152 (available data were not 

sufficient to assess these time periods at HN-151).   

4.3.4 Discussion 

 Results presented in this study are consistent with other studies documenting increasing 

trends in Kd from 1990 onward (Pinker et al., 2005; Wild et al., 2005; Dutton et al., 2006; Long 

et al., 2009; Riihimaki et al., 2009) for both regional and global analyses.   The overall increase 

in Kd of 3 to 9 W m-2 per decade along the experimental gradient in this study is also similar to 

global estimates (6.6 W m-2 per decade) reported by Wild et al., (2005) and continental U.S. 
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estimates (8 W m -2 per decade) reported by Long et al., (2009).  While it is possible to make 

estimates of decadal changes in Kd on global and continental scales, the wide variability of the 

many local influences on Kd indicates that decadal variations may differ with estimates at a local 

or regional scale (Wild et al., 2009).  While there are several factors that contribute to variations 

in Kd, changes in cloud frequency and changes in the aerosol load in the atmosphere are the most 

likely explanation for global dimming and brightening phenomena.  Wild et. al., (2005) reported 

brightening tendencies under both clear-sky and all-sky conditions indicating that aerosols have 

contributed to the brightening in some areas of the globe.  However, aerosol loads in the 

Hawaiian Islands are typically small and exhibit low variability when compared with other sites 

around the world (Holben, 2001; Table 2.5).  In addition, a preliminary analysis done for the 

quantification of long-term AOD values derived for model parameterization in Chapter II 

showed no apparent long term trends for this parameter.  Given these aerosol characteristics in 

Hawai‘i it is possible to speculate that decadal variations in Kd are most likely the result of 

changes in cloud frequency at high elevations.  Other evidence that supports the notion of 

decreased cloud cover is a change in rainfall over time.  Decreases in rainfall have been observed 

at the same climate stations used in this solar radiation analysis and an extremely dry period was 

observed for year 2010 (http://climate.socialsciences.hawaii.edu/HaleNet/Index.htm). Whether 

the changes in cloud frequency are the result of decadal oscillations such as the PDO (Pacific 

Decadal Oscillation), changes in the trade wind inversion, climate feedbacks or a combination of 

these factors is not known.  This positive trend in solar radiation from 1990 onward has also been 

reported by Dutton et al., (2006) who analyzed a long term Kd record obtained from 

measurements taken at MLO on the Island of Hawai‘i.  These authors have suggested that 

changes in cloud amounts are the likely cause for these variations at this site.   
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4.4 Conclusions 

 The receipt of global solar radiation appears to have increased during 1990 to 2011 at 

upper elevations on the island of Maui, Hawai‘i.  Variations in AnomKd and CI analyses are 

consistent with one another across the elevation gradient in this study.  The similarity of the 

trends at the three HaleNet stations adds credence to the conclusion that solar radiation has been 

increasing on the upper slopes of Haleakalā.  Statistically significant positive trends for 

AnomKds and CIs were apparent during the June to November period at all stations. Rainfall 

measurements made at these same stations show decreases during this same seasonal period.  

Considering a number of factors that contribute to variations in Kd, it is not possible to 

determine the exact reason for the increasing trend.  Decreased aerosol loading in the atmosphere 

is one possible explanation, but given the remote location of the Hawaiian Islands and the 

typically low aerosol load found there, this is not likely the cause.  Increases in Kd are most 

likely the result of a decrease in cloud cover at these elevations, which is further supported by the 

evidence of decreased rainfall at these same elevations.  Future work is needed to determine the 

causes of decreasing cloud cover including the possibility of variations in the trade wind 

inversion layer which limits cloud development at these high elevations 
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Chapter V 

Conclusions 

The main findings of this research were: 

1. The SPCTRAL2 model tended to underestimate solar radiation at MLO, however, results 

are in close agreement with measured clear-sky solar radiation for all input scenarios. 

2. The use of AERONET PW yielded consistently better SPCTRAL2 model results than 

Hilo radiosonde PW and, overall, the model performed best at MLO when daily 

AERONET-derived values of PW were used. 

3. The MLO results also showed that the temporal variability of AOD and α do not have a 

significant impact on model performance, suggesting that the use of constant site-specific 

parameter values is justified. 

4. The model tended to overestimate solar radiation at the HaleNet locations under all three 

input scenarios, but nevertheless produced satisfactory results. 

5. The best model performance was obtained by holding parameters constant at their annual 

mean values, which shows that it is preferable to use time-averaged atmospheric 

parameter values if time-variant values cannot be accurately estimated. 

6. The SPCTRAL2 model does a good job of providing a consistent baseline value of clear 

day solar radiation when long term monthly means are used to quantify aerosol properties 

and a 1-yr running mean is used to quantify PW in the model. 

7. Abrupt changes in sensor response are clearly identifiable when assessing the CDR and 

these changes correspond well with the historical calibration record.    

8. The homogenization method proposed in this work can serve as an alternative for 

researchers who do not have the resources to meet the WCRP calibration standards.   
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9. The assessment of monthly solar radiation values led to the identification of two distinct 

seasons which roughly correspond to the wet and dry seasons of Hawai‘i. 

10. The June to November (Dry) season had positive trends for all months, while negative 

trends were more common during the December to May (Wet) season. 

11. Results at all three stations showed statistically significant positive trends in Kd (1.7 – 2.5 

W m-2 per year) during the month of September. 

12. Positive significant trends were also shown during the month of July at HN stations 152 

and 153 with increases in Kd ranging from 1.7 – 2.2 W m-2 per year.  The 10 negative 

trends identified in this analysis were not statistically significant.  

13. When AnomKdy values were assessed for all available months results indicate increasing 

trends at all three stations (0.29 to 0.9 W m-2 per yr.). 

14. For the June to November season, significant long-term positive trends in the anomaly 

time series were found at all three stations (1.1 to 1.7 W m-2 per yr.).  During the 

December to May season negative trends were found (-0.02 to -0.54 W m-2 per yr.). 

15.  The largest positive anomalies were reported at all three stations for the year 2010 for the 

June to November seasonal period.   

16. The annually averaged CIy and the seasonally averaged CIs for the three HN stations 

show trends similar to those determined in the anomaly assessment.  All three HaleNet 

stations showed increasing trends when the CIy was evaluated. 

17. Statistically significant increasing trends (p < 0.05) were found during the June to 

November period while decreasing trends were found during the December to May 

period. 
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18. Cloudiness apparently decreased during the ~21-yr study period at high elevations on 

Maui.   

19. The overall increase in Kd of 3 to 9 W m-2 per decade along the experimental gradient in 

this study is similar to that found in other regional studies. 

20. Decadal variations in Kd are most likely the result of changes in cloud frequency at high 

elevations. 

21. However, aerosol loads in the Hawaiian Islands are typically small and exhibit low 

variability when compared with other monitoring sites around the world. 

22. Decreases in rainfall have been observed at the same climate stations used in this solar 

radiation analysis and an extremely dry period was observed for year 2010 when solar 

radiation was exceptionally high. 

 For sites with measured atmospheric optical properties, SPCTRAL2 provides reasonably 

accurate estimation of clear-sky solar radiation.  Clear-sky radiation estimates are useful in many 

practical environmental applications.  For example, when combined with satellite-derived cloud 

data, modeled clear-sky radiation can be adjusted to reflect all-sky conditions at locations that do 

not monitor solar radiation directly.  In this manner, regional patterns of radiation can be derived, 

which could be used to assess ecosystem processes and solar resource availability.  By 

improving the solar radiation dataset, temporal variations, such as the positive trends found for 

the HaleNet study sites, can be more reliably identified. Increasing radiation could have serious 

consequences on the fragile ecosystems at high elevations in Hawai‘i.  Since solar radiation is 

the driving force behind the hydrologic cycle, variations in radiation could alter the water 

balance, which could affect both plant and animal communities that have adapted to these 

elevations. In light of reported climatic changes at these high elevation in Hawai‘i (Cao et al., 
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2007; Giambelluca et al., 2008), it is important to continue to monitor solar radiation to 

determine whether trends detected over the past 21 years continue in the future.     

 Future work entails applying the homogenization techniques outlined in Chapter III to the other 

climate stations within the HaleNet network.  Once these data are available it will be possible to 

make a more detailed assessment of solar radiation trends at upper elevations at Haleakalā 

volcano.  Incorporating the additional stations will improve both the horizontal and vertical 

spatial coverage of the study area, including points below the TWI.  Further work is needed to 

validate the reasons for decadal increases in Kd at high elevations. To support the hypothesis of 

decreasing cloud cover at these elevations, more work is needed in understanding how the cloud 

climatology has changed as well as the driving forces behind these changes.  Hawai‘i’s montane 

ecosystems are extremely sensitive to change, and accurate assessment of changes in relevant 

atmospheric variables will help scientists to explain observed ecological impacts. 
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Table 2.1:  Site characteristics and mean monthly and annual optical conditions at experimental stations 

 MLO HN-152 HN-106 HN-119 ALL 
Elev (m) 3397 2590 1640 960  
Press (mb) 680 747 835 905  
Albedo 0.05 0.08 0.13 0.14  

Month AOD α PWA PWR AOD α PWI AOD α PWI AOD α PWI O3 
Jul.  1999 0.010 0.90 0.19 0.41 0.014 0.82 0.60 0.021 0.72 1.10 0.029 0.61 1.82 0.267 

Aug.  1999 0.009 1.10 0.28 0.30 0.013 1.01 0.53 0.021 0.91 1.20 0.031 0.79 2.02 0.264 
Sep.  1999 0.008 0.85 0.21 0.25 0.011 0.84 0.48 0.018 0.79 1.08 0.026 0.76 1.81 0.265 
Oct.  1999 0.005 1.00 0.26 0.25 0.009 0.93 0.50 0.015 0.82 0.90 0.023 0.70 1.62 0.261 

Nov.  1999 0.012 1.21 0.24 0.21 0.015 0.98 0.46 0.023 0.76 0.92 0.032 0.55 1.55 0.257 
Dec.  1999 0.009 0.78 0.27 0.31 0.013 0.72 0.53 0.023 0.64 1.01 0.035 0.57 1.69 0.250 
Jan.  2000 0.010 1.36 0.25 0.24 0.014 1.11 0.43 0.021 0.87 0.91 0.030 0.66 1.51 0.258 
Feb.  2000 0.021 1.74 0.20 0.23 0.031 1.65 0.41 0.045 1.34 0.70 0.062 1.07 1.24 0.267 
Mar.  2000 0.019 1.08 0.22 0.28 0.025 0.96 0.45 0.038 0.85 0.90 0.053 0.74 1.55 0.273 
Apr.  2000 0.034 1.12 0.24 0.27 0.041 1.00 0.42 0.053 0.89 0.85 0.065 0.77 1.48 0.288 
May  2000 0.017 1.02 0.35 0.47 0.024 0.96 0.66 0.039 0.88 1.11 0.057 0.78 1.76 0.278 
Jun.  2000 0.014 1.03 0.24 0.29 0.019 0.95 0.52 0.028 0.86 1.10 0.040 0.75 1.80 0.271 
Annual 0.014 1.10 0.25 0.29 0.019 0.99 0.50 0.029 0.86 0.98 0.040 0.73 1.66 0.267 

Note:  AOD is the aerosol optical depth, α is the angstrom exponent, PWA is AERONET derived precipitable water (cm), PWR is radiosonde derived 
precipitable water (cm), PWI is Interpolated radiosonde derived precipitable water (cm), O3 is the ozone concentration (DU): The same ozone values were used 
for all experimental sites.   

 

 

 

 



 

54 
 

Table 2.2:  Statistical results for SPCTRAL2 modeled versus measured solar radiation at Mauna  
Loa Observatory 
Run # AOD α O3 PW b r2 MBE  

(W m -2) 
RMSE 

(W m -2) 
MBD

% 
RMSD

% 
MEAN 
(W m -2) 

Meas.           888 
1 D D D D-A 0.978 0.997 -10 17 -1 2 879 
2 D D D D-R 0.978 0.992 -17 27 -2 3 871 
3 Y D D D-A 0.987 0.997 -10 17 -1 2 878 
4 Y D D D-R 0.978 0.992 -18 28 -2 3 871 
5 D Y D D-A 0.987 0.997 -10 17 -1 2 879 
6 D Y D D-R 0.978 0.992 -17 27 -2 3 871 
7 D D Y D-A 0.987 0.997 -10 17 -1 2 879 
8 D D Y D-R 0.978 0.992 -17 27 -2 3 871 
9 D D D Y-A 0.978 0.995 -18 25 -2 3 871 
10 D D D Y-R 0.973 0.995 -22 29 -2 3 866 
11 M M M M-A 0.980 0.995 -16 24 -2 3 872 
12 M M M M-R 0.973 0.994 -22 30 -2 3 866 
13 Y Y Y Y-A 0.978 0.995 -18 25 -2 3 870 
14 Y Y Y Y-R 0.973 0.995 -23 29 -2 3 866 

Note: Meas. Is the average measured solar radiation during the study period. Under the AOD, α, O3 and PW 
columns, D indicates the use of measured AERONET time series as input, Y indicates use of a constant value equal 
to the 1-year measured mean, M indicates monthly measured mean, A indicates use of measured AERONET values 
time series for PW, R indicates use of measured Hilo Radiosonde to estimate the time series of PW.  In the table 
headings, b is the slope of the linear least-squares regression line with a zero intercept (observed = b * modeled), r2 
is the coefficient of determination, and MBE, RMSE, MBD, and RMSD are as defined in Eqs. 2.4-2.7. 
 
 
 
 
Table 2.3: Statistical results for SPCTRAL2 modeled radiation divided by ETR versus 
 measured solar radiation divided by ETR at Mauna Loa Observatory. 
Run # AOD α O3 PW a b r2 MBE  

 
RMSE MBD

% 
RMSD

% 
MEAN  

Meas.            0.881 
1 D D D D-A 0.284 0.669 0.892 -0.008 0.016 -1 2 0.874 
2 D D D D-R 0.349 0.587 0.674 -0.015 0.024 -2 3 0.867 
3 Y D D D-A 0.268 0.687 0.900 -0.008 0.015 -1 2 0.873 
4 Y D D D-R 0.333 0.605 0.683 -0.015 0.024 -2 3 0.866 
5 D Y D D-A 0.283 0.670 0.892 -0.008 0.016 -1 2 0.874 
6 D Y D D-R 0.348 0.589 0.675 -0.015 0.024 -2 3 0.867 
7 D D Y D-A 0.280 0.673 0.894 -0.008 0.015 -1 2 0.874 
8 D D Y D-R 0.346 0.592 0.677 -0.015 0.024 -2 3 0.867 
9 D D D Y-A 0.342 0.595 0.822 -0.015 0.023 -2 3 0.866 

10 D D D Y-R 0.331 0.602 0.822 -0.015 0.027 -2 3 0.861 
11 M M M M-A 0.336 0.603 0.808 -0.014 0.022 -2 3 0.867 
12 M M M M-R 0.380 0.546 0.762 -0.020 0.027 -2 3 0.862 
13 Y Y Y Y-A 0.321 0.618 0.820 -0.016 0.023 -2 3 0.865 
14 Y Y Y Y-R 0.625 0.625 0.820 -0.021 0.026 -2 3 0.860 

Note: All symbols are the same as in Table 2.2. The regression in this case was not forced through the origin, 
 hence, the y-intercept (a) is given. 
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Table 2.4:  Statistical results for SPCTRAL2 modeled versus measured solar radiation at  
HaleNet stations. 

Run     N Elev. 
(m) 

b r2 MBE 
(W m -2) 

RMSE   
(W m -2) 

MBD 
% 

RMSD
% 

MEAN 
W m -2) 

152-Measured         761 
152-D 753 2590 1.054 0.994 18 25 2 3 779 
152-M 753 2590 1.054 0.994 10 20 1 3 772 
152-Y 753 2590 1.054 0.994 8 19 1 3 770 
106-Measured         733 
106-D 75 1640 1.037 0.968 28 38 4 5 762 
106-M 75 1640 1.030 0.974 23 32 3 4 756 
106-Y 75 1640 1.026 0.974 20 31 3 4 754 
119-Measured         681 
119-D 200 960 1.036 0.987 24 31 4 5 705 
119-M 200 960 1.029 0.987 20 27 3 4 701 
119-Y 200 960 1.036 0.987 17 26 2 4 698 
Note: In the run names, D indicates runs with vertically-interpolated, daily values for AOD, α, and PW, with PW  
derived from Hilo radiosonde data; M indicates model runs using monthly mean values for AOD, α and PW;  
and Y indicates model runs with AOD, α and PW held constant at annual mean values. 
 
 
 
 
Table 2.5:  Model parameter values used to test model sensitivity  
to temporal variation in optical parameters.  
Station MLO Lāna‘i 
Parameter AOD α PW AOD α PW 
Max. 0.034 1.74 0.47 0.100 0.91 2.94 
Mean 0.014 1.09 0.25 0.066 0.65 2.67 
Min. 0.005 0.78 0.21 0.044 0.50 2.39 
 
 
 
Table 2.6.  Mean diurnal  model-estimated  
transmissivity under varying input scenarios.  
Runs MLO Lāna‘i 
 Jun Dec Jun Dec 
AOD     

Max 0.860 0.770 0.710 0.703 
Mean 0.863 0.774 0.715 0.710 
Min 0.864 0.776 0.718 0.715 

α     
Max 0.863 0.774 0.715 0.711 
Mean 0.863 0.774 0.715 0.710 
Min 0.863 0.773 0.714 0.709 

PW     
Max 0.859 0.770 0.710 0.706 
Mean 0.863 0.774 0.715 0.710 
Min 0.868 0.779 0.721 0.717 
Note: The model was run using Maximum, Mean, and  
Minimum values for AOD, α, and PW during the year in question 
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Table 3.1. Fixed model parameters for HaleNet stations. 
Sta. # Elev (m) Albedo Press. (mb) Lat.˚ Long.˚ Start date 
153 2990 0.05 713 20.713 156.259 Mar-90 
152 2590 0.10 747 20.741 156.248 Mar-90 
151 2190 0.07 789 20.763 156.250 Jun-88 

 

 

Table 3.2. Difference in daily Solar Radiation between the HaleNet experimental stations. 
 153 - 152 153 - 151 152 - 151 
 n % > 0 % < 0 n % > 0 % < 0 n % > 0 % < 0 
All Yrs. 6838 88 12 6711 89 11 6889 79 21 
90 - 96 2051 86 14 2219 88 12 2023 71 29 
97 - 03 1929 88 12 1961 91 9 2235 89 11 
04 - 11 2702 87 13 2532 89 11 2501 79 21 
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Table 4.1: Solar radiation annual trend statistics 
 HN-153 HN-152 Hn-151 
  Slope p r2 SEE n Slope p r2 SEE n Slope p r2 SEE n 
JAN. 0.3 0.44 0.011 17 17 0.2 0.42 0.006 18 20 -0.3 0.40 0.012 15 19 
FEB. 0.0 0.49 0.000 22 17 -0.2 0.45 0.002 23 20 -1.6 0.19 0.195 22 18 
MAR. -1.4 0.26 0.058 40 18 -0.9 0.25 0.066 37 19 -0.7 0.44 0.056 21 17 
APR. -1.8 0.06 0.280 19 18 -1.4 0.49 0.011 20 18 0.8 0.25 0.065 22 20 
MAY 0.6 0.35 0.035 22 18 0.5 0.47 0.023 24 19 -0.1 0.47 0.001 23 19 
JUN. 0.0 0.49 0.000 15 18 1.2 0.07 0.245 15 19 0.5 0.28 0.036 17 20 
JUL. 1.7 0.03 0.313 17 20 2.2 0.05 0.326 21 22 1.7 0.07 0.249 22 21 
AUG. 1.4 0.05 0.199 17 19 1.0 0.39 0.116 17 19 0.8 0.25 0.092 16 22 
SEP. 1.7 0.01 0.321 16 21 2.5 0.01 0.417 19 20 1.6 0.00 0.458 12 23 
OCT. 0.5 0.30 0.029 18 18 1.2 0.16 0.154 18 21 1.0 0.06 0.131 19 23 
NOV. 1.6 0.07 0.222 19 18 1.5 0.10 0.218 18 21 1.4 0.03 0.229 17 21 
DEC. 0.2 0.43 0.003 26 18 0.2 0.42 0.003 24 21 0.3 0.37 0.008 22 21 
 
 
 
Table 4.2: Solar radiation anomaly statistics.   
 HN-153 HN-152 HN-151 
 slope p r2 SEE n slope p r2 SEE n slope p r2 SEE n 
Annual 0.3 0.34 0.053 8 17 0.5 0.14 0.132 9 19 0.4 0.25 0.196 8 16 
Dec. to May -0.5 0.36 0.050 15 17 -0.02 0.50 0.000 15 17 -0.5 0.44 0.057 12 16 
Jun. to Nov. 1.1 0.003 0.451 8 19 1.7 0.0005 0.637 8 19 1.3 .000004 0.776 5 19 
 

 

Table 4.3: Clearness index statistics 
 HN-153 HN-152 HN-151 
 slope p r2 SEE n slope r2 SEE p n slope p r2 SEE n 
Annual 0.0006 0.33 0.040 0.02 17 0.0013 0.121 0.02 0.18 19 0.001 0.14 0.123 0.02 16 
Dec. to May -0.0007 0.45 0.011 0.04 17 -0.0006 0.012 0.04 0.46 17 -0.001 0.41 0.061 0.03 16 
Jun. to Nov. 0.0023 0.01 0.392 0.02 19 0.0023 0.650 0.02 0.02 19 0.003 0.0001 0.772 0.01 19 
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 Figure 3.1 Location of the HaleNet stations used in this analysis. 
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APENDIX 

This appendix contains additional information regarding the homogenization procedures 
outlined in Chapter III.  The adjustment factors used for correcting observed hourly solar 
radiation are given in Table A-1.  The CDR values for stations 153 and 151 are shown in Figure 
A-1 and Figure A-2 respectively.  

 

Table A-1. Adjustment factors for HaleNet stations 151,152 and 153 
Station Start End Adjustment Factor 

151 6/17/1998 10/31/1993 1.03650 
 11/1/1993 9/13/1998 1.02494 
 9/14/1998 7/17/1999 1.06313 
 7/18/1999 1/23/2011 1.00868 

152 3/13/1990 10/31/1990 1.04102 
 11/1/1990 11/30/1991 0.98483 
 12/1/1991 6/30/1992 1.15984 
 7/1/1992 7/13/1999 0.97531 
 7/14/1999 1/22/2011 1.1023531/y=0.00000413x+0.8342429 

153 3/31/1990 10/31/1991 1.13751 
 11/1/1991 1/6/1995 1.13777 
 1/7/1995 3/6/1995 1.21341 
 3/7/1995 9/12/1998 1.13777 
 9/13/1998 7/14/1999 1.13917 
 7/15/1999 12/9/2010 1.05765 
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