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ABSTRACT

The purpose of this research is to analyze the direct and indirect impacts of
gases produced by basaltic volcanism on interactions between environmental
systems. Related studies of natural hazards have been performed involving explosive,
composite volcanic eruptions, including the Mt. St. Helens, El Chichén, and Mt.
Pinatubo eruptions to determine if they contributed to global cooling among other
environmental impacts. Unlike these previous studies that emphasized impacts of
volcanic gases in the stratosphere, this research will examine the possible long-term
effects on Hawai'i Island’s environmental system due to sulfur gases (and resulting
sulfate aerosols) released by a non-explosive eruption into the troposphere. Although
basaltic events may not be as dynamic as composite eruptions, they can eject
significantly greater amounts of sulfur into the atmosphere than a more silicic magma
of the same volume. This is important because changes in environmental factors have
been attributed to a larger than normal presence of sulfur compounds in the
atmosphere.

Hawai'i Volcanoes Nationai Park and surrounding regions on Hawai'i Island
were chosen for the research site because the basaltic volcanism taking place is
significant, and relevant data conceming many environmental variables are readily
available. Specifically, changes to spatial and temporal trends in precipitation and
surface temperature as well as negative impacts to vegetation health due to volcanic
emissions (vog) from Kilauea Volcano are investigated using exploratory statistics, a
geographical information system (GIS), and remote sensing techniques. Results were
inconclusive concerning possible vog impacts to vegetation health; but the study’s
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findings do support the hypothesis that the vog is influencing both rainfall and

temperature trends and patterns for Hawai‘i Island.



CHAPTER ONE

INTRODUCTION

1.1 Background

Changes inthe variables that comprise the Earth system are critical concemns
at regional and global scales. Within the last 10 years, the United States Gilobal
Change Research Program called for scientific investigations "to describe and
understand the interactive physical, chemical, and biological processes that reguiate
the total Earth system" (Wickland 1991). One such process is the effect of volcanic
activity on global climate and environmental systems. Besides the immediate
devastation to landcover and ecosystems, results from previous investigations suggest
that explosive volcanic activity contributes to global cooling (Dutton and Christy 1992).
The degree to which volcanic activity promotes cooling greatly varies. This is
supported by studies that have indicated that the environmental impact of volcanic
eruptions is notonly related to the eruption’s magnitude, explosivity, and volume, but
is also correlated to the concentration of the volatile species sulfur dioxide (SO,),
hydrogen sulfide (H,S), and to a smaller degree chlorine (Cl) and fluorine (F)
(Schnetzleretal. 1992). The solubility of sulfur and the volume of magma erupted are
particularly related to possible effects on the climate and environment, and basaltic
volcanic eruptions are more sulfur-rich than explosive eruptions (Sigurdsson 1982;
Rampino et al. 1985). Most basaltic eruptions do not affect the global environment
since they do not eject large amounts of ash and dust, and the aerosols and gases that
they release do not reach the stratosphere. However, as the 1783 Laki (Iceland)
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fissure eruption shows, there are exceptions to the rule (Sigurdsson 1982).

The Laki eruption provides an example of how basaltic eruptions can affect
climate and environmental conditions. It is now known that the Laki magma was
unusually sulfur-rich. Since sulfur is a very volatile element in magma, it is mostly
partitioned into the gas phase when the magma is erupted at the surface (Sigurdsson
1982). The eruption produced only 12.3 km?® of lava over a period of eight months,
butinjected 107 to 108 tons of H,SO,into the atmosphere spawning a vog (volcanically
induced fog) rich in sulfur and fluorine compounds. The eruption ejected approximately
0.3 km?® of tephra into the air; the same amount of airfall ash that Mt. St. Helens
produced when it erupted in 1980. The Laki eruption also produced a 5°C drop in
temperature during the following winter in the northern hemisphere, and continuedto
affect regional weather overthe nexttwo years. The vogcaused most of the damage
generated by the volcano and was responsible for the death of 24% of Icelanders and
the loss of 75% of all livestock (Sigurdsson 1982; Thordarson and Self 1993; Asrar
and Dozier 1994).

Large amounts of fine ash and dust erupted into the upper atmosphere can
significantly alter the amount of solar radiation reaching the Earth’s surface, and
eruptions with high sulfur dioxide content particularly can affect climate (Decker and
Decker 1989). Basaltic volcanic eruptions typically eject large volumes of sulfur
compounds into the troposphere, where the residence time of sulfate aerosols is much
shorter (only a week or so) in contrast to a lifetime of several yearsin the stratosphere
(Watson etal. 1992). Butin the case of Kilauea's current long-term eruption event, a
steady supply of SO, and H,SO, is being introduced into the troposphere. The
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impacts on vegetation, surface temperature, and rainfall need to be surveyed since
perturbations in those environmental controls could produce severe impacts to human

life as well as ecologic and economic stability in the region.

1.2 Recent History of Kilauea Eruptions

Since Kilauea volcano began erupting almost continuously in 1983, it has
outpoured the most voluminous amount of lava on the volcano’s east rift zone in the last
200 years (USGS 1999). A recent report from the U.S. Geological Survey (USGS)
(1999) estimates that in January 1999 an additional 206 hectares were added to the
island’s southern shore. Moreover, in the process of land-building, the volcano has
destroyed 181 houses and destroyed 13 km of highway (USGS 1999).

This outflow of lava is also responsible for emitting a steady supply of sulfur
compounds into Hawai'i's local atmosphere. The amount of SO, emissions from
Kilauea Volcano varies from 350 tons/day during eruptive pauses to over 2,000
tons/day when the volcano is actively erupting (Sutton et al. 1994). This is significantly
greaterthan the Environmental Protection Agency’s (EPA) guideline of 0.25 tons/day
for major sources of industrial pollution (Sutton and Elias 1993). The concentration of
sulfur compounds emitted by the volcano has varied during the current eruption’s
duration due to factors such as changes in eruption rates and location of lava
outbreaks. Eruption rates are important since itis the ejected basaltic lava (known to
have a relatively high sulfurconcentration) that degasses the suifurcompounds into the
air; the more magma ejected, the largerthe amount of sulfur released. The location of
the magma outbreak is important because the trade winds (orlack thereof) across the
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Island are important in dispersing the volcanic gases, and greatly affect the gas
concentrations. Furthermore, magma which is erupted into the ocean (via the lava-
tubes which run to the Island’s southeast coast) induce thermo-chemical reactions
which produce harmful compounds such as hydrogen chloride (HCI) (Sutton et al.
1994).

Thefirst three years of Kilauea Volcano's most recent continuous eruption was
localized to the Pu’u O o vent and was predominantly episodic fountaining. From 1986
to 1992, the volcano began continuously effusing lava and the Kupaianaha lava pond
was formed approximately 3 km downrift of Pu'u O o (Sutton et al. 1994) (Fig. 1.1).
Kupaianaha vent ceased erupting in February 1992, but the eruption continues
(except forbrief pauses) nearthe Pu'u O o vent (Kauahikau et al. 1992; Mattox et al.
1992). ltwas decided by the USGS to narrow collection of sulfur emission rates to the
area of the Eastem Rift Zone (ERZ) (near Pu'u O’ o eruption) and the Kilauea caldera
since this was (and continues to be) where the most notable discharge takes place.

Table 1.1 shows Kilauea’s eruption history since 19689.

1.3 Importance of Meteorological Conditions

Sutton et al. (1994) showed the importance of meteorological conditions,
specifically wind speed and direction, and site location in determining the potential
impacts of sulfur emissions from Kilauea. For example, grab-sample measurements
near Pu'u O’o show that during kona winds (low speed variable wind conditions)
measured ambient SO, and H,S concentrations are highest. Furthermore, the

precipitation samples taken near the shore at coastal entries display a lower pH and
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Figure 1.1: Map showing area covered by lava flows created during the
Pu'u O'o - Kupaianaha eruption between 1983 and July 19938. Taken from

Hawai'i Voicanoes Observatory (USGS) Web site.



YEAR START Duration Eruptive Cx::ad Volume
(mm/dd) (days) Subdivision (km?) (km?)

1983 01/03 >6,200 *,** ER 102 1.9
1982 09/25 <1 C 0.8 0.003
1982 04/30 <1 C 0.3 0.0005
1979 11/16 1 ER 0.3 0.00058
1977 09/13 18 ER 7.8 0.0329
1975 11/29 <1 C 0.3 0.00022
1974 12/31 <1 SWR 7.5 0.0143
1974 09/19 <1 C 1.0 0.0102
1974 07/19 3 C,ER 3.1 0.0066
1973 11/10 30 ER 1.0 0.0027
1973 05/05 <1 ER 0.3 0.0012
1972 02/03 900* ER 46 0.162
1971 09/24 5 C, SWR 3.9 0.0077
1971 08/14 <1 C 3.1 0.0091
1969 05/24 874~ ER 50 0.185
1969 02/22 6 ER 6.0 0.0161

Table 1.1: Summary of Kilauea's eruptions, 1969 - present (USGS 2000; after
Macdonald et al. 1986) C=caldera; ER=east rift; SWR=southwest rift.

* The very long duration of activity is more comparable with the long-continued
lava-lake activity in Halemaumau previous to 1924 than with the other
eruptions listed in the above table.

** Activity at Pu‘u O‘o is still continuing.



higher sulfate concentration because of on-shore and along-shore wind effects.

1.4 Impact of Volcanic Gases on Water Quality

The impacts on water quality are a major concem to Island residents. One study
in the early 1980s suggested that low rainfall pH levels were not the result of volcanic
emissions, but rather the consequence of anthropogenic pollutants being transported
over great distances in the upperatmosphere (Millerand Yoshinaga 1981). But Miller
and Yoshinaga appear to contradict their argument by mentioning that during a two-
week eruption, the sample site closest to the eruption showed lower than normal pH
values (3.5-4.0), and these values later retumed to the all-island average (4.5) (Miller
and Yoshinaga 1981). Harding and Miller (1982) came to a similar conclusion; they
found that during a non-eruptive phase of Kilauea and Mauna Loa, the influence of the
volcanoes on rainfall chemistry greatly decreased. They also reported that sulfate was
the major anion present in the rainwater they sampled. It should be noted that these
studies were not done during a long-term continuous eruption. Thusthere stillappear
to be several unknown factors conceming the influence of volcanic emissions on rainfall
chemistry and pH. Furthermore, the influence of the possible low rainfall pH on soil
chemistry is another key factor influencing vegetation condition and patterns on the
island.

A study concerning total and non-seasalt (nss) sulfate measured in bulk
precipitation samples from the Kilauea area done by Scholl and Ingebritsen (1995)
indicated that "pattemns of total and nss sulfate deposition show a definite relation to
sources of volcanic SO,." The study was done to help address concerns of possible
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effects of volcanic gas emissions on crops and drinking water. Additionally, many
Hawai‘i Island residents use rooftop catchment systems for drinking water. The
contamination of rainwater occurs when sulfur dioxide combines with water vaporin
the atmosphere to form acid rain (H,SO,), which leaches lead from the roofing nails
and paint in Hawai'i residents’ catchments. The lead then contaminates the residents’
drinking water which poses an obvious serious health hazard (Sutton and Elias 1993).
Acid rain “is a broad term used to describe several ways that acids fall out of the
atmosphere. A more precise term is acid deposition, which has two parts: wet and dry.
Wet deposition refers to acidic rain, fog, and snow.”(EPA 2000). There are many
sources of acid rainfall, including carbon dioxide and sulfur dioxide in the atmosphere.
In Hawai'i Island’s case, sulfur dioxide is the primary producer of acid rain. The
reaction that creates the acidic rainfall from volcanic SO, gas is triggered by the

presence of water vapor and light in the atmosphere (NASA 1994).

1.5 Impact of Volcanic Gases on Vegetation and Agriculture

Potentially one of the most devastating impacts of gases and aerosols released
by Kilauea is on the vegetation. Sutton et al. (1994) point out that "although rainfalito
the southwest of Kilauea Caldera is roughly equivalent to that of Portland, Oregon
(100-130 cm/yr) the SO, and H,SO, help to sustain the sparsely vegetated landscape
of the Ka'u Desert." The toxic gases emitted by Kilauea can migrate to the Ka'u
Desert, where few plants are able to sustain growth. The plants that do survive include
the ohia lehua (Metrosideros polymorpha) which partially is able to avoid the
poisonous effects of SO, by closing its stomates (Mohlenbrock 1996).
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There have been several related studies conceming the impacts of SO, and
sulfate aerosols on vegetation, but few conceming the effects of long-term natural
sources of the pollutants. Winner and Mooney (1980 and 1985) demonstrated the
importance of stomatal conductance in individual species in determining the amount
of impact that volcanic SO, had on native and exotic plant species present on Hawai‘i
Island. They deduced thatthere was no correlation between leaf injury due to volcanic
SO, on exotic and native species. It was previously thought that perhaps native
species would have been better adapted to the environment produced by the volcanic
eruptions, but their research proved this otherwise (Winnerand Mooney 1985). ltwas
also found that younger leaves in all species were the most susceptible to the effects
of SO,; a reduction or removal of the younger leaves on a plant has obvious
implications for preventing a plant from prolonging itself (Winner and Mooney 1980;
Winner and Mooney 1985).

There have been numerous studies relating anthropogenic SO, pollution to
changes in plant communities. It has been ascertained that the stability, structure, and
interactions of a plant community can be impacted by the presence of SO, pollution,
but the amount of change is greatly dependant on both the species’ response to the
pollutant and the amount of SO, present (Kozlowski 1985; Lauenroth and Milchunas
1985). Just as important as the actual damage caused by SO, is the recovery of the
plant. Likens et al. (1996) performed a study using the Hubbard Brook Experimental
Forest (HBEF) to investigate if ecosystems would recover from long-term effects of
acid rain (caused by anthropogenic sources of SO,) and if so at what rate. They

discovered thatthe acidification of the ecosystem was reversible, but the rate at which
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the ecosystem was returning to normal was exhibiting a hysteresis pattern. This
implies that the recovery rate is very slow, and that present reductions in anthropogenic
outputs of SO, may not be adequate over the long-term (Likens et al. 1996).

The vog has been blamed for several adverse effects on Hawai'i Island’s
agriculture industry. While the yield per acre of many crops on the Big Island have
declined since Kilauea began erupting in 1983, most of the blame is due to
speculation and not confirmed by studies directly linking the impacts to the vog
(Personal Communication James Yamaki, Hawaii Agricultural Statistics Service
1997). These impacts include decreased production in tomato, coffee, anthuriums,
aquaculture and cattle (Hawaii County Vog Authority 1990). The vog has especially
been blamed in the death and iliness of newbom calves. Itis believed by some that
the vog is responsible for selenium deficiency in the animals due to leaching elements
out of the region’s soil (Bergin 1990; Clark 1990). Again, most of this is theory and
conjecture as no known quantitative studies have been conducted to directly link vog

to impacts in agriculture.
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1.6 Research Objectives

Sulfate aerosols and gases released by less explosive-type of volcanism
usually only reach the troposphere and only have a residence time of a few weeks. But
Kilauea Volcano has been erupting aimost continuously since 1983, and thus has been
a steady source for the production of sulfurgases and sulfate aerosols. There appears
to be little research conceming the long-term effects of gases and aerosols released
by basaltic volcanism on environmental processes. Most related studies have dealt
with the effects of explosive volcanism on atmospheric processes or with the short-
term effects of a basaltic eruption. The primary goal of this research is to investigate
the effects of gases and aerosols released by relatively long-term basaltic volcanism
on physical and biological systems using exploratory statistics, remote sensing, and
GIS techniques. ltis hoped that the results of this study will enable one to determine
how influential the less studied basaltic volcanic eruptions are to Earth-environmental
systems. The hypotheses of this proposal are that sulfate aerosols and SO, gases
released by basaltic volcanism existing on Hawai‘i Island have affected:

(1) Hawai'i Island’s rainfall trends;

(2) Hawai'i Island’s surface temperatures; and

(3) vegetation vigor and health on the island, specifically the immediate region

of Hawaii Volcanoes National Park.

This project will also address how well the geotechniques used are able to
detect any changes, and whether the available data are spatially and spectrally

adequate to determine trends in the data. It is hoped this study will be used by other
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scientists as a base for further research, especially studies related to human-health
and economic impacts. Moreover, this study willalso help to lay a foundation for future
studies relating to key objectives of the NASA EOS program, specifically the "analysis
of atmospheric chemistry and the role of volcanism in modifying local and hemispheric

climate over periods of a few months to several years" (Mouginis-Mark et al. 1991).
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CHAPTER 2

STUDY AREA

This section describes the unique physical and biological features of Hawai'i
Island. Itisimportantto be aware of these characteristics as they may act as a buffer
orintensifier to the “signals” this study is attempting to detect. Forexample, the type
of vegetation is important as some species may be more resistant to the volcanic
emissions (vog) than others. Moreover, knowledge of rainfall and temperature pattems
are crucial to determine if the voghad somehow influenced a period of droughtin an
already dry portion of the Island. Finally, the geology, specifically soils, are important
to consider as they also may hinder the effects of acid rainfall due to the vog by acting

as a buffer.

2.1 Geographic Information

Hawai'i Island has an area of 10,458 km? and is approximately located
between 19°N - 20.5°N and 156°W - 155°W (Morgan 1983) (Fig. 2.1). The Islandis
volcanic in origin and is composed of five large shield volcanoes: Kohala (oldest),
Mauna Kea, Hualalai, Mauna Loa, and Kilauea (youngest). Basaltic volcanism has
been a very important componentin the evolution of vegetation species on the Island.
Itis assumed by some, such as the USGS personal stationed at Hawaiian Volcano
Observatory (HVO), that most native species have adapted to their environment and

thus would not be affected by Kilauea's current long-term SO, emissions. As
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demonstrated by the study done by Winnerand Mooney (1985), this is not necessarily
the case. Moreover, there are considerations for non-indigenous agricultural plants on
the Big Island that need to be addressed and studied. Itis expected that results from
this study may be used as an archetype that can be applied to different, but similar
ecological regions.

The Big Island of Hawai‘i, specifically Hawai‘i Volcanoes National Park (HAVO)
and the region to the North of the park, was chosen for distinct reasons to study the
impact on certain environmental variables due to gases and aerosols produced by
basaltic volcanism. First and foremost, the basaltic volcanism taking place is
significant. The Island also supports a wide variety of climate and vegetation types
which would allow one to study how the gases may affect different environments. Since
much of the region is also protected as either a Federal or State reserve, itis assumed
that the impact to land cover and vegetation due to man would be less than otherareas
on the Island (such as the Kona coast). Finally, relevant data concerning pertinent

environmental variables, such as rainfall and temperature data, are readily available.

2.2 Biogeography of Hawai‘i Island

Even though Hawai‘i is much smaller spatially when compared to many
mainland states, it has a surprisingly diverse biogeography. Biogeographers often
differentiate between “oceanic” and “continental” islands. Several Pacificislandsare
considered continental due to their geology suggesting they were once connected to
a larger nearby landmass. Moreover, the biota present on an island can indicate a

past connection to a larger landmass (Tivy 1993; Juvik 1998). Examples of
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continental islands in the Pacific are New Zealand and Fiiji.

Oceanic islands are islands that have formed from volcanic eruptions on the
seafloorand thus have neverbeen connected to a continent (Tivy 1993; Juvik 1998).
The flora and fauna that exist on oceanic islands are present due to long-distance
dispersal. This method of introduction gives rise to biota that are typically
“disharmonic”, orlacking representation of animals and plants present on surrounding
continental landmasses (Juvik 1998). Hawai'i is extremely isolated geographically
(more that 2,000 miles from the nearest continent), therefore most of its biota have
evolved from groups that have the best dispersal capabilities. The methods of long-
distance dispersal used by possible colonizers are: direct dispersal, windbome
dispersal, waterbome dispersal, and dispersal by birds. These modes can be very
limiting to possible colonizers, and these constraints are the primary reason for the
lack of mammals and amphibians being native or endemic to Hawai'i Island. In fact,
it is thought that today’s 1000 native flowering plant species in Hawai'i have evolved
from approximately 275 immigrants. If the age of the oldest Main Hawaiian Island is
assumed to be 5.6 million years, then is it estimated that the rate of colonization for
plants was one every 14,000 years (Lamoureux 1983; Morgan 1996; Juvik 1998).

Hawai'i's plants are usually described as one of the following: endemic; native
or indigenous; Polynesian; exotic or alien; or cultivated (Stone and Pratt 1994; Pratt
1998). Endemic plants are those which have evolved in the Hawai'ian Islands and are
found only in Hawai'i (including some species only on certain islands within the state).
Native or indigenous plants have been present on Hawai'i before colonization by
Polynesians, but also are found elsewhere in the world. Exotic oralien plants are those
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that have populated the Hawai‘ian Islands since the late 1700s when the Europeans
arrived. Some of these were introduced to the islands intentionally, but most were
accidental introductions and are considered weeds. Polynesian plants are those
introduced by the ancient Polynesian settlers of Hawai‘i. The number of plant species
brought by the Polynesians is estimated to be about twenty five, with most being
introduced in the coastal and lowland areas of the islands (Lamoureux 1976; Stone
and Pratt 1994; Pratt 1998). Finally, cultivated plants are those that exist on the island
as agricultural orgarden plants. Ironically, many of these are thought to be “Hawai’ian”
to the public, and examples include pineapple and some species of plumeria and
ginger (Pratt 1998).

Duetoits biota, history, and location, Hawai i is an excellent laboratory to study
the evolutionary process and biological invasion to an ecosystem (Stone and Pratt
1994). Unfortunately, the extinction process has reached a crisis level in Hawai'i due
to alien species invading the islands and resulting in a loss of biological diversity. To
put it in perspective, Hawai' i comprises only about 0.2 percent of land area in the
U.S., but contains roughly one-third of the species listed on the Federal Endangered
Species list are located in Hawai'i. Moreover, the “crisis” is reflected by the fact that
overtwo-thirds of the plants and birds known to be extinctinthe U.S. are from Hawai'i
(Stone and Pratt 1994; Pratt 1998). The change in Hawai'i's ecosystem began with
the discovery of the islands by the Polynesians, but was accelerated at an exponential
rate with European contact (Lamoureux 1983; Stone and Pratt 1994). Hawai'i’s
endemic plants do nothave any of the natural defenses, such as thoms or poison, that

most Mainland plants have due to evolutionary processes. The lack of grazing
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mammals allowed forthese defense mechanismsto be absent from endemic species
(Carson 1998). Thus with the introduction of feral animals like the pig, goat, and deer,
many endemic species have become decimated. Moreover, the admission of alien
plant species has caused significant habitat loss for native and endemic species
(Stone and Pratt 1994; Pratt 1998). Today researchers, state officials, and managers
are attempting to reduce the impact of alien plant species on the native habitat. A
considerable amount of money and effort is going into building barriers such as fences
to protect native species-dominated areas and educating the public of the hazards
threatening Hawai'i's biological heritage (Stone and Pratt 1994).

Hawai'i Volcanoes National Park is the most extensive area in Hawai'i where
primarily native ecosystems are protected and managed. It was establishedin 1916
and currently encompasses 209,695 acres (207,643 acres federal; 2,052 acres non-
federal). Itis also one of the few protected areas that includes continuous terrains from
sea coast to mountaintop (Fig. 2.2). The park protects seven ecological zones
including: seacoast; lowland; mid-elevation woodland; rainforest; upland forest and
woodland; subalpine; and alpine/aeclian (Stone and Pratt 1994). The impact of
Kilauea's eruption on the regional endemic and native ecosystems is not fully
understood, and the diversity and presence of native ecosystems in HAVO make itan
ideal study area for determining potential impacts of vog on vegetation. It is the

purpose of this research to investigate these possible impacts.
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Area of Interest

Figure 2.2: The location of HAVO in relation to the Big Island.
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2.3 Weather and Climate of Hawai‘i Island

The weather and climate of Hawai‘i is one of the main reasons why the state
appeals to so many visitors, and thus is considered one of its most important natural
resources. Primary factors that influence Hawai'i Island’s climate include island
topography, island location, and the trade winds (Schroeder 1993). A map of Hawai’i
Island’s median annual precipitation is shown in Figure 2.3. By comparing rainfall
amounts on the windward (east) side of Hawai' i verses the leeward (west) side of the
island, the influence of orographic effect on the island’s rainfall patterns can be seen.

Due to the influence of the Hadley Cell, the northeasterly trade winds govemn the
weatherin Hawai'i (Figure 2.4). These breezes keep the temperatures and humidity
in Hawai'i comfortable year round. A product ofthe Hadley Cell and trade windsis a
trade wind inversion. This inversion can seen by the nearly flat cloud tops when clouds
are viewed from above. The average inversion height over Hawai'i is about 2 km
(6560 ft.) (Schroeder 1993; Giambelluca and Schroder 1998). This may be an
important consideration as the presence of an inversion layer would help to keep the
presence of the vog below the inversion height.

During the winter months there is a slight shift in wind patterns as the Kona
winds begin to dominate the weather. The Kona winds are brought about by a Kona
low positioned west of the Islands; this causes the winds to become light and variable,
and predominately flowing from the southwest (Schroeder 1993; Giambelluca and

Schroder 1998).
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Since the trade winds dominate the weatherin Hawai‘i formuch of the year, the
vog is mostly transported from the HAVO area to the Kona coast of the Big Island
(Figure 2.5). The vog also begins to permeate the Saddle region of the Island (area
between Mauna Kea and Mauna Loa) and tends to hover in the altitudes below the
inversion layer. But during the winter months when the winds become variable, the
dispersion of the vogto the Kona side abates and the vog can hoverin the HAVO area
and can begin to drift towards the windward side of the Island (Sutton et. al 1997).

Considering the size of Hawai'i Island, the climate regimes present are quite
varied. As mentioned earlier, topography and wind pattems have a significantimpact
on the distribution and type of climate found on Hawai‘i Island. Of the five major
climate classes developed by Wladimir Képpen, all except Type D (Humid Middle-
latitude with Severe Winters) are present on Hawai'i. From looking at Figure 2.6, one
can see again how Mauna Loa and Mauna Kea induce orographic effects. Because
the trade winds are northeasterly, the eastemn (or windward) side of the island has the
largest amount of rainfall while the western (or leeward) side hasthe least. Moreover,
the shear height of Mauna Loa and Mauna Kea allow for a polar or Type E climate to
be found in the tropics (Juvik et. al 1973).

It is has been accepted for some time that the sulfate aerosols in the
stratosphere have a cooling affect on regional surface temperatures by scattering
incoming radiation, while at the same time increasing the temperatures in the
stratosphere through absorption (Rampino and Self 1984; Jakosky 1986). It is also

now known that an increase in sulfates in the troposphere can instigate a cooling
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F igur 2.5: Annhance satellite image shwing the path of the
vog plume around Hawai’i Island. (Taken from Sutton et al. 1997)
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Figure 2.6: The Kbéppen climate classification of Hawai'i Island. After Juvik et
al. 1978; taken from Morgan 1996.
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trend in regional climate by acting as cloud condensation nuclei (CCN) in the formation
of cirrus clouds (Charlson and Wigley 1984; McGee and Gerlach 1995; Chuangetal.
1997). The increase in cirrus clouds affect the Earth’s radiation balance by reflecting
incoming radiation back into the upper atmosphere or space (McGee and Gerlach
1995). Furthermore, the role of sulfate aerosols serving as CCN could also influence
the precipitation process (Wallace and Hobbs 1977; Peixoto and Oort 1992) This
research aims to detect patterns and trends in surface rainfall and temperatures on

Hawai'i Island which would support the above conjectures.

2.4 Geology and Soils

Since Hawai'i Island is volcanic in origin, basalt is the dominate rock type.
There are relatively few minerals presentin the lava produced by Hawai'i's volcanoes.
The most common are olivine, pyroxene, and plagioclase. These minerals are not
present in the same amounts for all of Hawai'i's lavas and usually vary from location
to location (Clague 1998). Finally, there are two types of lava flows presentin Hawai'i:
pahoehoe and’a’a. Pahoehoe flows are usually the result of long-sustained eruptions
and 'a’a flows are usually produced from short, high volume eruptions.

The basaltic base, presence of volcanic ash, and long-term weathering have
produced very fertile soils on Hawai'i. Soil types present on the Island vary due to
factors aslocal climate, hydrology, and parent material. Eight soil orders are identified
on Hawai'i Island, with Histosols-lava-Andisols, Histosols-lava, and Andisols being
located within the study area (HAVO region) (Uehara 1983; Gavenda et. al 1998). The

spatial distribution of the soil orders is shown in Figure 2.7.
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The location of different soils is important when considering possible long-term
impacts on vegetation as some have a higher buffering effect on acid rain than others
(Winegardner 1996). When soil acts as a buffering system, it is resistant to changes
in the amount of H+ present, thus resisting short-term changesin pH. Agents in soils
that aid in the buffering process include carbonate materials and organic matter
(Winegardner 1996). The soils presentin the study area have a pH ranging from 4.5
to 8.0, with the variability partly dependant on high rainfall and temperatures, which

increase soil weathering and conversion to acidic soil (Hue and lkawa 1997; Uhehara

et al. 1997).
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CHAPTER 3

DATA AND METHODOLOGY

This chapterincludes a description of the satellite data and the temperature and
rainfall data used in this study. Moreover, the methods used for data analysis are

introduced and discussed.

3.1 Description of Satellite Imagery

In orderto complete the objectives of this research conceming vogimpactson
vegetation, pre- and post-eruption satellite scenes were needed. Considerations such
as instrument spectral and spatial resolution as well as cloud cover severely limited
data options. Moreover, it was discovered that there is a data gap for Landsat
imagery over the Hawai‘ian Islands from approximately 1979 to 1989 due to the lack
of a ground station at the time to download the data for that part of the world (Personal
Communication, EROS Data Center 1997).

Taking the above into consideration, a 1977 Landsat Multispectral Scanner
(MSS) image (Figure 3.1) was selected to be used to represent pre-eruption
vegetation. Landsat MSS has a relatively coarse resolution (79 m) especially when it
is used to look at a small area such as Hawai'‘i Island; but finer multispectral imagery
such as Landsat Thematic Mapper (TM) and SPOT did not exist until after the current
long-term eruption began. It was decided to use System Pour 'Observation de la
Terre (SPOT) Haute Resolution Visible (HRV) imagery (Figures 3.2 and 3.3) over

Landsat TM to represent post-eruption vegetation due to its fine scale and the
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Figure 3.1: Landsat MSS scene acquired 27 October 1977.
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Figure 3.2: SPOT HRV scene acquired 12 December 1989,
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Figure 3.3: SPOT HRV scene acquired 28 January 1995.
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availability of relatively cloud free scenes over the study area. These restrictions
resulted in only two SPOT images satisfying the relatively cloud free requirement; the
selected SPOT scenes were from 1989 and 1995. To account for possible seasonal
variation that might affect the reflectance of vegetation, the months selected are within
90 days of each other. Table 3.1 describes the specific details of the data’s

characteristics.

Landsat MSS SPOT HRV SPOT HRV
Acquisition Date 10/27/77 12/12/89 1/28/95
Spatial 79 20 20

Resolution (m)

Spectral
Resolution (um)

Band 4: 0.5 - 0.6
Band 5: 0.6 - 0.7
Band 6: 0.7 - 0.8

Band 1: 0.5 - 0.59
Band 2: 0.61 - 0.68
Band 3: 0.79 - 0.89

Band 1: 0.5 - 0.59
Band 2: 0.61 - 0.68
Band 3: 0.79 - 0.89

Band 7: 0.8 - 1.1
Table 3.1: Specifications of satellite data used in study (NASA 1276; SPOT 1999)

Since the orbit path for each of the three satellites do not exactly match, the
sensors acquire data over different portions of the study area with overlap in the region
between HAVO and the town of Hilo. The region common to allthree satellite scenes
was subset from each, and the subsets were used in this study’s analysis. (The
common area of all three scenes is shown in Figures 4.5 and 4.9).

There are several concems that need to be addressed when comparing
imagery of different spectral and spatial resolutions. The difference in spatial
resolution had to be accommodated. Initially, this was going to be done by converting

the raster cells to polygons after each scene’s NDVIwas computed. This would create
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thousands of polygons which would be difficult to manage. Thus afterthe conversion
to polygons, the new coverages would have had another field added to their polygon
attribute table (PAT) which would include a rescaled value for the NDVI. The
“simplified” polygon coverages would then be “differenced” to determine what areas
had changed. This method would have preserved the 20 m SPOT data the SPOT
data, i.e. the scene would not have had to been resampled to the MSS spatial
resolution of 79 m. Unfortunately, Arcinfo was not about to successfully convertthe
cells into polygons. Therefore to accommodate the spatial differences between the
SPOT and Landsat MSS imagery, the SPOT scenes were resampled to the 79 m
resolution of the Landsat MSS data afterall pre- and post-processing was completed.
The Landsat MSS data were not resampled to the SPOT’s 20 m resolution as that
would have resulted in the creation of spatial data where there was none. Thereisno
way to “resample” the different spectral resolutions of the sensors, but the differences
are noted when the final results are interpreted.

One final concem that should be noted is that the SPOT scenes were acquired
off nadir; that is with the sensor not looking directly down at the Earth’s surface. The
view angle for the 1989 SPOT image was approximately 2 degrees while the 1995
SPOT image’s view angle was 22 degrees. Since the images were acquired off nadir,

this could produce some noticeable distortion towards the edges of the scenes.
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3.2 Image Preprocessing

The Landsat MSS and two SPOT scenes were purchased without
georectification. The pre-processing and image analysis was.primarily done using
ERDAS Imagine (ERDAS, Atlanta, Georgia) and Arcinfo (ESRI, Redlands,
Califormia)software. Pre-processing of imagery included performing image-to-image
georectification to correct unsystematic errors, which make the images nonplanimetric
(Jensen 1996). Ground control points (GCPs) were selected according to ease of
identification between images. Accept features used for GCPs included road
intersections, airport runways, and lava flows. The spatial resolution of each image
along with the amount of cloud cover presentinfluenced the number and type of GCPs
used in the georectification process. The root-mean-square (RMS) error for each
control point was calculated in Imagine using Equation 3.1, with the largest acceptable

RMS error value being 0.5, or half a pixel.

RMSerror = \/(X,— X)2 +(y’- Y)2 (3.1)

Where x‘ is longitude location for scene A ; x is longitude location for scene B; y‘ is
latitude location for scene A, and y is latitude location for scene B.

The 1977 Landsat MSS scene was georectified first usinga 1989 Landsat TM
image that was referenced in Universal Transverse Mercator (UTM) coordinates. A
total of 15 GCPs were coupled with a second-order transformation using nearest
neighbor resampling with a total RMS error of 0.49. The spatial resolution of the 1977
Landsat MSS scene was kept at 79 meters. The 1989 and 1995 SPOT scenes were

subsequently georectified usingthe 1977 Landsat MSS image. Ten GCPs were used
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forthe 1989 SPOT image with a second-ordertransformation resulting in a total RMS
of 0.35. For the 1995 SPOT scene, fifteen (15) GCPs were utilized with a second-
order transformation that resulted in a total RMS error of 0.47. During the
georectification process, the two SPOT scenes were resampled to 20m using the
nearest neighbor sampling scheme. I[n nearest neighbor interpolation, the value
closest to designated input coordinate is assigned to the output coordinate (Jensen
1996). Thus, the nearest neighbor sampling regime is often favored by earth scientists
because it does not change the pixel values during the resampling process (Duggin
and Robinove 1990). Other interpolation techniques such as bilinear and cubic
convolution resampling use averages to calculate output cell values (Jensen 1996).
The next step of image preprocessing involved transforming the raw digital
numbers (DNs) of each scene to absolute radiance values. The conversion of DNs to
absolute radiance and then to exoatmospheric reflectance values is required for
analysis that involves multiple images taken by different sensors (Lillesand and Kiefer
1987; Goward etal. 1991; Songetal. 2001). This conversion process helps to reduce
deviations in DN values due to instrument calibration, viewing geometry, and
atmospheric attenuation (Goward et al. 1991; Song et al. 2001). Radiometric
calibration of a sensor’s raw digital data is derived from prelaunch calibration and is
continually calibrated onboard the sensor by comparing known radiance values with
the consequent DNs (Markham and Barker 1986; Lillesand and Kiefer 1987). For
Landsat MSS data that was acquired prior t.o February 1, 1979, the conversion to
spectral radiance is described by Equation 3.2 (EOSAT Landsat Technical Notes

1986):
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L. = Lmim + ((Lmaxx - Lmin) / QCALMAX)QCAL 3.2)

where L, represents spectral radiance in mW « cm™ ester; Lmin, is the spectral
radiance at QCAL = 0; Lmax, describes spectral radiance at (QCAL - QCALMAX);
QCALMAX is the range of spectral radiance in DN; and QCAL is the calibrated and
quantized scaled radiance in units of DN. Lmin, and Lmax, calibration parameters can
be obtained from EOSAT Landsat Technical Notes No. 1 (August 1986). Since the
MSS scene used in this study was acquired prior to February 1, 1979, QCALMAX is
63 DN.

The translation of SPOT DNs to radiance values uses a different conversion

process and is described in Equation 3.3 (Messina 1996):

L(k) = DN/ A(k) (3.3)

where L(k) is the equivalent radiance in W » m2« srad™; DN is the digital number value
of the cell; and A(k) is the absolute calibration coefficient provided by SPOT.
The final step of preprocessing for all three images is to reduce the between-
scene variability by nommalizing for solar irradiance. This is accomplished by
converting the spectral radiances to effective at-satellite reflectance. The combined
atmospheric and surface reflectance of the Earth is described by Equation 3.4

(EOSAT Landsat Technical Notes 1986):

pp= (e Lred?)/(ESUNx.cosO5) (3.4)

where p, is the unitless effective at-satellite planetary reflectance; L, is the spectral

radiance at sensor aperture; d is the Earth-Sun distance in astronomical units from
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nautical handbook; ESUN, is the mean solar exoatmospheric irradiances; and O; is

the solar zenith angle in degrees.

3.3 Vegetation Change Detection Methodologies

Two strategies were identified as possible methods to detect changes in
vegetation within the study area. Option one was to perform a multispectral
unsupervised classification on the area using the Iterative Search of Data (ISODATA)
classification algorithm in ERDAS Imagine. The second option was to utilize the
Normmalized-Difference Vegetation Index (NDVI) which is commonly used for vegetation

monitoring.

3.3a Multispectral Classification

The purpose of image classification algorithms is to automatically catagorize
all pixels in a remotely-sensed image into separate classes or themes, with the
resultant thematic file depicting categories such as vegetation or land cover types
(Lillesand and Kiefer 1987; Jenson 1996; ERDAS 1999). Multispectral classifications
include a supervised or unsupervised approach.

In a supervised classification, the image analyst controls the classification
process by defining training sites that are used to determine how the classification
algorithm categorizes the pixels in the image (Lillesand and Kiefer 1987; Jenson
1996). This requires the analyst to have a prioriknowledge of the area from fieldwork,
maps, and personal experience.

An unsupervised classification is based on the inherent groupings of pixel
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values plotted in spectral space; it does not depend on training sites as the premise
for classification (Lillesand and Kiefer 1987; Jenson 1996; ERDAS 1999). Itrelieson
the assumption that similar land cover types will be located close together in spectral
space (Lillesand and Kiefer 1987; ERDAS 1999). The ISODATA Classification
algorithm is an example of a classification program used for unsupervised
classification. Specifically, the ISODATA program utilized by Imagine uses minimum
spectral distance to allocate an accumulate for each candidate pixel. The ISODATA
method starts with a number of indiscriminate cluster means that are specified by the
user, then repeatedly classifies the scene and recalculates statistics until the user
specified convergence threshold is obtained (ERDAS 1994). This creates a single
thematic layer. Afterthe dataare classified, an a posterioriassignment of the spectral
clusters to thematic classes is performed by the image analyst.

Selecting a classification process is not the only decision that an analyst needs
to make when performing an image classification. A classification scheme outlines
the taxonomy of the class definitions (Jensen 1996). Moreover, the classification
scheme used must suit the needs of the user. Notall users share the same objectives
when performing a land cover classification. For example, some may wish to
emphasize land cover verses land use, such asthe USGS’s Land Use Land Cover
Classification System, which stresses the land areas that are not built up or urbanized
(Anderson et al. 1976). Other agencies, such as the U.S. Fish and Wildlife and
N.O.A.A, have developed their own classification systems to suite their needs (Jensen
1996). Trial classifications using generalized classification categories have been

done on portions of Oahu and Hawai'i using both Landsat MSS and TM imagery, but

39



the results were mixed due to problems with collecting data over the islands (DPED
1981; DPED 1998). Forexample, cloud cover is known to cover large portions of land
area and the useable data ended up being collected over different years and months

(DPED 1998).

3.3b Normalized Difference Vegetation Index (NDVI)

Itis well established that vegetation canopy characteristics such as productivity,
leaf area index (LAl), and absorbed photosynthetically active radiation (APAR) can be
inferred from remotely sensed data (Jensen 1996; Chen et al. 1998). Figure 3.4
shows generalized spectral reflectance characteristics for healthy vegetation, dead
or senescing vegetation, and dry soil. It also exhibits how healthy vegetation typically
has high reflectance in the near infrared (NIR) portion of the spectrum, while also
having low reflectance in the red portion of the EMR spectrum. If a plant is subjected
to stress that reduces its productivity, the amount of chlorophyll produced may
decrease or cease all together. This causes a decrease in the amount of reflected
infrared light (Chen et al. 1998). Several vegetation indices have been developed
which use this relationship between the red and NIR bands in order to model
vegetation health, including the Normalized Difference Vegetation Index (NDVI), Ratio
Vegetation Index (RVI), and Soil Adjusted Vegetation Index (SAVI). (Jordan 1969;
Rouse etal. 1973; Huete 1988; Goward et al. 1991; Jensen 1996; Chen et al. 1998).
Perhaps the most utilized is the NDVI as it is recognized as one of the first effective
vegetation indices based on ratioing (Rouse et al. 1973; Mather 1987). Specifically,
the NDVI uses red and NIR bands and is generally characterized by Equation 3.5.
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Figure 3.4: Spectral reflectance characteristics for healthy green grass, dead or
senescing grass, and bare dry soil. Though this graph specifically shows general grass
spectral reflectance, the spectral reflectance for other vegetation types would only vary
slightly from the above. (Taken from Jensen 1996)



NDVI = (NIR-Red)/(NIR+Red) (3.5)

Taking the characteristics of each method into consideration, it was decided
that the best program for determining changes in the vegetation located in the study
was to use the NDVI. This decision was based on several factors. First, performing
aland cover classification over the area would be extremely time and labor intensive
due to Hawai'i's rugged terrain and trespass restrictions. Moreover, the size of the
vegetation patches that represent specific ecosystem orforest clusters are relatively
small, and thus may not be discernable at the spatial resolutions provided by SPOT
and certainly not Landsat MSS imagery. Due to the above reasons, there currently is
no detailed land cover map existing for Hawai'i. The state is also one of the last to
participate in the National GAP Analysis Program'’s land cover mapping project,
whose goalis “to provide regional assessments of the conservation status of native
vertebrate species and natural land covertypes and to facilitate the application of this
information to land management activities” through sponsoring mapping carried out
through the use of satellite data and groundtruthing (GAP 2001). Finally, groundtruthing
a land cover classification done on historic imagery would require the assumption that
the land had not changed much since the imagery was acquired. Formany regions of
Hawai'i, this assumption would not be valid due to the severe problem of alien species
invasion and the rapidly expanding commercial and residential housing developments.

Forthe objectives of this study, the NDVI is a sufficient measure of the “health”
of the vegetation present, and any change overtime can be discemed by subtracting

NDVI thematic layers from one another (Coppin and Bauer 1996). No classification
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or specific species identification is necessary; though this could also be considered
a negative if a change is detected; specifically, the index does not distinguish whether
the change is in the health of the vegetation or if the species of vegetation occupying
the study area has changed. One finalincentive forusingthe NDVI is that the index can
also be applied to future studies for estimating percent vegetation cover (Purevdor et

al. 1998).

3.4 Derived NDVI for SPOT and Landsat MSS

Since this study used Landsat MSS and SPOT HRV multispectralimagery, the
NDVIcomputation was expanded to Equations 3.6 and 3.7 respectively. For Landsat
MSS, band 7 (NIR) and band 5 (red) are usually used in the NDVI analysis (as shown
in Equation 3.6). The MSS band 7 spectral bandwidth is closerto the SPOT HRV band
3 (NIR), but for exploratory analysis, a NDVI was also computed using the MSS band

6 (NIR). The NDVI for MSS band 6 is shown in Equation 3.8.

NDVImss = (b7 - b5)/ (b7 + b5) (3.6)
NDVispot = (b3 - b2) / (b3 + b2) (3.7)
NDVlmssbs = (b 6 -b 5)/(b 6 +Db 5) (3.8)

Computed NDVI values can range between -1.0 and 1.0, with lower values
indicating an area that is not very green (including urban areas) and higher values
representative of very green areas (healthy vegetation). Typical NDVI values range

from -0.1 to 0.6 (NOAA 1998). This range does not correspond with the byte data
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range for 8-bit satellite data (256 bytes) and is usually rescaled such that-1.0 equals
0, 0O equals 100, and a NDVI of 1.0 equals 200. Once the original NDVI are rescaled,
values less than 100 represent clouds, water, snow and other non-vegetated areas,

while NDVI values greater than 100 represent vegetated surface areas (Kidwell 1990).

3.5 NDVI Calculations and Differencing

The Model Maker module in ERDAS imagine was used to build and compute
the NDVI values for each of the three satellite scenes, including the NDVI values for
both MSS band 7 and MSS band 6. The raw NDVI values for each satellite image
were rescaled from 0.0 to 200 using the method described by Equation 3.9.
Histogram plots for the four resulting single-layer thematic images are shown and

discussed in Chapter 4.

NDVlrescaies = [(NIR - Red /NIR+Red) « 100]+ 100 (3.9)

The next step was to subtractthe SPOT NDVIl layers from the 1977 NDVl layers
to determine differences or changes in the NDVI values over time. Before this could
be done however, the SPOT NDVI layers had to be resampled to the same sample
scale or pixei size as the Landsat MSS NDVI layers. This was done using the
RESAMPLE function in the GRID module within Arcinfo. The RESAMPLE function
allows the user to change the input grid’s cell size to the dimensions of a specified
output (ESRI 1999). The specific number of rows and columns in the output grid is
regulated by the following guidelines (ESRI 1999):

# columns = (xmax - xmin) / cell size (3.10)
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f#irows = (ymax - ymin) / cell size (3.11)

“If there is any remainder from the above equations, then rounding of the number of
columns and/or rows is performed” (ESRI 1999). Within the RESAMPLE function, the
NEAREST option was utilized as it performs a nearest-neighbor assignment. Again,
this type of computation does not change the value of the cells at the user-specified
locations; in other words, if atthe new cell’s location the current NDVI value was 100,
then that cell keeps the value of 100, but the 100 NDVI value also is extended out
spatially to the new cell size. Prior cell values next to the new location cell would be
dropped (ESRI 1999).

After the SPOT NDVI layers were resampled to the 79 m cell size of the
Landsat MSS NDVI layers, the later SPOT layers were subtracted from the earlier
Landsat MSS layers using the SUBTRACT operatorin the GRID module within Arcinfo.
The SUBTRACT operator subtracts the values of the second grid from the values of
the first grid on a cell-by-cell iteration (ESRI 1999). The two resampled SPOT NDVI
layers were also subtracted from each other for comparison. These computations
would create new thematic layers showing the how NDVI values have changed
between 1977 and 1989, 1977 and 1995, and 1989 and 1995 respectively. Cellsin
the difference NDV1 layers that have a negative value indicate that the more recent
layer had a higher NDVI value than the older layer which would indicate a change for
the positive (improvement) in vegetation health. Meanwhile, cells in the differenced
NDVllayers that have a positive value indicate thatthe more recent layerhad a lower
NDVI value than the older layer which would indicate an adverse change in vegetation

health. The computed NDVI difference layers as well as the histograms foreach of the
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difference layers produced are shown and discussed in Chapter 4.

3.6 Rainfall and Temperature Data Characteristics

In orderto successfully determine trends in rainfall and surface temperature for
Hawai‘i Island, a time series with sufficient temporal and spatial resolution was
needed. Itwas decided to use monthly surface data between (and including) 1969 and
1999 as this would create a sample size of 31 years with roughly an equal distribution
before and after Kilauea began its current long-term eruption in January 1983. The
rainfall and temperature data were acquired from the National Climatic Data Center

(NCDC) in Asheville, NC. using their interactive web-based search engine.

3.6a Precipitation Data

The NCDC search produced a list of 142 individual sites that reported any total
monthly precipitation values during the 31 year study period. Each station’s period of
record was inspected to assess its completeness. It was decided that only sites that
had records forall 31 years and having no more than one month’s precipitation value
missing would be included in the exploratory analysis. This produced a total of 15
sites; 10 with complete records and 5 which were missing only one month’s value.
Data for missing months were interpolated by using the computed average of the value
from the prior and subsequent month. Finally, datathat were flagged as accumulated,
trace, and estimated monthly rainfall values were accepted as being the “actual’ value
measured. Figure 3.5 shows the location and spatial distribution of the selected
rainfail sites used in the analysis.
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Figure 3.5: Location of precipitation stations used in trend analysis.
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3.6b Temperature Data

The temperature search of the NCDC database comprised of sites that
reported monthly mean temperatures, monthly mean minimum temperature, and
monthly mean maximum temperatures during the 31 year study period. The search
produced a list of 35 individual sites, and again each station’s period of record was
inspected to assess it completeness. None of the site records were complete for the
whole 31 yeartime-line, with most missing several years of data. Moreover, many of
the stations that did have records forthe 31 year period had substantial missing data
(over 6 continuous months). The final acceptable criterion was that the site had
reported data for the complete 31 year period with no more than 3 months of data
being missing in any particular year. This drastically reduced the site total to 3 sites.
Data values for a missing single month were interpolated by using the computed
average of the value from the prior and subsequent month. When three consecutive
months of data were missing, a 6" order polynomial curve was fitted to the three prior
and subsequent months to interpolate the missing values. The stations and their

spatial location are shown in Figure 3.6.

3.7 Exploratory Statistical Analysis of Monthly Rainfall and Temperature Data
Linear regression is commonly used in trend analysis. For this study, the
exploratory statistical techniques used were based on those used in a study by
Morrissey and Graham (1996) in which they examined trends in monthly rainfall using
accumulated daily precipitation in the Tropical Pacific. Before they began their
analysis, they applied a filter to the daily values to remove the annual cycle signal by
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Figure 3.6: Location of temperature sites used in trend analysis.

49



subtracting long-term monthly rainfall averages from each station. Morrissey and
Grahamthen applied a simple linear regression to each time series for all rain gauge
stations.

For this study, mean yearly precipitation values were derived from the total
monthly precipitation data. Linear regression was applied to the complete yearly
mean time series; thus it was not necessary to remove the annual cycle from the data
set. The same was done forthe monthly mean temperature, monthly mean minimum
temperature, and monthly mean maximum temperature. The time series of
precipitation and temperature data were separated into pre- and post-eruption years
and a regression line was fitted to these “sub” samples of time series as well.
Microsoft’s Excel software was used to calculate all statical analysis and to make the
corresponding graphs. The resulting regression equations along with corresponding
r? values are shown in Tables 3.2, 3.3, 3.4, 3.5, ;?..6, and 3.7.

The goodness of fit of the regression line can be determined by looking at the
population correlation coefficient (p), the coefficient of determination (p?), and the
standard error (g). The values of these true regression model parameters are not
really known; thus point estimates of the parameters are used in applications of
regression analysis instead. These estimates include the simple correlation coefficient
(r), the coefficient of determination (r*), and the standard error of estimate (S,.,), which
are defined by the following (Burt and Barber 1996):

- 2o (X-X)r-7)
VEL (-3 {EL (-7

(3.12)
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t

Site Regression Eq. r Sp ¢ i"i‘t"i‘::tes
significant) |

Hawaii Volcns NP HQ | y=-1.2707x + 923.06; 0.0031 | 9.054 -0.140
Hilo International AP | y=1.0531x + 1049.1 | 0.0014 | 13.902 | 0.076
Kainaliu y =-4.8934x + 534.62| 0.1412 | 2.512 -1.948*
Kapapala Ranch y =-1.8495x + 545.46| 0.007 | 8.311 -0.222
Keaau y=-3.0193x + 1219.3] 0.0096 | 16.190 | -0.186
Kona Village y =-0.6336x + 102.16| 0.0126 | 0.541 -1.172
Kulani Camp y=-2.3378x + 951.91| 0.0074 | 12.715 | -0.184
Lanihau y=-7.459x + 600.66 |0.1889 | 4.118 -1.811*
Mauna Loa Obs y =-0.5954x +164.41 | 0.0043 | 1.418 -0.42
Middle Pen y=-0.7657x + 132.11| 0.0194 | 0.510 -1.50
Naalehu y=-0.9514x + 416.7 | 0.0043 | 3.615 -0.263
Opihihale y =-2.5992x + 365 0.0674 | 1.613 -1.612
Paauilo y=1.8286x + 817.11 | 0.0037 | 15.373 [ 0.119
Papaikou y =-8.5557x + 1340.6| 0.0642 | 18.387 | -0.465
Waiakea y=1.321x + 1640.1 | 0.0011 | 1.864 0.709

Table 3.2: List of precipitation sites along with each station’s corresponding
regression equation, r? value, S, value, and calculated ¢ value for the complete 31
year time series. Those that are significant (P=0.95) are indicated by *.
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t

Site Regression Eq. r? Sp ¢ i“i‘:ii":tes
significant)

Hawaii Volcns NP HQ | y = 6.5866x + 880.7 | 0.0389 | 44.685 | 0.147
Hilo Intemational AP |y =-7.994x + 1106.7 | 0.0191 | 136.38 | -0.059
Kainaliu y=13.835x + 416.05 | 0.1917 | 33.632 | 0.411
Kapapala Ranch y =22.885x + 387.56 | 0.2789 | 56.426 | 0.406
Keaau y =0.6967x + 1208.7 | 0.0001 | 190.49 | 0.004
Kona Village y=2.8908x + 78.89 | 0.0488 | 6.786 0.426
Kulani Camp y =6.7026x + 904.78 | 0.027 | 67.564 | 0.099
Lanihau y = 13.099x + 467.32 | 0.1042 | 61.441 | 0.213
Mauna Loa Obs y=12.419x + 78.249 | 0.3383 | 12.57 0.99
Middle Pen y =3.2242x + 101.43 | 0.0854 | 4.636 0.695
Naalehu y =4.9526x + 373.28 | 0.043 | 22.719 }0.218
Opihihale y=9.7531x + 285.82 | 0.1749 | 18.7 0.522
Paauilo y = 16.564x + 700.97 | 0.0512 | 212.01 | 0.078
Papaikou y=3.1687x + 1275.8 | 0.0015 | 271.8 0.012
Waiakea y =6.2332x + 1621.2 | 0.0073 | 218.96 | 0.028

Table 3.3: List of precipitation sites along with each station’s corresponding
regression equation, r* value, S, value, and calculated t value for the 14 years
prior to current eruption. Those that are significant (P=0.95) are indicated by *.
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t
Site Regression Eq. r S, ¢ i"i‘t";ates
significant)

Hawaii Volcns NP HQ |y =3.1634x + 851.71 | 0.004 84.101 0.038
Hilo Intemational AP | y=0.648x+ 1075.9 [ 0.0001 ([ 100.794 | 0.006
Kainaliu y =-3.6922x + 437.27 [ 0.0614 | 6.946 -0.532
Kapapala Ranch y =-0.9594x + 488.82| 0.0005 |59.509 | -0.016
Keaau y=4.0688x + 1099.1 | 0.0053 | 102.73 | 0.04
Kona Village y =-0.9165x + 93.231 [ 0.009 3.072 -0.298
Kulani Camp y=3.6132x + 848.61 | 0.0037 | 115.69 0.031
Lanihau y =-7.8352x + 482.45[ 0.1434 | 12.224 | -0.641
Mauna Loa Obs y=-1.7647x + 157.17| 0.0135 | 7.59 -0.233
Middle Pen y =-3.3938x + 145.67| 0.0194 | 3.403 -0.997
Naalehu y =-3.7864x + 428.19| 0.015 31433 |-0.12
Opihihale y =-2.3282x + 315.09( 0.0239 | 7.39 -0.315
Paauilo y =-9.3785x + 948.21| 0.0363 | 77.8 -0.121
Papaikou y =-2.8409x + 1150.5| 0.003 90.08 -0.032
Waiakea y=28.1308x + 1582.5 | 0.0093 | 3968.5 | 0.002

Table 3.4: List of precipitation sites along with each station’s corresponding
regression equation, r? value, S, value, and calculated t value for the 17 years
since Kilauea began erupting in 1983. Those that are significant (P=0.95) are
indicated by *.
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Table 3.5a

t

Site . (* indicates
(mean monthly temp) Regression Eq. v Se itis
significant)
Hawaii Volcns NP HQ (It) |y =0.9522x + 675.28 | 0.3643 | 0.011 56.769*
Hawaii Volcns NP HQ (be) | y = 1.1947x + 595.74 | 0.3553 | 0.108 11.073*
Hawaii Volcns NP HQ (ae) | y =-0.077x + 616.23 | 0.0035 | 0.056 -1.366
Table 3.5b
Site Lo
(mean monthly Regression Eq. r S, (“indicates
minimum temp) significant) |
Hawaii Volcns NP HQ (It) | y =0.2652x + 522.19 | 0.0783 | 0.014 18.588*
Hawaii Volcns NP HQ (be) | y = -0.2723x + 526.3 | 0.0328 | 0.091 -2.986*
Hawaii Volcns NP HQ (ae) | y = 0.6058x + 522.77 | 0.0941 | 0.118 | 5.145*
Table 3.5¢
Site i
(mean monthly Regression Eq. r? S, | (indicates
maximum temp) significant)
Hawaii Volcns NP HQ (It) | y = 0.9522x + 679.28 | 0.3643 | 0.027 34.9*
Hawaii Volcns NP HQ (be) | y = 2.7009x + 664.8 0.6432 | 0.169 16.02*
Hawaii Volcns NP HQ (ae) | y =-0.7494x + 709.05| 0.1752 | 0.088 -8.50*

Table 3.5: Station’s corresponding regression equation, r* value, S, value, and
calculated t value for the complete 31 year time series (It), for the 14 years prior
to the eruption (be), and the 17 years since eruption began (ae) calculated from
monthly temperature data. Those that are significant (P=0.95) are indicated by *.
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Table 3.6a

t

Site . (* indicates
(mean monthly temp) Regression Eq. r Sb itis
significant) |
Hilo Intemational AP (It} |y =0.1355x + 738.65 | 0.0223 | 0.014 | 9.785*
Hilo Intemational AP (be) |y = 05429x + 736.08 | 0.1316 | 0.081 6.70"
Hilo International AP (ae)|y=0.1671x + 739.86 | 0.0075 | 0.123 | 1.359
Table 3.6b
Site Lot
(mean monthly Regression Eq. r S, | Ungicates
minimum temp) significant
Hilo Interational AP (It) |y =0.3737x +660.27 | 0.1992 | 0.010 | 36.6*
Hilo International AP (be) |y = 1.1396x + 645.79 | 0.3553 | 0.05 22.889*
Hilo International AP (ae)| y = 0.0835x + 667.91 | 0.0035 | 0.078 | 1.07
Table 3.6¢c
Site Lt
(mean monthly Regression Eq. r? s, | indicates
maximum temp) significant)
Hilo Intemational AP (It) |y=-0.1035x + 816.55( 0.0071 | 0.026 | -4.007*
Hilo Intemational AP (be) | y =-0.0553x + 816.9 | 0.0006 | 0.230 -0.24
Hilo Intemational AP (ae) |y =0.2492x + 811.34 | 0.0105 | 0.196 1.274

Table 3.6: Station’s corresponding regression equation, r* value, S, value, and
calculated tvalue forthe complete 31 yeartime series (It), forthe 14 years priorto the
eruption (be), and the 17 years since eruption began (ae) calculated from monthly
temperature data. Those that are significant (P=0.95) are indicated by *.
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Table 3.7a

t
Site . (* indicates
(mean monthly temp) Regression Egq. r S itis
significant) |
Opihihale (It) y =0.5882x + 688.36 | 0.2487 | 0.018 | 32.635*
Opihihale (be) y = 1.3255x + 680.82 | 0.4582 | 0.087 | 15.312*
Opihihale (ae) y = -0.8895x + 711.54| 0.2436 | 0.082 |-10.859*
Table 3.7b
Site ot
(mean monthly Regression Eq. 2 s, |!¢ i"i‘:';;ates
minimum temp) significant) |
Opihihale (it) y = 0.4966x +599.37 | 0.1428 | 0.026 | 19.466"
Opihihale (be) y =-0.3183x + 601.43| 0.0372 | 0.109 | -2.917*
Opihihale (ae) y =-1.2031x + 624.96| 0.3083 | 0.108 |-11.112*
Table 3.7c
Site L. df
(mean monthly Regression Eq. r? s, |°¢ indicates
maximum temp) significant)
Opihinhale (It) y = 0.6999x + 776.32 | 0.2543 | 0.025 | 28.267*
Opihihale (be) y =2.9856x + 759.18 | 0.7662 | 0.113 26.347*
Opihihale (ae) y =-0.5743x + 797.59} 0.1098 | 0.089 -6.439*

Table 3.7: Station’s corresponding regression equation, r? value, S, value, and
calculated tvalue forthe complete 31 yeartime series (It), forthe 14 years priorto the
eruption (be), and the 17 years since eruption began (ae) calculated from monthly
temperature data. Those that are significant (P=0.95) are indicated by *.
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where X; is the /' observation of variable X; X is the mean of all X; ; Y; is the /"

observation of variable Y; and ¥ is the mean of all Y;.

21 ESS RSS
~ 7 TSS TSS

(3.13)

where ESS is the error variation; 7SS is the total variation of Y; and RSS is the

explained variation (regression sum of squares).

S (3.14)

where Y, is the /" observation of variable Y; Y is the mean of all Y:; and nis the

number of observations.
The significance of the correlation between X (time) and Y (precipitation) can
be determined by performing a t-test. In this case, the null hypothesis (H,) is B = 0.

The equation used for the t-test is (Burt and Barber 1996):

b-5
t="¢g (3.15)

where B represents the true slope in the regression model; b is the slope from the
calculated regression line; S, is the estimate of standard error of the sampling

distribution of b, and is defined as:
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(3.16)

For (Hy) : B =0, therefore the equation for t can be reduced to:

t—‘-b_ 3.17
=5 3.17)

Furthermore, a confidence interval can be constructed from the pointestimate bsuch
that:

b—ter2n-285:< ,BS b+ tarzn-25 (3.18)

If zero is contained in the above interval, then we must accept the null hypothesis that
B = 0, and therefore the trend created by the regression line can be the result of
random values and precipitation is not significantly correlated with time. For both
precipitation and temperature, the t-test was performed, with the PROB-VALUE (p) <
0.05. If the t-value is higher than the lowest listed probability of 0.05, then it is
considered significant, i.e. one may be 95% certain that the trend is not random.
Forthe precipitation data, the annual cycle was plotted. as well as plots of the
annual cycle subtracted from the total monthly precipitation, to visually investigate
variances in rainfall overthe study period. Only annual cycle plots were created forthe

surface temperature data.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter presents the results from the data analysis performed on the
satellite imagery, monthly precipitation data, and monthly temperature data. This

chapter also discusses what can be ascertained from the resulits.

4.1 Analysis of NDVI Scenes Prior to Differencing

Inspection of each image’s pre-NDVI differencing frequency histogram provides
information related to the distribution and range of NDVivalues. Two NDVI frequency
histograms were generated for the 1977 Landsat MSS scene since a NDVI was
computed using both IR bands (bands 6 and 7). Figure 4.1 is the frequency histogram
of NDVlvalues generated from MSS bands 7 and 5, while Figure 4.2 is the histogram
of NDVl values produced from MSS bands 6 and 5. Figure 4.1 shows a negative skew
distribution with values ranging from approximately -0.52 to 0.70. The strong spike at
O is caused by “no data” pixel values present in the pre-NDVI scene. Most of the NDVI
cell values are greater than zero, with the modal peak located approximately between
0.4 to 0.5. The histogram created from the band 6 and band 5 NDVI combination
(Figure 4.2) also exhibits a negative skew distribution and shows the same “no data”
spike at zero. The data range shown is between -0.31 and 0.62, which is narrower
than the range produced by the band 7 and band 5 NDVI combination. The band 6
and band 5 NDVI combination is also unimodal with the peak being present in the 0.30

range. Forboth histograms, the location of most of the pixels is on the positive portion
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Figure 4.1: Frequency histogram of NDVI values computed from 1977 Landsat MSS sub-scene using band
7 (NIR) and band 5 (red). X-axis is NDVI value; Y-axis is the number of pixels.
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of the histogram which implies that a large portion of the area represented by the
image is vegetated.

The histograms for the NDVI images produced by the SPOT scenes are very
similar to each other (Figures 4.3 and 4.4). Like the histograms produced from the
Landsat MSS NDVI computations, the SPOT NDVI histograms exhibit negative skew
indicating that most pixel values in the scene have strong positive values. Again, the
location of most of the pixels on the positive portion of the histogram implies that most
of the region is vegetated. The range of the 1989 SPOT NDVI is from -0.46 t0 0.79,

and the range of the 1995 SPOT NDVI is from -0.4 to 0.80.

4.2 Analysis of NDVI Scenes: Post-differencing

Maps of the differenced NDVI values and their spatial distribution were created
using ArcView 3.2 with the Image Analyst extension. To efficiently gauge the possible
changes in pixel NDVI values over time, NDVI difference maps were created by
subtracting each of the SPOT NDVI images from the MSS NDVI images. The two
SPOT NDVI images were also subtracted from each other. This produces a time
series of differenced NDVI maps for the periods 1977 to 1989, 1977 to 1995, and
198910 1995. Allmaps were created with the same scaled legend of NDVI difference
values between -1.0 and 1.0. Thecolor scale usedto represent the differenced NDVI
values was a two colored graduated scale from dark grey (-1.0) to dark red (1.0).
Negative NDVI difference values correspond with anincrease inthe NDVI value from
the earliest scene to the latest scene; this would imply that vegetation’s health had

improved between the pre-eruption time to the post-eruption time. Positive NDVI
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Figure 4.3: Frequency histogram of NDVI values computed from 1989 SPOT HRV sub-scene using
band 3 (NIR) and band 2 (red). X-axis is NDVI value; Y-axis is the number of pixels,
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Figure 4.4: Frequency histogram of NDVI values computed from 1995 SPOT HRV sub-scene using

band 3 (NIR) and band 2 (red). X-axis is NDVI value; Y-axis is the number of pixels.



difference values correspond to a decrease in the NDVI value from the earliest scene
to the latest scene; this would imply that either the vegetation’s heaith had declined
between the pre-eruption time to the post-eruption time, or that the land cover had
drastically changed between the two dates the satellite images were acquired.

As previously noted, Landsat MSS and SPOT HRV had both spectral and
spatial differences. The spatial differences were partially accounted for by resampling
the 20 m SPOT HRV to the 79 m resolution of the Landsat MSS. Unfortunately, there
is no way to “resample” each image to account for the spectral differences between
the two images. The MSS band 7 (NIR) and band 5 (red) combination is the closest
to the SPOT HRV band 3 (NIR) and band 2 (red) combination (Table 3.1). But the
MSS NIR-band 7 encompasses a larger portion of the electromagnetic spectrum that
the SPOT HRV NIR-band 3. This discrepancy in spectral resolution may have
impacted the NDV!I ratioing and the NDV!I differencing. Band 6 of the Landsat MSS
sensoris also located in the IR portion of the EMR, thus an NDVI was also computed
using the band 6 / band 5 ratio. It should be noted however that only a small fraction

of the MSS band 6 corresponds with the SPOT band 3 NIR band (see Table 3.1).
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4.2a NDVI differencing between MSS 77 and SPOT 89 scene

Two maps representing differenced NDVI layers were produced from the MSS
77 NDVlimage and the SPOT 89 NDVI image. One was the result of using the MSS
band 7 and band 5 NDVI combination (Figure 4.5), and the other usingthe MSS band
6 and band 5 NDVI combination (Figure 4.6). For both maps, the grey in the study
area on the maps indicate regions where it is implied that vegetation health has
improved between 1977 and 1989. These areas comprised most of the NDVI
differencingmaps. Areas represented by the color white are regions where there has
been little if any change in vegetation health (or land cover), and encompass the
second largest portion of the study area. The red color on the map indicate areas
where there has been a notable decrease in vegetation health or a change in land
cover.

Most of the red regions on Figure 4.5 correspond with areas now covered by
lava flows, thus indicating a change in land cover from vegetated rainforest to black
pahoehoe ora‘alava. Areas representing decreased NDVI values are also present
around the town of Hilo, perhaps giving an indication of how much the town’s urban
sprawl has expanded between 1977 and 1989. Finally, there are a few red areas
indicating decreases in NDVI values in the region between HAVO and Hilo. These are
most likely caused by the practices of the various agricuiture farms presentinthat area.
It would be hard to correlate the change with the vog as it may be due in part to

harvesting, plant disease, or simply a change the type of crops being grown.
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Investigation of the frequency histogram from the image produced from the
MSS (bands 7 and 5) and SPOT 1989 NDVI differencing also provides some clues
as to how the land cover has changed between the time the scenes were acquired
(Figure 4.7). The range of differenced NDVI values as indicated by the frequency
histogram are approximately from -0.75 to 0.85. The histogram also exhibits a slightly
bimodal distribution curve, with one high point around 0.35 and the othermuch larger
one around -0.2. Most of the pixel values inthe scene are less than zero indicating that
the NDVI value increased from 1977 to 1989. The negative NDVI difference values
that dominate most of the study implies that the vegetation health had improved
between 1977 and1989; or that the land coverhad changed such that ratioing its NIR
and Red bands would produce a higher NDVI value.

Like the NDVI difference map produced from the MSS NDV!image and SPOT
89 NDVIimage using the MSS band 7 and § combination, the map of the differenced
NDVI values between the MSS 77 NDVI (band 6 and 5) and SPOT 89 NDVI did not
reveal any areas where the NDVI had significantly decreased (Figure 4.6). The map
did have a smoothertexture than the same map produced using the band 7 and band
5 combination, with a majority of the study area being shaded grey indicating that most
pixels’ NDVI value increased between 1977 and 1989. Again, this implies either an
improvementin the health of the vegetation present, ora change in land covertype that
would generate a higher NDVI.

The frequency histogram of the differenced NDVI image is bimodal, with the
larger peak being around -0.2 and the smaller peak located around 0.40 (Figure 4.8).

The range of the histogram was from approximately -0.8 to 0.75. This range
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Figure 4.7: Frequency histogram of differenced NDVI layer between MSS 1977
(band 7) and 1989 SPOT HRV. X-axis is NDVI; Y-axis is number of pixels.
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Figure 4.8: Frequency histogram of difference NDVI layer between MSS 1977
(band 6) and 1989 SPOT HRV. X-axis is NDVI; Y-axis is the number of pixels.



is similar to the range of the histogram produced using the band 7 and band 5
combination. Furthermore, most of the pixel values are near or less than zero
indicating that most of the land cover in the study area had not changed or that the

health of the vegetation had not been impacted.

4.2b NDVI differencing between MSS 77 and SPOT 95 scene

Two differenced maps were also created from the MSS 77 NDVIimage and the
SPOT 25 NDVI image. One was produced from the MSS band 7 and band 5
combination (Figure 4.9), and the other was made using MSS bands 6 and 5 (Figure
4.10). The differenced map of the Landsat MSS NDVIimage (band 7 and 5) and the
SPOT 1995 HRV NDVI (Figure 4.9) is very similar to one produced from the
differencing of the MSS NDVI image and 1989 SPOT NDVI image. But there are
areas inthe HAVO region that indicate a greater reduction in land cover NDVl values.
Most of these areas have alinear shape implying that they are the result of vegetated
areas being replaced by either pahoehoe or a‘a. Some also appear to be located
along the fringe of the lava flows. This may be the result of the vegetation in those
areas being scorched by the lava’s heat. Overall though, there are no prominent
vegetated regions that display stress through a reduced NDVI value between 1977 and
1995.

The frequency histogram of differenced NDVI image shown in Figure 4.9 is
unimodal with its peak around -0.15; thus most of the pixel values are around or below
zero implying that there was not much change in the land cover between 1977 and

1995 (Figure 4.11). The range of the histogram values are from approximately -0.75
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to 0.90, which is close to the range of the histogram of the differenced MSS NDVI and
SPOT 1989 NDVI. Again itshould be noted that differences in the spectral resolution
between the MSS NIR band 7 the SPOT NIR band 3 may have impacted the NDVI
differencing.

The differenced map of the Landsat MSS NDVI image (band 6 and 5) and the
SPOT 1995 HRV NDVI (Figure 4.10) did not indicate any areas where there had been
a notable change in vegetation health or [and cover, other than the areas that were
covered by lava flows between 1977 and 1995 and the increase in urbanization around
Hilo. The map is dominated by grey areas hinting that the land cover NDVI value
increased between 1977 and 1995. The MSS band 6 and band 5 NDVI combination
when differenced with the SPOT 95 NDViimage produced a smooth image similarto
the one created by the differencing of the MSS band 6/band 5 NDVI with the SPOT 89
NDVIimage. The smooth texture of the band 6/band5 combination implies that it does
not distinguish changes in vegetation as well as the band7/band 5 combination.

The histogram of the differenced MSS NDVIimage (band 6/band 5) and SPOT
1995 NDVIimage is unimodal with its peak around -0.30 (Figure 4.12). The range of
the histogram is from approximately -0.75 to 0.75. The histogram is also positively
skewed; thus most of the pixel values are below zero implying that there was an
increase in pixel NDVI values between 1977 and 1995. This implies that where
vegetation is present, its health actuallyimproved. More likely though this signalis due
to the MSS band 6 (NIR) band only overlapping with a very small portion of the SPOT

NIR band.
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MSS 1977 (band 6) and 1995 SPOT HRV. X-axis is NDVI value; Y-axis
is number of pixels.



4.2c NDVI differencing between SPOT 89 and SPOT 95 scene

Even though the current eruption of Kilauea beganin 1983, the change in NDVI
pixel values between 1989 and 1995 was investigated as long-term changes in
vegetation health may stillhave been occurring 5 years afterthe eruption started. For
example, one species may have had its population reduced in a particular area due
poorresistance to the vog, and another more resistant species could have spread and
began to exhibitits dominance in the same area. Depending on the spectral resolution
of the sensor and the plant’s own spectral radiance curve, not only a change in
vegetation health but a change in the type of plant speciesin an area may be detected
using remotely-sensed data. Thus, besides detecting stressed vegetation, the SPOT
89 and SPOT 95 NDVI differencing may show areas where the vegetation population
dynamics have changed.

The two SPOT NDVI images used to create the NDVI differencing map had
been created from the SPOT scenes that were resampled from their original 20 m
resolution to the 79 m resolution of the Landsat MSS scene. The reason for looking
at the differenced SPOT NDVI using the coarser scale was so that the map could be
properly compared to the other maps created by the MSS and SPOT NDVIimages.
Finally, even though the differenced SPOT NDVI map used the same 79 m spatial
resolution as the other maps, it provided more spatial detail related to pixels (and thus

areas) that had a change in NDVI values.
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The map of the differenced SPOT NDVI images uses the same color and
numerical scale as the maps that were created using the Landsat MSS NDVIimages
(Figure 4.13). Unlike the other maps, the preponderance of white indicates that there
is very little to no change in pixel NDVI values for most of the study area. The location
of grey areas on the map are closely located to regions where agriculture was
prominent, thus hinting that perhaps the increase in the NDVi value between 1989 and
1995 is due to the maturity of the crop grown or a change in the type of crop grown.

Noticeably, there are more areas corresponding to the red portion of the NDVI
difference color scale, implying a change in land cover or a decrease in the health of
vegetation present in those areas. Due to the linear shape, it is obvious that some of
the red is indicating regions where vegetation was replaced by pahoehoeora‘a. The
red area nearthe Pu’u O o vent is the signature of a volcanic plume that is presentin
the 1995 SPOT scene but not the 1989 SPOT scene (Figures 3.2 and 3.3). As with
the other NDVI differenced images, the urban sprawl of Hilo can also be seen by the
smattering of red (reduced NDVI pixel values) near the city. The areasthatare located
along the southem boundary of the Ka'u Desert and Mauna Loa’s southwest rift zone
are noteworthy as their shape and location would not correspond with vegetated land
cover being replaced by lava flows. Thus, these regions would be a good start to
perform fieldwork concerning the type, number, and physical appearance as related

to the health of the vegetation species that populate the area.

79



SPOT &9 NDVI
minus

SPOT 95 NDV1

NDANE e aloulated
L -ine
Pand- 0 and 2
Resamptled

T T8

NN Patterence
Nl ues

-1.00 to -0.80
-0.80 to -0.70
-0.70 to -0.60
-0.60 to -0.50

% 0,50 to -0.40

-0.40 to -0.20

BB 0 20to-010

Bl 0 10t0c00

B 00to00.10
B 0.10to 0.20

0.30to 0.40
0.40 to 0.50
0.50 to 0.60
0.60to 0.70
0.70 to 1.00

|

20 Kilometers

Figure 4.13: Computed difference NDVI layer between SPOT HRV 1989 NDVI
and SPOT HRV 1995 NDVI.
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The frequency histogram of the differenced SPOT NDVIimage is bimodal, with
its range being approximately from -0.80 to 0.79 (Figure 4.14). The larger peak is
centered approximately at 0.0, while the smaller peak is located approximately at -
0.60. This distribution further supports that most of the NDVI values did not change
between 1989 and 1995.

The NDVI differencing performed between the two SPOT images produced
much more decipherable and visible results than the NDVI differencing that
incorporated the Landsat MSS NDVIimages. The likely reason for this is due to the
similarity in spectral and spatial resolution, which is discussed in more detail in

Chapter 5.
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Figure 4.14: Frequency histogram of differenced NDVI layer between 1989
SPOT HRV and 1995 SPOT HRV. X-axis is NDVI value; Y-axis is number
of pixels.



4.3 Results of Exploratory Analysis of Rainfall Data

Aerosols, such as sulfates, can come from anthropogenic and natural sources,
and are important in the formation of clouds as they act as cloud condensation nuclei
(CCN) (Miller 1998). Depending on the size of the CCN, they may act as an inhibitor
of rainfall orthey may behave as a catalyst to produce more rainfali than normal (Hobbs
etal. 1970). Forexample, sulfates are known to increase the lifetime of clouds, while
also altering the development of precipitation (Chuang etal. 1997). The vogproduced
by Kilauea is mostly composed of sulfate particulates; thus one would expect to see
a negative trend in rainfall in certain locations around the Island. Moreover, achange
in rainfall may also lead to a change in surface temperatures.

There are other considerations one should be aware of when trying to attribute
changes in rainfall to the presence of the vog. The main factor to consider it how the
ENSO (El Nino and Southern Oscillation) impacts the regional weather in Hawai'i,
especially since there were ENSO episodes during this investigation’s period of study
(Figure 4.15). Typically, duringan ENSO event a droughtis experienced as it creates
a dry situation in the normally wet winter-time, which in turn is followed by a drier
summer season. Anotherpossibly devastating impact of the ENSO is thatthere is an
increase in the frequency of tropical cyclones forming in the region around Hawai’'i
(NOAA OGP 2001).

Since the ENSO phenomenon would affect regional rainfall in the same manner
asthe vogis hypothesized to affect rainfall, a methodology had to be developed to try
and mask out the ENSO signal. The approach taken by this study was the assumption

that ifthe ENSO was responsible for decreasing trends in rainfall, these trends would
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be apparent all overthe island. But if the vogwas responsible for decreasing trends
in rainfall, a stronger signal would be seen in locations on the leeward side of the island
where the vogtends to hang due to the wind dynamics produced by the shape of the

of the Big Island (Sutton et al. 1994).

4.3a Rainfall Trends for the Complete Time Series

Most of the fifteen rainfall sites reflected a negative rainfall trend between 1969
and 1999 (See Table 3.2); the only stations that exhibited a positive rainfall trend were
Waiakea, Paauilo, and Hilo International Airport. Out of the twelve rainfall sites that
had a negative trend, only two were significant for P=0.95: Lanihau (Figure 4.16) and
Kainaliu (Figure 4.17). But if P=0.90, two additional stations would be significant:
Middle Pen (Figure 4.18) and Opihihale (Figure 4.19). None of the stations exhibited
a significant positive rainfall trend. Analysis of the time series graphs of yearly rainfall
averages for each station reflects the expected decrease in rainfall during ENSO
years, with the magnitude of decrease varying among stations.

An interesting attribute of the stations that exhibited a negative trend (whether
significant or not) is their geographic location on the Island (Figure 4.20). The two
stations that showed a significant negative trend are located on the leeward side of the
island, where the vog tends to accumulate due to the predominate trade winds and

physical landscape of the Big Island.
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Figure 4.16: Graph of mean annual rainfall for Lanihau site.
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Figure 4.17: Graph of mean annual rainfall for Kainaliu site.
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Figure 4.18: Graph of mean annual rainfall for Middle Pen site.
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Figure 4.19: Graph of mean annual rainfall for Opihihale site.




Location of Precipitation Sites that
Exhibited a Significant Change
in Yearly Rainfall Averages
Over the 31 Year Study Period
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Figure 4.20: Map of rainfall stations with significant changes in
precipitation trends between 1969 and 1999. Also shows the relative
geographic location of stations with negative trends vs. positive trends
(regardless of significance).
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4.3b Rainfall Trends for Pre-eruption vs. Post-eruption Time Series

The result of the pre-eruption trend analysis showed that all rainfall stations
except for one exhibited a positive rainfall trend (Table 3.3). Of the fourteen stations
with a positive trend, none were significant. The only station thatexhibited a negative
trend was Hilo International Airport, but that trend was not significant (Figure 4.21).

The post-eruption analysis results were supportive of the hypothesis of the vog
reducing rainfall, especially when compared to the results from the pre-eruption
analysis. Ten of the fifteen rainfall stations showed a negative trend in rainfall between
1983 and 1999, but none were significant (Table 3.4). Five stations exhibited a
positive trend in rainfall, but again none were significant. What should be noted
howeveris the geographic clustering of the stations that did show the positive rainfall
trend between 1983 and 1999, verses those that had a negative trend. All five were
located on the windward side of the island and are grouped relatively closely to each
other (Figure 4.22). Their location on the island may actually help to reduce the amount
of vog that they received since their position is upwind of the volcano during normal
trade wind conditions. During kona winds, these areas would be affected by the vog,
butthese winds are usually variable and not persistent. Moreover, because these sites
are located on the windward side of the island, the high frequency of rainfall due to
orographic effect would actually help to clean the air by removing the sulfate
particulates. One of the five sites that showed a positive trend during the post-eruption
time frame, Hilo International Airport, exhibited a negative trend in rainfall for the 14

years prior to the current eruption. This is opposite of what one would expect if the
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Location of Precipitation Sites that
Exhibited a Significant Change

in Yearly Rainfall Averages
Between 1969 and 1982.
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Figure 4.21: Map of rainfall stations with significant changes in precipitation
trends between 1969 and 1982. Also shows the relative geographic
location of stations with negative trends vs. positive trends (regardiess of

significance).
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Location of Precipitation Sites that
Exhibited a Significant Change

in Yearly Rainfall Averages
Between 1983 and 1998.
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changes at that site were due to the vog. Since neither case was significant, it could
be random or that there are not enough years in the sample to detect the trend.
Furthermore, the pre-eruption trend could have been due to rapid urban expansion in
Hilo (anthropogenic pollutants), verses the slowerincrease (perhaps even a decline)
in urban expansion since the economic bust of the 1980s.

Furthemrmore, most of the ten other stations that had a negative trend are located
to the west of the volcano. Due to theirlocation, one may infer thatif the trend was only
due to the increased frequency of ENSOs since 1982, a significant trend would be
seen both on the leeward (western) and windward (eastemn) sides of the island. Thus
it is very possible that the presence of the vog on the leeward side of the island has

compounded the signal of the ENSO.

4.4 Results of Exploratory Analysis of Surface Temperature Data

The presence of sulfates in the troposphere can affect the local climate both
directly and indirectly (Miller 1998). Sulfate aerosols can reflect solar radiation back
into space, inducing direct cooling of the Earth’'s surface. As mentioned earlier,
sulfates also act as cloud condensation nuclei (CCN) and increase the reflectivity and
lifetime of clouds; thus sulfates also indirectly act as a cooling agent (UCAR 1995;
Chuang et al. 1997;Miller 1998). Due to the above properties, an impact that one
would expect the vog to trigger is a decrease of the island’s surface temperatures.

Only three data points with sufficient data were available for the temperature
trend analysis. Fortunately the three sites were located across dissimilar climate

regimes and different districts of the island (See Figure 3.6) so any bias due to
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location should be minimal.

4.4a Temperature Trends for the Complete Time Series

All three sites showed a significant positive trend in yearly mean monthly
temperature and yearly mean monthly minimum temperature forthe complete 31-year
time series. The Hawaii Volcanoes NP and Opihihale sites had a significantincrease
in yearly mean monthly maximum temperature (Figures 4.23 and 4.24), but the Hilo
Intemational AP site exhibited a significant decrease in yearly mean monthly maximum
temperature (Figure 4.25). These results are not what would be expected if the vog
was having an effect on the island’s surface temperature. The Hilo intemational AP
site is located on the windward side of the island, and therefore it would be expected
that the vog effects would be minimal due to the dominant northeasterly trade winds.
The station that would be expected to show the strongest signal (negative trend) is
Opihihale due to its location on the leeward side of the island.

The overall results of the trend analysis forthe complete 31-yeartime period do
not readily support the hypothesis that the vogis impacting the island’s temperature.
Reasons for this include the obvious - the vog is not impacting the surface
temperatures on the Big Island. Another possibility is that the global warming signature
is so strong that it overcomes the weaker cooling signal due to the presence of sulfate
particulates in the troposphere. By breaking up the complete time series into a pre-
and post-eruption time series, a more distinct cooling signal from the vog may be

detected.

95



Time Series of Yearty Mean Monihly Temperatire Averages
([OegreesF)

630 4 - - e e e

AA PaN P

- ANV AVA S —

\ ~——Yearly Average

600 —_,

~ — Linsar Regression
sa0 \/ near Regre
¥=0.6172x +600.77
580 R2 =0.3766
570 — T —
LLLL LS L LLL LS PFPL LS LSS LT ELS LS
Time Series of Yearly Minimum Temperajure Averages
(Degrees F)
540 -
530 - J/\\ ,r—/\/\ Av/ \
520 | =N~ L s W o A ~ N
510 — Yosrly Average
500 V —— Linear Regression
450 y=02652x +522.19
480 R2=0.0783
470 ~— — v v v
PLLL LS L LLELL SIS LS L L LSS ES LS LS
Time Serles of Yearty Mean Morthly Madmum Temperafire Averages
(Degrees F)
720 -
710 = A o
s VAR VAVANSY S =y
680 -W V. =~ [—Yearly Average
\ / ~—Linear Regression
670 v
660 y=09522x+67928
650 R =0.3643
640 v — — y — v v — — v ——
L L L LLSELLLESLEEPE P FEE P LS PSP

Figure 4.23: Graphs of yearly mean monthly temperature, yearly mean monthly
minimum temperature, and yearly mean monthly maximum temperature (1969 to
1999) for the Hawaii Volcanoes NP station.
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Figure 4.24: Graphs of yearly mean monthly temperature, yearly mean monthly
minimum temperature, and yearly mean monthly maximum temperature (1969 to
1999) for the Opihihale station.
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Figure 4.25: Graphs of yearly mean monthly temperature, yearly mean monthly
minimum temperature, and yearly mean monthly maximum temperature (1969 to

1999)

for the Hilo International AP station.
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4.4b Temperature Trends for Pre-eruption vs. Post-eruption Time Series

All the sites exhibited a significant positive trend in the yearly mean monthly
temperature for the 14 years prior to the start of the current eruption (Figures 4.26,
4.27,and 4.28). The Hilo Intemational AP showed a significant positive trend in yearly
mean monthly minimum temperature (Figure 4.29), but the Hawaii Volcanoes NP and
Opihihale sites exhibited a significant negative trend (Figures 4.30 and 4.31). The
Hawaii Volcanoes NP and Opihihale sites had a significant positive trend in yearly
mean monthly maximum temperature (Figures 4.32 and 4.33), while the Hilo
International AP station reflected a negative trend which was not significant (Figure
4.34).

These resuits show an overall steady increase in yearly mean monthly
temperatures, yearly mean monthly minimum temperatures, and yearly mean monthly
maximum temperatures prior to 1983 when Kilauea began it current eruption. This
may be a result of global warming or simply the increased urbanization of the island
(i.e. local urban heat island effect}). The decreasing trend in yearly mean monthly
minimum temperatures found at the Hawaii Volcanoes NP and Opihihale sites is not
as easyto explain and itis not sure what would cause a such a decrease. One logical
possibility is that there was a decrease in night-time cloud cover which would allow
more long-wave infrared energy to radiate from the Earth’s surface back into space;
butthatis just a hypothesis and requires more investigation. The decreasingtrendin
yearly mean monthly maximum temperatures at Hilo International AP is also not very

readily explained.
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Figure 4.26: Graphs of yearly mean monthly temperature for the Hilo
International AP station for pre-eruption (1969 to 1982) and post-eruption (1983
to 1999) time periods.
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Figure 4.27: Graphs of yearly mean monthly temperature for the Opihihale
station for pre-eruption (1969 to 1982) and post-eruption (1983 to 1999) time
periods.
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Figure 4.28: Graphs of yearly mean monthly temperature for the Hawaii
Voicanoes NP station for pre-eruption (1969 to 1982) and post-eruption (1983 to
1999) time periods.
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Figure 4.29: Graphs of yearly mean monthly minimum temperature for the Hilo
International AP station for pre-eruption (1969 to 1982) and post-eruption (1983
to 1999) time periods.
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Figure 4.30: Graphs of yearly mean monthly minimum temperature for the
Hawaii Volcanoes NP station for pre-eruption (1969 to 1982} and post-eruption
(1983 to 1999) time periods.
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Figure 4.31: Graphs of yearly mean monthly minimum temperature for the
Opihihale station for pre-eruption (1969 to 1982) and post-eruption (1983 to

1999) time periods.
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Figure 4.32: Graphs of yearly mean monthly maximum temperature for the
Hawaii Volcanoes NP station for pre-eruption (1969 to 1982) and post-eruption
(1983 to 1999) time periods.
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Figure 4.33: Graphs of yearly mean monthly maximum temperature for the
Opihihale station for pre-eruption (1969 to 1982) and post-eruption (1983 to
1999) time periods.
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Figure 4.34: Graphs of yearly mean monthly maximum temperature for the Hilo
International AP station for pre-eruption (1969 to 1982) and post-eruption (1983
to 1999) time periods.
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For the post-eruption time series (1983-1999), the trends detected were
mixed. Opihihale showed a significant negative trend for yearly mean monthly
temperatures, yearly mean monthly minimum temperatures, and yearly mean monthly
maximum temperatures (Figures 4.27,4.31, 4.33). The Hilo Intemational AP station
reflected a non-significant positive trend for yearly mean monthly temperatures, yearly
mean monthly minimum temperatures, and yearly mean monthly maximum
temperatures (Figures 4.26, 4.29, 4.34). Finally, the Hawaii Volcanoes NP site was
mixed with it showing a non-significant decrease in yearly mean monthly temperatures
and a significant decrease in yearly mean monthly maximum temperatures (Figures
4.28 and 4.32), but a significant increase in yearly mean monthly minimum
temperatures (Figure 4.30).

Due to its location on the leeward side of the Big Island, Opihihale would be
expected to show a strong cooling signature due to sulfate particulates in the
troposphere. it did show a significant cooling trend between 1983 and 1999. The Hilo
International AP site’s location on the windward side of the Big Island would lessen if
not diminish the impacts of the vog on surface temperature. Thus, cne would expect
to see little or no cooling trend there. This was exhibited by the Hilo Intemational AP
site as it reflected a warming (but not significant) trend between 1983-1999. The
Hawaii Volcanoes NP station reflected a cooling trend between 1983-1999 for yearly
mean monthly temperatures and yearly mean monthly maximum temperatures, which
would be expected if the vog was impacting the local surface temperatures. But the
yearly mean monthly minimum temperatures exhibited a significant warming trend
between 1983-1999. This may be explained by an increase in clouds in the area due
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to sulfates which do not dissipate rapidly after sunset; thus the nighttime clouds help
to keep long-wave radiation being emitted by the Earth’s surface from escaping into

space. Again, this is only a hypothesis and would require more study.

4.5 Autocorrelation Results for Rainfall and Temperature Data

Since time series data were used in the regression analysis, possible
autocorrelation in the data mustbe addressed. Autocorrelation describesthe degree
to which the value of an attribute at spatially ortemporally adjacent points changes with
the distance ortime separating the observations (Clark and Hosking 1986). Since the
regression function assumes that the data are independent of each other, the variables
should be tested for autocorrelation.

No autocorrelation was expected to exist since mean yearly data was used,
but the values calculated for both temperature and rainfall were tested. The variables
did not show signs of autocorrelation, and therefore supported the assumption that the
variables were independent of each other. If daily data were used then the possibility
of autocorrelation being significant could have been a factor in the regression analysis.
Figures 4.35 and 4.36 show sample graphs of the autocorrelation test results for the

mean yearly rainfall and temperature values.
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CHAPTER 5

CONCLUSIONS AND SUGGESTED
FUTURE RESEARCH

This study attempted to determine if the vog produced by Kilauea Volcano on
Hawai‘i Island was affecting its environmental systems. Specifically, it investigated
possible impactto the island’s vegetation, rairitaii, and temperature. The conclusions
from the study’s results and possible directions of future research are discussed in this

chapter.

5.1 Vegetation Impacts

There were no conclusive results derived from the study which would support
the theory thatthe voghad negatively impacted the health of vegetation presentin the
region of the Hawai'i Volcanoes National Park. The possible reasons why no
appreciable changes in vegetation were detected are numerous. First, the spatial
resolution of the satellite imagery available prior to when Kilauea began its current
eruption is very poor when compared to the size of the vegetation patches being
sensed. ltis even questionable if the 20 m spatial resolution of the SPOT HRV data
used for post-eruption analysis is adequate. Second, the different spectral resolution
of the two satellite sensors used provided an unequal comparison of NDVI values
between pre- and post-eruption scenes. Moreover, the radiometric resolution of the
sensors was also unmatched: Landsat MSS scene was 6-bit while the SPOT HRV

scene was 8-bit data. Itis certain that the cumulation of all these differences created
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an unsatisfactory comparison; but due to the lack of usable satellite data present for
the island, there was no other altemative if one wished to use multispectral imagery.
One option for future studies would be to use aerial photography, though a different
technique such as texture analysis would need to be used since itis single band data.

The Landsat MSS and SPOT NDV!I differencing produced inconclusive oreven
negating results. Yetthe NDVI differencing done between the two SPOT scenes did
reveal some areas where it is likely that some change has occurred to vegetation
health. Unfortunately the dates of bcth SPOT scenes are sufficiently after the beginning
of Kilauea's eruption that it would require much more investigation and analysis to
determine if vegetation health was actually impacted and if it was the result of the vog’s
presence.

Finally, it is possible that no noteworthy impacts to vegetation were detected
becausethere was none. The soils in the study area are predominately Andisols and
Histosols. Andisols are not considered to be very acidic and can have a pH around
6.0, while the Histosols may have a pH around 4.5. But the relative pH of each soil
orderin Hawai‘iis not as important as the actual elements and their relative amounts
inthe soil. Forexample, the Histosols’ low pH is not considered to be toxic since there
is little aluminum in the soil which can be taken up by plants (Uehara et al. 1997).
Therefore the soils’ properties allow the vog to have little or no long-term effect on
vegetation health. It should be noted however thatimmediate impacts to vegetation
due to volcanic emissions when Kilauea begin its eruption are probable, but can not

be measured due to the lack of data available.
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5.2 Rainfall Impacts

The presence of excessive amounts of sulfate particulates in the troposphere,
such as the vog on Hawai'i Island, would be expected to cause a reduction in the
amount of rainfall. The EIl Nifio phenomenon is also known to be responsible for
inhibiting rainfall on Hawai'i, and it must also be considered when attributing significant
decreasingtrends to the vog. The geographic location of each station was utilized to
help filter out the signal due to El Nifio. For example, locations on the windward side
of the island would be expected to be impacted to a lesser degree since the vogtends
to accumulate on the leeward side of the Big Island.

The trend analysis of the complete mean rainfall time series (1969-1999)
showed that some portions of the Big Island experienced a significant negative trend
in rainfall. These locations were on the leeward side of the island, which is where the
presence of the vogis the strongest. The geographic location of these irends would
imply that the yearly mean rainfall amounts were decreasing in part due to the
presence of the vog, and not just the El Nifno phenomenon.

Analysis of mean rainfall between 1969-1982 and 1983-1999 were performed
to compare pre- and post-eruption rainfall trends. The pre-eruption time series
showed most stations having a positive trend, but it none were significant. The post-
eruption time series analysis revealed that most stations have a negative trend,
although none were significant. There were five sites on the windward side of the
island that showed a positive trend, but none of those were significant. Even though

all of the stations did not have significant trends, the geographical location of the
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positive trends vs. the negative trends may be consequential. Again, the leeward sites
reflected negative trends (reduced rainfall), while the windward sites were dominated
by positive trends (increased rainfall). This geographical distinction supports the
theory that the vogis reducing rainfall for portions of the Big Island. Suggested future
studies include determining if perhaps the vog is compounding ENSO-related

droughts for certain locations on the Big Island.

5.3 Temperature Impacts

if the vog was impacting the Big Island’s surface temperatures, one would
expect to see a negative trend (cooling effect) in the data. Yearly mean monthly
temperatures, and yearly mean monthly minimum temperatures, and yearly mean
monthly maximum temperatures were used in the temperature trend analysis because
just using the monthly mean data would not have been thorough. Forexample, there
may not have been a trend on the mean monthly data, but there may have been a
change in the trend of the mean monthly minimum data or mean monthly maximum
data. The results of the trend analysis for the complete 31-year time series does not
support the theory that the vog is having a cooling effect on the island’s surface
temperatures. The results from the pre-and post-eruption comparison does lend
support to the vog having a cooling affect for certain portions of the island, i.e. the
leeward coast. The availability of more data points would be ideal, but the lack of
continuous data make this unfeasible.

Suggested future studies would include breaking down the data to its seasonal
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components so that more data points (sites) could be used. It should be stressed that
the cooling signature of the vog may not be detectable due to the stronger signal of
global warming. Chuang et al. (1997) note that anthropogenic sulfates may be
reducing the magnitude of global warming in some regions. Thus global warming may
be masking any cooling trend due to the vog from Kilauea Volcano. Using AVHRR
polar orbiting imagery to measure changes in the type and amount of cloud coverover
Hawai‘i between years prior and after the current eruption may allow an indirect
measurement of the vog’s cooling effect on the iIsland. This approach may be a

method to remove the global warming signature.
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