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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
acre 4,047 square meter (m?)
acre 0.4047 hectare (ha)
acre 0.4047 square hectometer (hm?)
acre 0.004047 square kilometer (km?)
square inch (in?) 6.452 square centimeter (cm?)
Volume
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m?®)
gallon (gal) 3.785 cubic decimeter (dm?)
million gallons (Mgal) 3,785 cubic meter (m?®)
cubic inch (in®) 16.39 cubic centimeter (cm?)
Flow rate
gallon per day (gal/d) 0.003785 cubic meter per day (m?/d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m?/s)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)
Datum

Vertical coordinate information is referenced to local mean sea level.

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.
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Identifying the Relative Importance of Water-Budget Information
Needed to Quantify How Land-Cover Change Affects Recharge,

Hawaiian Islands

By Adam G. Johnson, Alan Mair, and Delwyn S. Oki

Abstract

Watershed management—the protection and restoration
of native landscapes through a variety of actions—potentially
can protect and improve groundwater availability by sustaining
and enhancing groundwater recharge. The efficacy of watershed
management for sustaining and enhancing groundwater recharge
in the Hawaiian Islands, however, has not been quantified with
certainty. A model that uses a water-budget approach—an
accounting of the flow of water into and out of an area—is useful
for assessing how regional-scale recharge for the Hawaiian Islands
might be affected by land-cover changes associated with managed
or unmanaged watersheds. However, the use of a water-budget
model to confidently quantify how recharge might be affected by
land-cover changes is impeded by uncertain values that model
users assign to land-cover-dependent parameters. The parameter
values, and thereby water-budget model recharge estimates, can
likely be improved by the collection and analysis of additional
hydrologic information.

This report describes a sensitivity analysis of a water-budget
model that was completed to identify the most important types of
hydrologic information needed to reduce the uncertainty of model
recharge estimates. The sensitivity of model recharge estimates for
the Hawaiian Islands of O‘ahu and Maui was analyzed for seven
model parameters potentially affected by land-cover changes
within a watershed. The seven model parameters tested were
canopy capacity, canopy-cover fraction, crop coefficient, fog-catch
efficiency, root depth, stemflow, and trunk-storage capacity.

Results of the sensitivity analysis were used to (1) quantify
the relative importance of the seven model parameters to recharge
assessments for three moisture zones (dry, mesic, and wet) on
O‘ahu and Maui and (2) prepare a list of critical information needs
for each moisture zone. The list of critical information needs was
developed for three general types of land cover (forest, shrubland,
and grassland) that are assumed to be affected by watershed
management in the Hawaiian Islands. Identified information needs
included estimates or measurements of (1) evapotranspiration
processes needed to determine crop coefficients for land-cover
types in all moisture zones, (2) rooting depths for land-cover types
in the dry and mesic moisture zones, (3) canopy-cover fraction
for forests in the wet and mesic moisture zones, (4) ratios of

fog interception to rainfall for forests and shrublands in the wet
moisture zone, and (5) canopy capacity for forests in the wet and
mesic moisture zones. The list of information needs can guide
data-collection strategies of future projects. Collection and analysis
of the identified hydrologic information may help model users
develop a better parameterization scheme, reduce uncertainty

of values that model users assign to land-cover dependent
parameters, and therefore allow future applications of the water-
budget model to more accurately quantify how recharge in the
Hawaiian Islands might be affected by future land-cover changes
within a watershed.

Introduction

Groundwater is an important resource in the Hawaiian
Islands. In 2010, groundwater provided 94 percent of all
freshwater for public supply on the four islands (O‘ahu, Island of
Hawai‘i, Maui, and Kaua‘i) (fig. 1) that contain 99 percent of the
State of Hawai‘i’s population (Izuka and others, 2018). Persistent
discharge of groundwater to streams contributes to surface-water
resources, which have aesthetic, cultural, ecologic, and economic
importance (Oki and others, 2010).

Watershed management has the potential to protect and
improve groundwater availability by sustaining and enhancing
groundwater recharge. Watershed management in the Hawaiian
Islands involves a variety of protection and restoration actions,
including (1) removing feral ungulates (hooved animals such
as pigs, goats, sheep, deer, and wild cattle) that can negatively
affect forest ecosystems, (2) installing and maintaining fences
around native forests and vegetation, (3) removing and containing
nonnative invasive vegetation, (4) monitoring and controlling for
the potential spread of wildfires, predators, plant diseases, and
other threats to forests, (5) planting native vegetation, and (6)
teaching residents and visitors about the cultural, economic, and
environmental importance of conserving native forests (State of
Hawai‘i Department of Land and Natural Resources, 2011).

Watershed-management areas for O‘ahu and Maui include
areas managed by five watershed partnerships (State of Hawai‘i
Department of Land and Natural Resources, 2018) (fig. 1) that
are composed of public and private partners. The five watershed
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Figure 1. Maps showing areas managed by five watershed partnerships for the Islands of O‘ahu and Maui, Hawai'i.



partnerships are Wai‘anae Mountains Watershed Partnership,
Ko‘olau Mountains Watershed Partnership, West Maui Mountains
Watershed Partnership, Leeward Haleakala Watershed Restoration
Partnership, and the East Maui Watershed Partnership. About 39
percent of O‘ahu’s total area and about 43 percent of Maui’s total
area are within the watershed-partnership management areas.

Background and Motivation

Although the spread of nonnative invasive forest species
is purported to reduce fresh groundwater availability, the
efficacy of watershed management for sustaining and enhancing
groundwater recharge in the Hawaiian Islands has not been
quantified with certainty. The lack of certainty is partly related
to the fact that regional-scale recharge cannot be directly
measured and must be estimated using indirect methods such as
water-budget models.

In 2014, the County of Maui Department of Water Supply
(MDWS), University of Hawai‘i at Manoa (UHM), and U.S.
Geological Survey (USGS) Pacific Islands Water Science
Center initiated a study to establish a framework for evaluating
the hydrologic effects of watershed-management programs on
Maui and Moloka‘i. With the support of additional collaborators
including the State of Hawai‘i Commission on Water Resource
Management (CWRM) and the State of Hawai‘i Division
of Forestry and Wildlife (DOFAW), the scope of the study
was expanded in 2016 and 2017 to include Kaua‘i, Oahu,
and the Island of Hawai‘i. The original objective of the study
was to provide valuable information for (1) assessing effects
of nonnative plant species on freshwater availability and (2)
reducing uncertainty in regional recharge estimates from a
water-budget model. The selection of model parameter values
for high-priority species of concern, including both nonnative
and native forest species, can be a source of uncertainty
when information needed to estimate these values is lacking
or insufficient. The study identified a need for an extensive
field data-collection program that could acquire the types of
information that model users need to estimate model parameter
values for high-priority nonnative forest species of concern and
dominant native forest species. The study conducted stakeholder
workshops aimed, in part, at identifying high-priority nonnative
plant species of concern, identifying dominant native forest
plant species, as well as identifying and evaluating possible sites
for field data collection. Several challenges associated with an
extensive data-collection program were identified, including
(1) an extended timeline for data collection, data analysis, and
recharge estimation, (2) high data-collection costs, and (3) the
need for guidance on the most relevant types of field data and
where to collect these data. Therefore, to help guide future
data-collection efforts, the study identified a need to further
understand the sensitivity of model recharge estimates to select
model parameters.

Models that use the water-budget approach are useful for
quantifying how regional-scale recharge might be affected by
land-cover changes within a watershed. The model developed
by Oki (2022a)—Water-Budget Accounting for Tropical
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Regions Model (WATRMod)—uses the water-budget approach
to estimate spatially distributed recharge and other water-budget
components for islands in tropical settings. This water-budget
model computes recharge according to equations written in the
source code (Oki, 2022b) and model input files prepared by
model users (hereafter shortened to “users”). WATRMod uses
the equations and information from model input files to simulate
hydrologic processes that affect recharge, including rainfall,
fog interception, irrigation, septic-system leachate, runoff, and
evapotranspiration. For the purpose of this report, “model input”
includes any information in the model input files, whose format
and content requirements are described by Oki (2022a). Model
input includes (1) data, such as rainfall data and land-cover
information for the area being modeled, (2) parameter values,
which are numerical values assigned to parameters, such as
root depth, in the model equations (Finch and Aronson, 1982),
and (3) initial conditions at the start of a model simulation.
For example, the land-cover input file contains land-cover-
dependent parameter values that users assign to each unique
land-cover class included in a study area.

WATRMod is a modified version of older models that
were used to estimate spatially distributed mean annual recharge
for several Hawaiian Islands for historical and recent climate
conditions (Engott, 2011; Engott and others, 2017; Izuka and
others, 2018; Johnson and others, 2018; Oki and others, 2020), for
potential future climate conditions (Mair and others, 2019), and
for potential future land-cover conditions (Brewington and others,
2019). Compared with older versions of the model used by the
listed studies, WATRMod uses a similar water-budget approach
and requires most of the same types of model input, but it uses an
updated source code (Oki, 2022b) and contains more options for
users (Oki, 2022a).

Use of models to confidently quantify how recharge
for the Hawaiian Islands might be affected by managed or
unmanaged watersheds is impeded by uncertainty in the
parameter values that users assign to different types of land
cover. For example, recent applications of water-budget
models for O‘ahu and Maui assigned only one set of parameter
values to each of the following types of land cover: (1) all
types of grassland, (2) all types of shrubland, (3) all nonnative
forests exposed to fog, (4) all nonnative forests not exposed
to fog, and (5) all native forests (Engott and others, 2017;
Brewington and others, 2019; Mair and others, 2019). This
simplified parameterization scheme is imperfect and reflects
the limited availability of relevant information that users had
when estimating and assigning parameter values. Furthermore,
this simplification may limit the model from accurately
estimating how recharge might change in areas where existing
vegetation is replaced by different species and types of grasses,
shrubs, or nonnative trees. A better parameterization scheme
could instead contain specific parameter values for different
species of nonnative trees or additional types of forests such
as native dry forest, native mesic forest, nonnative dry forest,
and nonnative wet forest. The better parameterization scheme
could allow models to properly simulate how different types of
land cover affect groundwater recharge.
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One challenge users may face when preparing model
input is not knowing if or how much the parameter values for
a given type of land cover, such as grassland, would differ
between relatively dry and wet regions. For example, the
recent applications of water-budget models for O‘ahu and
Maui assigned a root depth of 39 inches (in.) to grassland land
cover. Regional differences in grassland root depths were not
accounted for in the model input, which may not have properly
represented grassland root depths in the environment. Yang
and others (2016) estimated effective rooting depths for global
biomes, such as the grassland biome, and determined that
the effective rooting depths for each biome have substantial
spatial heterogeneity, which are related to spatial variability
of climate. Therefore, for the Hawaiian Islands, variations
in root depth (and possibly other land-cover dependent
parameters) for each of the most widespread types of land
cover could be substantial given the wide spatial ranges of
mean annual rainfall (about 8§ to 404 in. [Giambelluca and
others, 2013]), and mean annual reference surface potential
evapotranspiration (about 26 to 133 in. [Giambelluca and
others, 2014]).

Brewington and others (2019) used an older version
of the model to estimate mean annual groundwater recharge
for Maui under four future land-cover scenarios and two
future climate projections. They compared their results to
baseline recharge that was estimated using 2017 land cover
to understand how changing land management and climate
could influence groundwater recharge. Their analyses
suggested that potential changes in future land cover could
increase island-wide mean annual groundwater recharge rates
by as much as 10 percent for a wet-climate scenario and 12
percent for a dry-climate scenario. However, they also noted
that a lack of data or a sparse, uneven distribution of data in
space and time, coupled with a poor understanding of some
hydrologically relevant processes, could limit the precision
and accuracy of model recharge estimates. For example, the
differences in transpiration rates of native and nonnative
forest species in the Hawaiian Islands are not well known.
As a result, Brewington and others (2019) were only able to
distinguish three types of forested land cover: native forest,
nonnative forest, and tree plantation.

Collection and analysis of additional hydrologic
information may not only help users develop a better
parameterization scheme but also reduce the uncertainty
of values that users assign to land-cover-dependent model
parameters and, therefore, allow future applications of the
model to accurately quantify how recharge might be affected
by land-cover changes within a watershed. Collection and
analysis of hydrologic information, however, can be expensive
and time consuming, especially for collection of multiple
types of data across multiple regions. Some types of data may
be more important than others in terms of reducing uncertainty
of model recharge estimates. To improve the efficiency of data
collection, analysis is needed to identify the most beneficial
hydrologic information to collect in different regions in the
Hawaiian Islands.

Purpose and Scope

The purpose of this report is to describe a study that
identified and summarized the types of hydrologic information
that are critical for quantifying how recharge for the Hawaiian
Islands might be affected by managed or unmanaged watersheds.
The study used WATRMod (Oki, 2022a), which was designed
to estimate spatially distributed recharge and other water-budget
components for tropical islands. The study completed a sensitivity
analysis of WATRMod to evaluate the sensitivity of modeled
recharge estimates to seven parameters that might be affected
by land-cover changes within a watershed. The selected model
parameters were canopy capacity, canopy-cover fraction, crop
coefficient, fog-catch efficiency, root depth, stemflow, and trunk-
storage capacity (table 1). The scope of the sensitivity analysis
was limited to a simple, one-at-a-time approach (Hamby, 1994)
in which one parameter value was varied while the remaining
parameters were held fixed at baseline values. Results of the
sensitivity analysis were used to determine the relative importance
of each parameter in estimating recharge for the three moisture
zones (dry, mesic, and wet) defined by Price and others (2012) for
the Hawaiian Islands (fig. 2). The scope of the sensitivity analysis
was limited to the islands of O‘ahu and Maui. The scope of the
study did not include prediction of future land-cover conditions or
estimation of recharge for future land-cover conditions.

Sensitivity Analysis

The sensitivity of modeled mean annual recharge estimates
for O‘ahu and Maui was evaluated for the following seven model
parameters potentially affected by land-cover change associated
with watershed management: canopy capacity, canopy-cover
fraction, crop coefficient, fog-catch efficiency, root depth,
stemflow, and trunk-storage capacity (table 1).

Four of the seven model parameters (canopy capacity,
canopy-cover fraction, stemflow, and trunk-storage capacity) are
used by the model to compute canopy evaporation for forests,
using the Gash and others (1995) sparse-forest approach.
Canopy capacity, expressed as depth per unit area of cover
(Gash and others, 1995), represents the maximum amount of
water left on the canopy in zero evaporation conditions after
precipitation and throughfall ceased (Gash and Morton, 1978).
Stemflow and trunk-storage capacity are used by the model to
estimate tree-trunk evaporation, which is included in the model
estimates of canopy evaporation.

A crop coefficient is an empirically derived ratio of
potential evapotranspiration (PE) for a certain type of land cover
to reference evapotranspiration (£7)). The parameter, £7, is
derived from meteorological data using the Food and Agﬁcultural
Organization Penman-Monteith method and represents the
evapotranspiration rate from a hypothetical reference surface with
a particular height, surface resistance, and albedo for the prevailing
climatic conditions (Allen and others, 1998). The reference surface
resembles a green, well-watered grass surface of uniform height
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Model parameters potentially affected by land-cover change and evaluated in a sensitivity analysis of a water-budget model for the Islands

Table 1.
of O‘ahu and Maui, Hawai'i.
Explanation
Model parameter [dimension]

Hydrologic condition or process
simulated by model using
assigned parameter values

Source(s) of data, analyses, and assumptions
used to determine baseline values for grassland,
forest, and shrubland types of land cover

Canopy capacity

Canopy-cover
fraction

Crop coefficient

Water-retention capacity of forest canopy
per unit area of cover [length]

Fraction of ground area covered by forest
canopy [dimensionless]

Scaling coefficient for reference
evapotranspiration that is dependent on
the type of land cover [dimensionless]

Canopy evaporation

Canopy evaporation

Potential evapotranspiration

DeLay (2005), Takahashi and others (2011),
Safeeq and Fares (2014), Engott and others
(2017)

Giambelluca and others (2014)

Allen and others (1998), Engott and others
(2017)

Fog-catch Represents fog-collecting ability of Fog interception Engott (2011)
efficiency vegetation expressed as a fraction
of the reference fog-catch efficiency
assigned to forested land covers
[dimensionless]
Stemflow Fraction of precipitation diverted to Canopy evaporation Gaskill (2004), DeLay, (2005), Takahashi and
stemflow once canopy is saturated others (2011), Safeeq and Fares (2014),
[dimensionless] Engott and others (2017)
Root depth Average root depth of vegetation for an  Soil-moisture storage capacity; Allen and others (1998), Engott (2011),
area [length] actual evapotranspiration Fares (2013), Engott and others (2017)
Trunk-storage Water-retention capacity of trunks Canopy evaporation DeLay (2005), Safeeq and Fares (2014),
capacity [length] Engott and others (2017)
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Figure 2. Map of the Hawaiian Islands showing moisture zones. Modified from Price and Jacobi (2012) and Price and others (2012).
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and that completely shades the ground. The model calculates PE
for a particular area as the product of £7, and the crop coefficient
assigned to the area’s land-cover type. The term “crop coefficient”
can be misleading because the model uses crop coefficient to
calculate PE for all areas, including areas with nonagricultural
types of land cover, such as native forest. The utility of the crop-
coefficient parameter might be more easily understood if the
parameter is thought of as an “evapotranspiration coefficient” or
“land-cover coefficient.” The parameter is referred to as “crop
coefficient” in this report for the purpose of consistency with the
model documentation (Oki, 2022b).

Fog-catch efficiency is used in the model computation of
fog interception, which represents cloud water that is intercepted
by vegetation. Intercepted cloud water that does not evaporate
ultimately reaches the ground as the fog-drip component of net
precipitation and contributes moisture to the plant-root zone. The
model uses fog-catch efficiency values, which are expressed as a
fraction of the reference fog-catch efficiency value assigned to a
reference land-cover type, to account for differences in the fog-
collecting ability of land-cover types for prevailing fog conditions.
In recent applications of previous model versions, forest land
covers were the reference land cover and were assigned a fog-
catch efficiency of 1 (Engott, 2011; Engott and others, 2017; Izuka
and others, 2018; Mair and others, 2019; Oki and others, 2020).
In areas with no fog, however, fog-catch efficiency does not affect
recharge estimates.

Root depth is the average rooting depth of vegetation
represented by a type of land cover. The model multiplies root
depth by soil-available water capacity to compute the moisture-
storage capacity of the plant-root zone, where soil-available
water capacity is the quantity of water that the soil is capable of
storing for use by plants (Natural Resources Conservation Service
[NRCS], 2019a, b).

The model allows users to assign values that vary spatially
to many parameters, including all seven parameters evaluated
in the sensitivity analysis. For example, users typically assign
values to the crop-coefficient parameter by land-cover type,
which usually varies spatially within a study area. Therefore,
one might consider crop coefficient to be a “parameter group”
instead of a “parameter” because different land-cover types
usually are assigned different crop-coefficient values. The
authors of this report, however, opted to use “parameter”
because it is a simpler term than “parameter group.”

The sensitivity analysis did not evaluate model inputs that
are assumed to be mostly unaffected by watershed management.
Model input not evaluated in the sensitivity analysis included
monthly rainfall, daily-to-monthly rainfall ratios, monthly fog-
to-rainfall ratios, monthly £T, soil available water capacity,
irrigation efficiency, irrigation multiplier, the supply-based
irrigation rate for taro, direct-recharge rates, and septic-leachate
rates. Monthly runoft-to-rainfall ratios, which are model inputs
that can be affected by land-cover change, were not evaluated in
the sensitivity analysis because the effect of land-cover change
on runoff has not been measured for watersheds in Hawai‘i.
Information used to prepare these model-input components for the

sensitivity analysis is described in this report (see “Model Input
Not Evaluated” section). Oki (2022a) provided descriptions of all
model input required for the model.

General Approach of Sensitivity Analysis

Using a one-at-a-time approach (Hamby, 1994), this study
evaluated the sensitivity of mean annual recharge (hereafter,
recharge) estimates from WATRMod to seven model parameters
(table 1). WATRMod was used to estimate spatially distributed
recharge for O‘ahu and Maui for a baseline scenario and
42 sensitivity scenarios (six scenarios for each of the seven
parameters). For the baseline scenario, the seven model parameters
were assigned baseline values (table 2) that were similar to the
values used in recent recharge assessments by Engott and others
(2017) and Mair and others (2019) (see “Model Input” section).
In contrast, each sensitivity scenario used a unique set of modified
baseline values for the seven model parameters and therefore
represented a unique location in parameter space (table 3).

The components of model input that were not evaluated in the
sensitivity analysis were the same for every scenario. The model
output for each scenario included recharge estimates for subareas
of O‘ahu and Maui. The parameter values and subarea recharge
estimates were used to compute 21 sensitivity indices, one for
each parameter (table 3) and each moisture zone (dry, mesic,

and wet) (fig. 2). A parameter’s sensitivity index for a moisture
zone characterizes the relation between the parameter’s values
and model recharge estimates for the zone (see “Computation

of Parameter Sensitivity Indices for Moisture Zones™ section).
Sensitivity indices were used to quantify the relative importance
of the seven parameters to model recharge estimates for the three
moisture zones.

The model scenarios tested a range of plausible values for
each of the seven selected parameters. The values tested for
each selected parameter are described in this report (table 3) as
percentages of the parameter’s baseline values. Values tested
for canopy-cover fraction ranged from 40 to 100 percent of the
baseline values. The canopy-cover fraction values tested in the
model scenarios did not exceed baseline values because (1) the
model does not allow canopy-cover fraction values to exceed
1 and (2) substantial areas with forest on O‘ahu and Maui had
baseline canopy-cover fraction values that were near 1. For
example, the baseline canopy-cover fraction was greater than
0.90 for approximately half of the combined forest area on
O‘ahu and Maui.

Crop coefficients tested in the sensitivity scenarios varied
between 0.20 and 1.40, which represents the general range of
crop coefficients reported by Allen and others (1998) for dozens
of different types of crops and vegetation. For each type of land
cover (table 2), interim crop coefficients were 40, 60, 80, 120, 160,
and 200 percent of the baseline crop-coefficient value(s). Each
crop coefficient used in the sensitivity scenarios was (1) equal to
its interim value if its interim value was between 0.20 and 1.40,
(2) set to 0.20 if its interim value was less than 0.20, and (3) set to
1.40 if its interim value was greater than 1.40.
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Table 2. Baseline values assigned to six of seven parameters evaluated in a sensitivity analysis of a water-budget model for the Islands of O'ahu and Maui, Hawaii.

[Percentage of island area determined from land-cover maps for O‘ahu (modified from Engott, 2017) and Maui (modified from Mair, 2018). Baseline values for
canopy-cover fraction varied spatially and were determined from spatial estimates of vegetation-cover fraction (Giambelluca and others, 2014). Abbreviations: --,

land-cover type not included in island’s land-cover map; in., inch]

Percentage of .
. Baseline parameter values
Forest or island area
Land-cover type(s) nonforest . ‘ Canopy Crop Fog-catch Root Stemflow, Trunk-storage
Maui  O'ahu CaRaCIty coefficient  efficiency d?pth fra(ft'.on .Of capacity (in.)
(in.) (in.) precipitation
Grassland! Nonforest  33.9 8.2 0.00 0.95 0.0 39 0.00 0.00
Native forest? Forest 20.1 16.1 0.05 0.30 1.0 30 0.04 0.01
Nonnative forest? Forest 14.7 24.2 0.05 40.33,°0.44 1.0 60 0.04 0.01
Shrubland Nonforest 8.6 13.0 0.00 1.00 0.5 12 0.00 0.00
Sparsely vegetated Nonforest 5.9 0.6 0.00 1.18 0.0 5 0.00 0.00
Developed, open space Nonforest 5.1 -- 0.00 1.18 0.0 12 0.00 0.00
Kiawe/phreatophytes Forest 4.8 1.2 0.05 0.84 1.0 71 0.04 0.01
Developed, low intensity Nonforest 2.8 14.8 0.00 1.18 0.0 12 0.00 0.00
Developed, medium intensity ~ Nonforest 1.2 7.4 0.00 1.18 0.0 12 0.00 0.00
Developed, high intensity Nonforest 0.8 5.6 0.00 1.18 0.0 12 0.00 0.00
Tree plantation® Forest 0.5 2.1 0.05 40.33,°0.44 1.0 60 0.04 0.01
Diversified agriculture Nonforest 0.4 2.8 0.00 1.00 0.0 10 0.00 0.00
Golf course Nonforest 0.4 1.4 0.00 0.85 0.0 30 0.00 0.00
Pineapple Nonforest 0.3 0.7 0.00 0.30 0.0 18 0.00 0.00
Seed corn Nonforest 0.2 0.9 0.00 70.29-1.20 0.0 18 0.00 0.00
All water bodies and reservoirs Nonforest 0.2 0.7 0.00 1.05 0.0 1 0.00 0.00
Coffee Nonforest 0.1 <0.1 0.00 0.91 0.5 48 0.00 0.00
Macadamia Nonforest — <0.1 <0.1 0.00 0.91 1.0 60 0.00 0.00
Taro Nonforest  <0.1 <0.1 0.00 1.25 0.0 15 0.00 0.00
Wetland Nonforest — <0.1 0.3 0.00 1.18 0.0 39 0.00 0.00

'Includes two land-cover types (grassland and fallow/grassland) from land-cover maps.

“Includes three land-cover types (native forest; native forest, fog; and native forest, no fog) from land-cover maps.

3Includes three land-cover types (alien forest; alien forest, fog; and alien forest, no fog) from land-cover maps.

“Crop coefficient assigned to nonnative forest and tree plantation within and above cloud zone.

Crop coefficient assigned to nonnative forest and tree plantation below cloud zone.

‘Includes three land-cover types (tree plantation; tree plantation, fog; and tree plantation, no fog) from land-cover maps.

"Crop coefficients for seed corn varied by month: Jan. and July, 0.85; Feb. and Aug., 0.50; Mar. and Sept., 0.29; Apr. and Oct., 0.40; May and Nov. 0.80; June and Dec., 1.20.

The range of values tested for canopy capacity (0.01—
0.15 in.), stemflow (0.02—-0.30 fractional units of precipitation
during saturated canopy conditions), and trunk-storage capacity
(0.01 to 0.06 in.) were considered plausible because they were
within the ranges of mean values estimated for forest sites in the
Hawaiian Islands (see, for example, Gaskill, 2004; DeLay, 2005;
Mair and Fares, 2010; Giambelluca and others, 2011; Takahashi
and others, 2011; Safeeq and Fares, 2014). In terms of percentages
of baseline values, the range of values tested for canopy capacity
(60300 percent), stemflow (50—750 percent), and trunk-storage
capacity (40—600 percent) were wider than ranges of values tested
for the other four parameters (table 3) because baseline values
for canopy capacity, stemflow, and trunk-storage capacity were
small (table 2). Values tested for root depths were between 40
and 200 percent of baseline values and were considered plausible
because they were within the range of global root-depth estimates

for biomes and lifeforms (Schenk and Jackson, 2002; Yang and
others, 2016).

The fog-catch efficiency parameter is used as a surrogate in
the sensitivity analysis for fog interception, which is a hydrologic
process represented in the model (fig. 3). The reason for using
fog-catch efficiency instead of fog interception is because the
spatial and temporal distribution of fog interception across the
Hawaiian Islands is uncertain. Consequently, the values that users
assign to parameters (fog-catch efficiency and fog-to-rainfall ratio)
within WATRMod to compute fog interception are uncertain and,
therefore, the model’s fog-interception estimates are uncertain.
Because the model’s fog interception estimates are directly
proportional to fog-catch efficiency and fog-to-rainfall ratio, the
authors’ choice to include only one of these parameters (fog-catch
efficiency) in the sensitivity analysis is a simplified yet adequate
approach for evaluating the sensitivity of model recharge estimates
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Table 3.  Summary of parameter values assessed in model scenarios completed for a sensitivity analysis of a water-budget model for the Islands of

O‘ahu and Maui, Hawai‘i.

[Baseline values for canopy capacity, crop coefficient, fog-catch efficiency, root depth, stemflow, and trunk-storage capacity varied by land-cover type (table 2). Baseline
values for canopy-cover fraction varied spatially and were determined from spatial estimates of vegetation-cover fraction (Giambelluca and others, 2014). Abbreviations:

CE, canopy evaporation; ET, evapotranspiration; SE, soil evaporation; T, transpiration]

Parameter

Parameter values assessed in model scenarios

Application in model scenarios for sensitivity analysis

Canopy capacity
baseline values

Canopy-cover fraction
values

Crop coefficient

greater than 1.40

Fog-catch efficiency
baseline values

Root depth 40, 60, 80, 100, 120, 160, and 200 percent of
baseline values
Stemflow 50, 100, 150, 200, 250, 350, and 750 percent of

baseline values

Trunk-storage capacity 40, 100, 200, 300, 400, 500, and 600 percent of

baseline values

60, 100, 140, 180, 220, 260, and 300 percent of

40, 50, 60, 70, 80, 90, and 100 percent of baseline

40, 60, 80, 100, 120, 160, and 200 percent of
baseline values, but no less than 0.20 and no

40, 60, 80, 100, 120, 160, and 200 percent of

Greater than zero for forest land-cover types only

Greater than zero for forest land-cover types only

Used to estimate potential rate of SE and T combined for forest
land-cover types; used to estimate potential rate of total ET
(CE, SE, and T combined) for nonforest land-cover types

Greater than zero for land-cover types with relatively tall
vegetation (trees, shrubs, and coffee) only
Greater than zero for all land-cover types

Greater than zero for forest land-cover types only

Greater than zero for forest land-cover types only

to fog interception. Testing fog-catch efficiency values that differed
from the baseline fog-catch efficiency values can be considered
analogous to the testing of fog-to-rainfall ratios that differed from
baseline fog-to-rainfall ratios.

The modeled sensitivity scenarios included those that tested
fog-catch efficiency values of 1.2, 1.6, and 2 for forest land-
cover types. Scenarios that tested fog-catch efficiency values
that exceeded the upper end of the range (0 to 1) described in
WATRMod’s documentation (Oki, 2022a) were included and
assumed to represent plausible conditions because the spatial
distribution of fog interception for the Hawaiian Islands is
uncertain. Furthermore, the baseline area-weighted average fog-
interception estimates for windward forests and leeward forests
were conservative relative to fog-interception estimates that were
derived from field measurements at multiple forested locations in
the Hawaiian Islands (see, for example, DeLay and Giambelluca,
2010; Giambelluca and others, 2011; Juvik and others, 2011;
Takahashi and others, 2011). Because fog-catch efficiency was
a surrogate for fog interception in the sensitivity analysis, the
scenarios that tested fog-catch efficiency values greater than
the baseline values were used to quantify changes in recharge
when fog-interception values were greater than the baseline fog-
interception values.

Model Used to Estimate Spatially Distributed
Recharge

WATRMod uses a water-budget approach in which recharge
is assumed to occur when water in the plant-root zone (fig. 3)
exceeds the soil’s moisture storage capacity (Oki, 2022a).

WATRMod accounts for daily inputs of water to the plant-

soil system (precipitation [which consists of rainfall and fog
interception], irrigation, and septic-system leachate) and estimates
daily outputs of water (runoff, evapotranspiration, and recharge).
The plant-soil system consists of the exposed vegetation (for
example, the forest canopy and tree trunks), built surfaces, and
soil and water within the plant-root zone (fig. 3). WATRMod can
also account for other sources of water, including direct recharge,
which represents processes such as cesspool seepage that bypass
the plant-root zone. Details of WATRMod, including descriptions
of model inputs and outputs, are presented by Oki (2022a).

Model Subareas

WATRMod is designed to simulate hydrologic processes
and compute recharge for subareas of the overall study area (Oki,
2022a). A map of the subareas is analogous to a model feature
commonly referred to as a model grid. Each subarea can be an
irregularly shaped area of nonuniform size or a regular gridded
area of uniform size. The boundaries and spatial extents of the
subareas are defined by the user prior to executing the model.
Subareas can be defined by overlaying (intersecting) geographic
information system (GIS) datasets that contain spatially variable
model-input information, such as grid cells used to estimate
monthly rainfall and polygons representing land-cover types (see,
for example, fig. 2 of Oki, 2022a). The subareas are hydrologically
independent, meaning that WATRMod does not route runoff
or water from one subarea to an adjacent subarea, although
WATRMod does have the capability to incorporate subarea-
specific runoff estimates that account for such routing. WATRMod



A. Nonforest land covers

Storm-drain
capture

Ground
evaporation

Rejected
infiltration

Built surface

B. Forest land covers

Fog
interception

Rejected
infiltration

modified from McJannet and others (2007).

Direct
recharge

Direct
recharge

Figure 3. Conceptual water-budget flow diagrams for nonforest (A) and forest (B) land covers. Forest land-cover flow diagram

Groundwater
recharge

Fog
interception

Sensitivity Analysis

Evapotranspiration

Groundwater
recharge

Canopy Total
evaporation evapotranspiration
1
.N?t . Transpiration Grounq
precipitation evaporation

Direct
runoff

Direct
runoff

Septic-system
leachate

Septic-system
leachate

9



10 Identifying the Relative Importance of Water-Budget Information, Hawaiian Islands

requires a subarea-specific input file with information for each
subarea such as its land-cover type. The model output includes
recharge estimates for the subareas and aggregated recharge values
for larger areas, such as the overall study area.

The authors generated a map of subareas for the islands of
O‘ahu and Maui for the purpose of preparing model input used in
the sensitivity analysis (Johnson and Kane, 2023). Subarea maps
for both islands were generated in a GIS program by intersecting
spatial datasets used to characterize the spatial distribution of
rainfall, fog interception, £7,, runoff, soil properties, land cover,
and wastewater discharge from onsite sewage disposal systems
(OSDSs). The subarea maps were used to create the subarea-
specific model input file for each island, which requires a specific
format and set of attributes that are described by Oki (2022a). The
spatial datasets used to create the subarea maps cannot be read by
the model and therefore are not model input.

Spatial datasets that were merged to create the map of model
subareas for O‘ahu included maps of

1. Grid cells for the Rainfall Atlas of Hawai‘i (Giambelluca
and others, 2013) and Evapotranspiration Atlas of
Hawai‘i (Giambelluca and others, 2014),

2. Tax-map key (TMK) parcels identified by Hawai‘i State
Department of Health (2017) as having OSDSs,

Aspect and runoff zones (Engott and others, 2017),
Soil units (NRCS, 2019b),

vk w

Recent land cover (Engott, 2017), and

6. Areas below and within the cloud zone (fig. 4).

For O‘ahu—which has a maximum altitude of 4,025 feet (ft)—all
areas at or above 2,000 ft were assumed to be within the cloud zone
and all areas below 2,000 ft were assumed to be below the cloud
zone (fig. 4); this assumption is consistent with Engott and others
(2017). For this study, the O‘ahu subarea map contained 342,654
subareas with an average area of 1.1 acres (4,517 square meters).

Spatial datasets that were merged to create the map of model
subareas for Maui included maps of

1. Grid cells for the Rainfall Atlas of Hawai‘i (Giambelluca
and others, 2013) and Evapotranspiration Atlas of
Hawai‘i (Giambelluca and others, 2014),

2. TMK parcels identified by Hawai‘i State Department of
Health (2017) as having OSDSs,

Aspect and runoff zones (Johnson and others, 2018),

Soil units (NRCS, 2019a),

vk w

Recent land cover, and

6. Areas below, within, and above the cloud zone (fig. 4).

The recent land-cover map for Maui was the same as a 2017 land-
cover map (Mair, 2018), except that it included one additional
land-cover type, kiawe/phreatophytes, whose spatial extent was
determined from the “Kiawe forest and Shrubland” class in a
separate land-cover map (National Gap Analysis Program, 2011).

The Maui subarea map consisted of 374,956 subareas with an
average area of 1.2 acres (5,028 square meters).

For Maui, the base altitude of the cloud zone for windward
areas was assumed to be 2,000 ft (fig. 4), consistent with the
assumptions of Johnson and others (2018) and Mair and others
(2019). The base altitude of the cloud zone for leeward areas
was assumed to be 2,600 ft because Juvik and Hughes (1997)
described an absence of fog below 2,600 ft and the presence of
fog above that altitude for leeward areas on eastern Maui. Based
on radiosonde observations for two sites—one on Kaua‘i and one
on the Island of Hawai‘i—during wet weather conditions between
1998 and 2011, Zhang and others (2012) estimated a mean trade
wind inversion layer base height (TWIBH) of 7,480 ft for the
Kaua‘i site and 8,038 ft for the Island of Hawai‘i site. The nearest
100-ft altitude contour to the average of the TWIBH altitudes was
7,800 ft, which was the assumed top altitude of the cloud zone
for leeward and windward areas in this study. Zhang and others
(2012) also estimated mean TWIBH altitudes for the same sites
during dry conditions, but the mean TWIBH altitudes during
dry conditions were not considered in this study. Instead, only
the mean TWIBH altitudes during wet conditions were selected
because wet conditions were assumed to be most representative of
conditions when fog interception occurred, given that WATRMod
estimates fog interception using fog-to-rainfall ratios.

Model Input

Each scenario included in the sensitivity analyses used a
unique set of model input files (table 3). Model input for the
baseline scenario contained baseline values for all seven selected
parameters that were evaluated in the sensitivity analysis. The
baseline values for each parameter (table 2) are represented in
table 3 as 100 percent of baseline values. The model input for each
sensitivity scenario included a set of modified baseline values
(table 3) for only one of the selected parameters and contained
baseline values (table 2) for the other six selected parameters.
The components of model input that were not evaluated in the
sensitivity analysis were the same for every scenario.

Baseline Values for Seven Selected Model Parameters

Each subarea (Johnson and Kane, 2023) was assigned one
baseline value for each of the seven parameters that was included
in the sensitivity analysis. The baseline canopy-cover fractions that
were assigned to subareas were determined from a map of gridded
estimates of vegetation-cover fraction obtained from Giambelluca
and others (2014) and University of Hawai‘i (2014b). The baseline
values for the remaining six parameters evaluated in the sensitivity
analysis were assigned to subareas according to their land-cover
type (table 2) and generally were the same as the baseline values
used in recent applications of previous versions of the model
for O‘ahu and Maui (Engott and others, 2017; Mair and others,
2019). For taro land cover, however, baseline values assigned to
root depth (15 inches) and crop coefficient (1.25) were equal to
the averages of the root depths and crop coefficients specified for
wetland taro by Fares (2013).
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Crop coefficients assigned to nonforest land-cover types
were assumed to integrate the effects of transpiration, ground
evaporation, and canopy evaporation. Crop coefficients assigned
to forest land-cover types were assumed to integrate the effects
of transpiration and ground evaporation only because canopy
evaporation was accounted for separately (fig. 3; table 3). The
same assumptions were made by recent applications of previous
versions of the model for O‘ahu and Maui (Engott and others,
2017; Mair and others, 2019).

Model Input Not Evaluated

The components of model input that were not evaluated
in the sensitivity analysis were the same for every scenario and
generally were the same as or similar to model input used in recent
applications of previous versions of the model by (1) Engott and
others (2017) for O‘ahu for 1978-2007 climate conditions and (2)
Mair and others (2019) for Maui for 1978-2007 conditions. Model
input for this study that differed from what was used in these
recent studies either incorporated new information or accounted
for updates to model-input requirements, or both.

All scenarios simulated rainfall for the 30-year period
(1978-2007) used by the Rainfall Atlas of Hawai‘i (Giambelluca
and others, 2013). Monthly rainfall estimates during 1978-2007
for each rainfall grid cell (about 770 by 820 ft) on Maui and O‘ahu
were obtained from University of Hawai‘i (2015) and Frazier and
others (2016). In the model calculations, monthly rainfall values
were multiplied by mean monthly adjustment factors (Engott and
others, 2017; Johnson and others, 2018) so that mean monthly
rainfall computed by WATRMod would match that estimated
by Giambelluca and others (2013). WATRMod disaggregated
adjusted monthly rainfall into daily rainfall using the method
described by Oki (2022a) and monthly sets of daily-to-monthly
rainfall ratios that were randomly selected by the model. Sets of
daily-to-monthly rainfall ratios for each calendar month were
prepared for each rainfall grid cell using gridded estimates of daily
rainfall for 1990-2014 (Longman and others, 2019). Daily-to-
monthly rainfall ratios for a particular month and rainfall grid
cell were computed as ratios of daily rainfall to the sum of daily
rainfall for the month. Thus, the sum of daily-to-monthly rainfall
ratios in a set equaled 1, which ensured that adjusted monthly
rainfall values derived from Frazier and others (2016) were
preserved in the model calculations. Monthly runoff-to-rainfall
ratios for runoff zones on O‘ahu and Maui were computed for
1978-2007 using the method described by Mair and others (2019).

Estimates of fog-to-rainfall ratios were needed for the model
scenarios because WATRMod computed daily fog interception
as the product of daily rainfall, a fog-to-rainfall ratio, and a fog-
catch efficiency value (table 2). Fog-to-rainfall ratios for a given
day were assumed to equal mean monthly fog-to-rainfall ratios
for the corresponding month. For O‘ahu, mean monthly fog-to-
rainfall ratios determined by Engott and others (2017) were used
for all scenarios. For Maui, mean monthly fog-to-rainfall ratios
were determined using the same general approach as Johnson
and others (2018), but this study accounted for updates to (1) the
assumed base altitude of the cloud zone in leeward areas and (2)

the assumed top altitude of the cloud zone in all areas. One set
of mean monthly fog-to-rainfall ratios was computed for each
subarea as ratios of mean monthly potential fog interception to
mean monthly rainfall (Giambelluca and others, 2013). For each
calendar month, the mean monthly potential fog interception
was assumed to equal the mean annual potential fog interception
assigned to subareas according to fog regions (table 4; fig. 4)
and prorated for each month according to the average number of
days in the month. The mean monthly fog-to-rainfall ratios that
were determined for Maui ensured that model estimates of mean
annual fog interception for subareas with forest land-cover types
in the baseline scenario would approximately equal the rates of
potential fog interception (table 4), which were derived from fog-
interception measurements in the Hawaiian Islands by Johnson
and others (2018). Mean monthly fog-to-rainfall ratios were zero
for all subareas below the cloud zones on O‘ahu and Maui.

Irrigation was estimated in the model only for subareas
with selected agricultural land-cover type (coffee, diversified
agriculture, pineapple, seed corn, and taro) or with selected
developed land-cover type (golf course, high-intensity
developed, and medium-intensity developed) that is assumed
to contain irrigated lawns and landscapes. Supply-based
irrigation rates and irrigation-specific model parameters
(irrigation efficiency and irrigation multiplier) were not included
in the sensitivity analysis because watershed management
was assumed to have a limited effect on irrigation rates. Less
than 0.4 percent of the combined area managed by watershed
partnerships on O‘ahu and Maui was assigned a land-cover
type with irrigation. Because taro was assumed to be grown
in flooded pond fields, all subareas with taro land cover were
assigned supply-based monthly irrigation rates that equaled the
product of (1) the annual rate (455 inches per year) assigned to
taro in recent model scenarios for O‘ahu and Maui (Engott and
others 2017; Mair and others, 2019) and (2) the ratio of number
of days in the month to number of days in the year. Irrigation
rates for all remaining irrigated land covers on O‘ahu and Maui
were estimated by the model using the demand-based approach
and parameter values described by Engott and others (2017)
and Mair and others (2019). Subareas on O‘ahu and Maui with
a land-cover type of seed corn were assumed to consist of 75
percent seed corn and 25 percent bare soil by area, consistent
with the assumption made by Engott and others (2017).

The spatial distributions of the ratio of the mean canopy
evaporation rate during rainfall to mean precipitation rate for
saturated canopy conditions (£/R), estimated by Engott and others
(2017) for Oahu and by Johnson and others (2018) for Maui,
were used for all model scenarios. Monthly E7 values for each
subarea were derived from maps of mean monthly £7 obtained
from Giambelluca and others (2014) and University of Hawai‘i
(2014a). Maps of daily and monthly E7 were not available for
the period used in the model simulations (1978-2007). Therefore,
monthly £7 values were not varied from year to year and were
assumed to equal mean monthly £7 values. For each subarea, ET
was assumed to be the same each day of a given month. Engott
and others (2017) and Mair and others (2019) estimated £7, in the
same manner.



Table 4. Rates of potential fog interception used to compute baseline fog-to-
rainfall ratios used in model scenarios for the Island of Maui, Hawai'i.
[Fog regions are at altitude and are listed in feet (ft) above local mean sea level;

fog regions are shown in figure 4. Rates of potential fog interception were zero for
areas not in fog regions. Abbreviation: in., inch]

Fog region (altitude Location relative ~ Mean annual potential
above sea level) to cloud zone fog interception (in.)
Leeward Maui between Within 14
2,600 and 7,300 ft
Windward Maui between Within 30
2,000 and 7,300 ft
Leeward Maui above Above 10
7,800 ft and below
9,000 ft
Windward Maui above Above 18
7,800 ft and below
9,000 ft
Maui 9,000 ft and above Above 6

Representative available water capacity (AWC) values for
soil horizons within the soil units on O‘ahu and Maui (NRCS
2019a, b) were used as model input with some modifications.
The AWC values for the “rock land” soil unit were assigned to
the (1) “rock outcrop” soil unit, which is consistent with modi-
fications made by Engott and others (2017) and Mair and others
(2019), and (2) the “quarry” soil unit, for which NRCS (2019a,
b) did not provide AWC values. For Maui, AWC values for the
“cinder land” and “stony alluvial land” soil units were assigned to
the “cinder pit” and “gravel pit” soil units, respectively, because
NRCS (2019a) did not provide AWC values for the “cinder pit”
and “gravel pit” soil units. AWC values for O‘ahu and Maui were
assumed to be no less than 0.01 inch of water per inch of soil.

The fraction of each subarea covered by built surfaces
(fig. 3), which were considered impervious, was estimated
using a GIS program. The impervious area of each subarea was
determined in a GIS program by intersecting the subarea maps
with maps of impervious surfaces for O‘ahu and Maui (National
Oceanic and Atmospheric Administration, 2014, 2015). The built
fraction of each subarea was computed as the ratio of (1) the
impervious area of the subarea and (2) the total area of the subarea.
However, the built fraction for subareas representing water bodies
or reservoirs was assumed to be zero and the built fraction for the
remaining subareas was assumed to be no greater than 0.99. Each
subarea’s pervious fraction equaled 1 minus its built fraction.

Seepage from cesspools and other types of OSDSs was
accounted for in the model simulations because O‘ahu and Maui
contain more than 14,000 and 16,000 OSDSs, respectively
(Whittier and El-Kadi, 2009, 2014). For the model calculations,
seepage from cesspools was considered direct recharge whereas
seepage from all other types of OSDSs was considered septic-
system leachate (fig. 3). Model input with average daily rates of
cesspool seepage and septic-system leachate for TMK parcels
on O‘ahu and Maui were prepared from wastewater-discharge
(effluent-flux) estimates in OSDS databases for O‘ahu and Maui
(Hawai‘i State Department of Health, 2017). The O‘ahu and
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Maui OSDS databases, which are formatted as spatial datasets

of points generally representing the centroids of TMK parcels

that have OSDSs, included TMK numbers and effluent-flux
estimates for the TMK parcels. For each O‘ahu TMK parcel, the
cesspool seepage was assumed to equal the Class IV (cesspool)
effluent flux shown in the O‘ahu OSDS database; septic-system
leachate was assumed to equal the sum of effluent fluxes for the
remaining OSDS classes shown in the O‘ahu OSDS database. The
model inputs for Maui were prepared using a similar but different
approach because the Maui OSDS database did not contain the
same information as the O‘ahu OSDS database. For each Maui
TMK parcel, cesspool seepage equaled the product of (1) the total
effluent flux in the Maui OSDS database and (2) the ratio of the
number of Class IV OSDSs to the total number of OSDSs in the
Maui OSDS database. The septic-system leachate equaled the
remainder of the effluent flux shown in the Maui OSDS database
for the TMK parcel. For each model subarea within a TMK parcel
that contains at least one OSDS, the average rates of cesspool
seepage and septic-system leachate were converted from units of
gallons per day to inches per day by assuming that (1) cesspool
seepage was distributed as a uniform depth over the entire subarea
and (2) septic-system leachate was distributed as a uniform depth
over the subarea’s pervious area. The areas and spatial extents of
TMK parcels were determined in a GIS program using maps of
TMK parcels for O‘ahu (City and County of Honolulu, 2020) and
Maui (Counties of Kaua‘i, Maui, and Hawai‘i, 2019). Cesspool
seepage and septic-system leachate values for each of the dozens
of TMK parcels not shown in the TMK maps were added to the
corresponding values of the nearest TMK parcel included in the
TMK maps. Recent applications of previous versions of the model
(Engott and others, 2017; Mair and others, 2019) prepared model
input using the same general approach but allowed only one type
of effluent (cesspool seepage or septic-system leachate) in each
TMK parcel.

Other Model Input Not Evaluated

Storm-drain capture (fig. 3), representing rainfall captured
from built surfaces by storm-drain systems, was restricted to
subareas with high- or medium-intensity developed land-cover
types . The rejected-infiltration process was ignored by specifying
an arbitrarily high soil infiltration capacity value (9,999 inches
per day) to all subareas. For all model scenarios, the initial water
storage of the built fraction of subareas was set to 0.125 in.,
equivalent to 50 percent of the rainfall-retention capacity value
(0.25 in) assigned to built surfaces. The initial moisture storage
of the pervious fraction of subareas was set at 50 percent of the
soil moisture-storage capacity. The same initial values were used
in recent water budgets for O‘ahu and Maui (Engott and others,
2017; Mair and others, 2019). To mitigate possible effects of the
arbitrary initial values and random selection of monthly sets of
daily-to-monthly rainfall ratios, each model scenario was run for
10 simulations and the results were averaged. Water seepage from
reservoirs and other types of water bodies was treated as direct
recharge (fig. 3) and was accounted for in the model scenarios
using specified, constant recharge rates, which were the same
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as those specified by Engott and others (2017) for O‘ahu and by
Mair and others (2019) for Maui. The model computed actual
evapotranspiration before recharge for each simulated day.

Model Output

The model generated several output files for each scenario.
The content of each output file is described by Oki (2022a).
The sensitivity analysis selected each scenario’s output file that
contained the mean annual water-budget components (in inches)
that were averaged over all the scenario’s simulations, for each
subarea. The modeled water-budget components in the selected
output file included recharge as well as rainfall, fog interception,
irrigation, septic-system leachate, direct recharge, run on from
the built to unbuilt part of the subarea, canopy evaporation, net
precipitation, storm-drain capture, and actual evapotranspiration
derived from the plant-root zone exclusive of canopy evaporation.
However, only the recharge values for subareas (Johnson and
Kane, 2023) were used in the sensitivity analysis.

Evaluation of Model Recharge Estimates for
Sensitivity Analysis

The sensitivity of model recharge estimates to the selected
parameters was evaluated for three moisture zones (dry, mesic,
and wet) on O‘ahu and Maui (fig. 2). Price and others (2012)
defined the moisture zones for the purpose of estimating the
geographic ranges of plant species in the Hawaiian Islands. A map
of the moisture zones for the Hawaiian Islands was created from
a spatial dataset of the seven moisture subzones provided by Price
and Jacobi (2012). Results of a sensitivity analysis were used
to quantify the relative importance of each parameter on model
recharge estimates for the dry, mesic, and wet moisture zones on
O‘ahu and Maui only.

Computation of Parameter Sensitivity Indices for
Moisture Zones

A numerical value, termed a parameter sensitivity index, was
needed to determine the relative importance of a parameter for
recharge assessment for each moisture zone. The model parameter
values and corresponding recharge estimates for the subareas of
O‘ahu and Maui were combined to form a pooled dataset that was
then used to determine parameter sensitivity indices as follows.
First, model recharge estimates for each subarea and scenario were
converted from units of inches per year to million gallons per day.
Next, the recharge for each moisture zone was computed for each
scenario as the sum of the subarea recharge values, in million
gallons per day, for the scenario. Next, an average parameter value
was computed for each moisture zone and scenario, as follows:

CW..p,
Pz,‘ ==l 7 7 (1)

where
P_ is the average parameter value for moisture
zone z and scenario s associated with the
parameter (table 3);
n is the number of subareas within moisture
zone z;
w is the area, in square meters, of subarea i
within moisture zone z; and
D, is the parameter value assigned to subarea i
for scenario s.
Next, an average baseline parameter value was computed for
each moisture zone, as follows:
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where
P is the average baseline parameter value for
moisture zone z; and
D, is the baseline parameter value assigned to
subarea i.

Next, pairs of explanatory (ﬁz,s) and response (17?_“) values for each
parameter were computed, as follows:

N
P, = P‘ %100 percent, and (3)
D Rz s
R, = R, x100 percent, 4
where
P is the normalized average parameter value

(and the explanatory value) for moisture
zone z and scenario s associated with a

7 parameter;

R is the normalized average recharge (and the
response value) for moisture zone z and
scenario s associated with a parameter;

R is the sum of subarea recharge values for
moisture zone z and scenario s associated
with a parameter; and

R is the sum of baseline subarea recharge values
- for moisture zone z.

For each moisture zone and parameter, log-transformed
explanatory values were computed as the natural logarithms
of explanatory values. A parameter’s sensitivity index for
a moisture zone was defined in this study as the slope of
the line, determined using ordinary least squares regression
(following Helsel and others, 2020), that either (1) related
its response values to its log-transformed explanatory values
(method 1) or (2) related its response values to its explanatory
values (method 2). Scatter plots of response and explanatory
values for both methods were examined and used to select
one method for each moisture zone (table 5). Method 1 was
selected for the dry and mesic moisture zones because scatter
plots for the zones generally showed (1) a monotonic linear
correlation between the log-transformed explanatory values



Table 5. Parameter sensitivity indices determined for moisture zones of the Islands of O‘ahu and Maui, Hawai'i.
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[Moisture zones shown in figure 2. A parameter’s sensitivity index for a moisture zone represents the slope of the line, determined using ordinary least squares
regression (Helsel and others, 2020), relating response values to explanatory values for the moisture zone and model scenarios associated with the parameter
(figs. 5-7); Model recharge estimates for a moisture zone are more sensitive to a parameter whose sensitivity index is relatively far from zero compared with
a parameter whose sensitivity index is closer to zero. Abbreviations: P values, normalized average parameter values for a moisture zone and model scenarios
associated with a parameter; R values, normalized average recharge values for a moisture zone and model scenarios associated with a parameter. Pearson’s »

computed using method of Helsel and others (2020)]

) Explanatory and response Parameter sensitivity index (and Pearson’s r)
Moisture values used to determine c c c F tch Trunk-st
anopy anopy- rop og-catc! runk-storage
zone IR
parameter sensitivity indices capacity  coverfraction  coefficient efficiency Root depth Stemflow capacity
Dry P values transformed using —1.438 =5.710 —42.955 1.839 —26.269 —0.035 —0.240
natural logarithmand R~ (~0.996) (—0.998) (—0.985) (0.965) (—0.999) (~0.868) (-0.994)
values
Mesic P values transformed —13.477 —17.303 —68.032 8.354 —12.729 —0.365 —1.424
using natural logarithm ~ (~0.996) (—0.998) (—1.000) (0.970) (~0.999) (—0.884) (—0.999)
and R values
Wet P values and R values —0.091 —-0.115 —0.203 0.114 —0.005 —-0.001 —0.008
(-0.998) (-0.998) (~1.000) (1.000) (-0.942) (~0.599) (~0.969)

and response values for each parameter (figs. 5 and 6) and (2)
a monotonic nonlinear correlation between the explanatory
values and response values for some of the parameters.
Method 2 was selected for the wet moisture zone because
scatter plots for the zone generally showed a monotonic linear
correlation between the explanatory values and response
values for each parameter (fig. 7).

The use of more than one method to determine the
parameter sensitivity indices was assumed to be acceptable
because the sensitivity indices within each zone were
computed using the same method, and comparisons of the
sensitivity indices were constrained to one moisture zone at
a time. This study did not compare the parameter sensitivity
indices from one moisture zone with those from another
moisture zone.

Summary of Parameter Sensitivity Indices for
Moisture Zones

The parameter sensitivity indices for the moisture zone
included positive and negative values (table 5). Fog-catch
efficiency was the only parameter that had positive sensitivity
indices, which indicates that recharge estimates for the moisture
zones were directly proportional to the fog-catch-efficiency
values—that is, recharge estimates increased and decreased when
baseline fog-catch-efficiency values increased and decreased,
respectively. Values of Pearson’s » (Helsel and others, 2020)
ranged from 0.965 to 1.000 across the three moisture zones for
the sets of explanatory and response values selected for fog-catch
efficiency. The remaining six parameters had negative sensitivity

indices, which indicates that recharge estimates for the moisture
zones were inversely proportional to the parameter values—that is,
recharge estimates for the moisture zones increased and decreased
when baseline parameters values decreased and increased,
respectively. Values of Pearson’s r ranged from —0.942 to —1.000
across the three moisture zones for the sets of explanatory and
response values selected for canopy capacity, canopy-cover
fraction, crop coefficient, root depth, and trunk-interception
capacity. Values of Pearson’s » ranged from —0.599 to —0.868
across the three moisture zones for stemflow, whose sensitivity
indices were closer to zero than the other parameters and whose
parameter values had relatively less effect on recharge values than
the other parameters (figs. 5-7).

For each moisture zone, model recharge estimates were
(1) less sensitive to parameters whose sensitivity indices were
relatively close to zero and (2) more sensitive to parameters
whose sensitivity indices were relatively far from zero (both
positive and negative values). The sensitivity index for a given
parameter and moisture zone can be used to estimate how
much the moisture zone’s normalized average recharge would
be expected to change in response to a change to the zone’s
normalized average parameter value. For example, fog-catch
efficiency had a sensitivity index of 0.114 for the wet moisture
zone. Therefore, normalized recharge for the wet moisture zone
would be expected to increase by 11.4 percent if the zone’s
normalized average baseline value for fog-catch efficiency
increased by 100 percent. Or, alternatively, normalized recharge
for the wet moisture zone would be expected to decrease by
1.14 percent if the zone’s normalized average baseline fog-catch
efficiency decreased by 10 percent.
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A. Canopy capacity