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and sinks of groundwater within each HUC-12 watershed and over the entire five-watershed analysis area.1 
The GWFM domain lies within this area, as shown on Figure 2-1. The goal of the water budget calculations 
is to estimate inflows and outflows from the model domain and across the model domain boundaries. 

Groundwater sinks (i.e., groundwater discharge from the analysis area) include springs flows, water supply 
wells, and discharge to Pearl Harbor or the Pacific Ocean. Interactions between streams and groundwater 
were assumed to be negligible because stream beds above the basalt aquifer are generally much higher that 
the water table, and downward seepage from the streams is impeded by highly weathered old alluvium and 
weathered basalt (Oki 1998), as well as concrete-lined channels in some areas . 

Results of the initial analysis demonstrated a reasonable water budget without a significant surplus or deficit 
over the entire area but significant surpluses and deficits within individual HUC-12 watersheds, indicating 
flow across the interior HUC-12 watershed boundaries. The next step in the analysis included incorporation 
of the GWFM domain, which split some HUC-12 boundaries into partial watersheds and accounting for 
flow across watershed boundaries, shown on Figure 2-2. This step allowed for estimation of inflows and 
outflows across the GWFM domain boundary.  

Recharge 

The spatial distribution of rainfall recharge to groundwater was assigned using USGS estimated values for 
average conditions from 1978 to 2007 (Engott et al. 2017). Figure 2-3 shows the distribution of recharge 
established by the USGS. Water budget calculations were performed for average conditions. Additional 
analysis was performed to account for variability of recharge based on deviations from average precipitation 
and is discussed further in Section 6.2. 

Spring Discharge 

Spring discharge was estimated using linear regression equations developed by Oki (1998) to correlate 
water levels in Well 3-2256-010 (‘Aiea Bay Well) and spring discharges near Pearl Harbor. The average 
water level in Well 3-2256-010 (16.45 feet [ft] mean sea level [msl]) was used to estimate spring discharges 
for the water budget calculations. The average water level was estimated for the same time period as the 
average recharge calculations. 

Water Supply Well Discharge 

The Hawai‘i State Department of Land and Natural Resources (DLNR) provided average water supply well 
pumping rates as of 2017, which were used for water budget calculations. Updated water supply well 
pumping rates for time periods of water level data were also provided and used later in the GWFM water 
budget development, discussed further in Section 4.2. Figure 2-1 shows the water wells which were 

 

 

1 Because the first nine digits of the HUC12 boundaries are the same (i.e., 200600000), the codes are hereafter referred 
to by only the last three digits. 
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Table 2-2: Caprock Discharge Estimates by HUC12 Watershed 

HUC12 Watershed ID 
Effective Hydraulic 
Conductivity (ft/d) Total Caprock Discharge (mgd) 

303 2.8 1.0 
304 4.6 1.7 
305 3.2 1.1 
401 1.4 3.1 
402 0.2 0.0 
403 0.1 0.1 
404 0.1 0.0 
 Total 6.9 

Notes: mgd – million gallons per day 

Uncertainty in this calculation is primarily related to simplifying assumptions of 2-dimensional geometry, 
depth to the freshwater/saltwater interface and the hydraulic conductivity of the caprock. However, the 
objective of this calculation is to constrain the water budget estimates for modeling purposes. The analysis 
demonstrated that discharge to surface water is small relative to the spring flows and groundwater 
extraction; therefore, the relative accuracy of spring and well flows is more important to the model 
predictions than the flow to Pearl Harbor and the Pacific Ocean. Relatively large variations in caprock 
discharge estimates will result in only minor changes to the overall water budget. 

Results 

Table 2-3 tabulates the in- and out-flows for each HUC12 watershed. The calculations demonstrate that 
several watersheds have inflows that are greater than outflows (indicated in Table 2-3 as a surplus with a 
positive value). However, when summing over all the contributing watersheds, the inflows and outflows 
approach balance. This is likely due to flow between adjacent watersheds. The largest deficit of water 
(indicated as a negative value in Table 2-3), HUC-12 401, appears to be driven primarily by spring outflows, 
totaling approximately 32 million gallons per day (mgd). The caprock is also thinnest in this area, resulting 
in a higher estimated caprock discharge compared to adjacent watersheds, though it is still a relatively small 
portion of each water budget. Outflow to Pearl Harbor and the Pacific Ocean is limited by the relatively 
low hydraulic conductivity of the caprock compared to the basalt aquifer and comprises only about 3% of 
the total water budget. While approximately 65% of aquifer discharge occurs through water supply wells, 
the remaining 32% of discharge occurs through the springs. 
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The conclusion of the water budget calculations is that groundwater converges regionally into HUC12 401, 
where the caprock is thin and the largest spring flows occur and that spring outflows and groundwater 
extraction for water supply are significantly larger components of the water budget than outflow to the 
Ocean and Pearl Harbor. Representation of the water budget for average conditions is shown on Figure 2-5.  

2.3.2 Conceptual Water Budget – GWFM Domain 

Similar water budget calculations were performed using the GWFM domain where it intersects the 
watersheds analyzed for water budget. Watersheds intersecting the GWFM domain were split as shown on 
Figure 2-2. Sinks and sources to each watershed were recalculated based on spatial location. Similar to the 
water budget calculations by HUC-12 watershed, a deficit of water resulted in the in the partial watershed 
for HUC-12 401 and surpluses resulted in the surrounding watersheds, including the GWFM domain, 
further supporting the conclusion that that groundwater converges on the springs to the northwest of the 
GWFM domain. Additionally, this implies that there is a component of groundwater flow that enters from 
the southeast and exits northwest of the GWFM domain. The water budget was then recalculated passing 
the surplus of water from one watershed to the next toward partial HUC-12 401. The end result is a 
discrepancy of in- and out-flows of 1.1 mgd, or an error of 0.6%. The results of the calculation are shown 
in Table 2-4. Figure 2-6 shows the model domain and inflows and outflows for average conditions. These 
water budget calculations provide a conceptual framework for groundwater flow and a foundation for 
subsequent calculations of water budget during each GWFM stress period, accounting for changes in 
stresses over time such as variations in pumping. This topic is discussed further in Section 4.2. These 
numbers provide a foundation for constraining the water budget in the GWFM. 

Table 2-4: Water Budget Calculations for Average Conditions Within GWFM Domain 

Watershed 
ID 

Recharge 
(mgd) 

Dike 
Region 
Inflow 
(mgd) 

Spring 
Discharge 

(mgd) 

Well 
Discharge 

(mgd) 

Caprock 
Discharge 

(mgd) 

Inflow 
from 

Adjacent 
Watershed 

(mgd) 

Outflow to 
Adjacent 

Watershed 
(mgd) 

Total 
Inflow 
(mgd) 

Total 
Outflow 
(mgd) 

304 (Partial) 18.0 — 0.0 1.6 0.0 1.4 18.0 18.0 
Model 
Domain 

32.5 28.7 13.3 2.4 1.4 8.7 62.6 62.6 

401 (Partial) 3.2 — 21.4 1.6 40.6 — 43.8 44.9 
402 51.8 — 16.7 0.0 14.0 31.9 65.8 65.8 
403 60.5 — 13.9 0.1 0.0 14.0 60.5 60.5 
Total 166.0 28.7 65.3 5.8 — — 194.7 195.8 

 

3.0 Numerical Model Development 

3.1 Numerical Code Selection 
Several criteria were considered in selection of the groundwater modeling software. First and foremost, the 
software needs to be capable of meeting project objectives and handling site-related complexities. Of 
particular importance is the ability of the model code to handle complex geometry with dipping and pinched 

(b)(3)

(b)(3)

(b)(3)

(b)
(3)(b)
(3)(b)(3)
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Table 4-1 summarizes the target data used during the calibration process. The target groups are ranked by 
their final contribution to the objective function, or by the measure of error between observed and simulated 
values, which is minimized by the PEST software. Water level and drawdown data were parsed into hourly 
average water levels within 2 days of a pumping rate change and daily averages during other periods. Water 
levels measured between November 28, 2021 and January 15, 2022 were removed from the calibration data 
set due to the effect of significant precipitation events not accounted for in the model simulation. Drawdown 
was calculated for stress periods 2 through 6 based on the final water level in stress period 1, and drawdown 
for stress period 10 was calculated from the final water level simulated in stress period 9. Water levels in 
the caprock were sourced from other Navy projects. The caprock water levels were assigned in stress period 
1 because the caprock water levels were stable throughout the simulation. Flux targets were derived from 
the water budget calculations described in Section 2.3.1. 

Table 4-1: Summary of Model Calibration Target Data 

Rank of 
Contribution 
to Objective 
Function Phase Parameter Type 

Number of 
Target Data 

Points Group Description 
1 2 Basal Aquifer Water 

Levels 
9928 1 Water Levels from  

2017/2018, 2021/2022 
2 2 Basal Aquifer 

Drawdown 
5393 1 Calculated from  

Water Levels from  
2017/2018, 2021/2022 

3 2 Deep Basal Aquifer 
Water Levels 

1075 2 Water Levels from  
2017/2018, 2021/2022 

4 2 Deep Basal Aquifer 
Drawdowns 

1002 2 Calculated from  
Water Levels from  
2017/2018, 2021/2022 

5 2 Saprolite/Confining Unit 
Water Levels 

570 3 Water Levels from  
2017/2018, 2021/2022 

6 1 Caprock Water Levels 133 4 Collected from various 
Navy Projects across the 
model domain 

7 1 Ocean/Pearl Harbor Flux 1 1 Estimated in Water Budget 
Calculations 

8 2 Spring Flux 10 1 Estimated in Water Budget 
Calculations 

 

A two-stage model calibration approach was selected to manage PEST run times and to prioritize more 
important targets related to the basal aquifer heads. The first stage focused on the flow through the caprock, 
including caprock water levels and discharge to the constant head boundary representing Pearl Harbor and 
the Pacific Ocean. The water budget analysis indicated that flow through the caprock is only a small portion 
of the overall flow in the domain; once initially calibrated, further adjustment of caprock parameters did 
not significantly change results or interactions with the basal aquifer. The second stage focused on 
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calibration of basal aquifer heads and drawdowns through adjustment of basalt parameters, GHB heads, 
and spring heads. Given uncertainties in the water budget calculations and the majority of inflows being 
fixed, water budget estimates in and out of the GHBs were not used as calibration targets to allow for a 
more optimal match to heads and drawdowns. Comparisons to estimates were made in post-processing.  

4.2 Calibration Model Setup 
The GWFM was assigned ten stress periods, encompassing the water level and drawdown data collected 
during the 2017/2018 synoptic monitoring (Mitchell and Oki 2018), the synoptic groundwater level survey 
from December 2021 (USGS 2022a), and the groundwater level monitoring from January to March 2022 
(USGS 2022b). The stress periods are tabulated in Table 4-2. Rates defined for other water supply wells by 
stress period are shown in Table 4-3. All other inputs remained constant across all stress periods.  

Water budget calculations as described in Section 2.3.1 were performed with updated pumping rates for 
each stress period. The results are shown in Table 4-4. The average water budget estimates described in 
Section 2.3 resulted in a relatively small error, or difference between the sum of inflows and sum of outflows 
of 2 mgd, or about 1% of the total water budget. When adjusting the water budget by stress period to account 
for pumping changes for these specific time periods, the error increased significantly to approximately 13–
23 mgd surplus of water, or approximately 7–12% of the total 193 mgd accounted for in the water budget. 
During this period, precipitation was lower than average; however, this is not accounted for in the 
calibration model setup. Adjustment of recharge based on precipitation data is addressed further in the 
sensitivity analysis, where a scaling factor was applied to recharge to account for recent precipitation 
patterns, as discussed further in Section 6.2. The water budget calculations are generally intended to guide 
model behavior, but exact adherence to the estimated values is not necessary; therefore, the error associated 
with these calculations is considered acceptable. 
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Table 4-4: Conceptual Water Budget for GWFM Domain by Stress Period 

Stress 
Period 

Recharge 
(mgd) 

Dike Region 
Inflow (mgd) 

Well 
Discharge 

(mgd) 

Spring 
Discharge 

(mgd) 

Caprock 
Discharge 

(mgd) 

Inflow from 
Southeast 

GHB (mgd) 

Outflow to 
Northwest 

GHB (mgd) 

Total  
Inflows 
(mgd) 

Total 
Outflows 

(mgd) 
1 32.5 28.7 13.6 2.4 2.8 16.0 64.0 
2 32.5 28.7 13.6 2.4 2.8 19.6 64.0 
3 32.5 28.7 13.5 2.4 2.8 12.0 64.0 
4 32.5 28.7 13.5 2.4 2.8 15.6 64.0 
5 32.5 28.7 13.7 2.4 4.7 24.1 65.9 
6 32.5 28.7 13.6 2.4 4.7 12.2 65.9 
7 32.5 28.7 13.4 2.4 4.1 17.4 65.3 
8 32.5 28.7 12.6 2.4 2.8 18.8 63.9 
9 32.5 28.7 13.7 2.4 0.5 23.8 61.7 
10 32.5 28.7 13.9 2.5 7.5 25.9 68.7 

 

  

(b)(3) (b)(3)
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4.3 Model Parameterization 
As discussed in Section 3.2, there are 36 model layers representing many distinct hydrogeologic units. The 
major hydrogeologic units delineated within the model include the caprock, valley fill, volcanic tuff, 
saprolite, basalt, and basalt behaving as a confining unit. Details about the geologic setting are presented in 
the CSM report (DON 2019) and updated in the 2023 CSM Appendix E Addendum (DON 2023), with 
newly collected data summarized in Section 2.2. 

The three-dimensional geological model constructed in Earth Volumetric Studio (EVS) version 2022.10.2 
(C Tech 2022) was used to interpolate observed geologic data across the flow model domain to construct 
hydrogeological units. Data from the EVS model were transferred to the MODFLOW-USG grid by 
sampling the EVS model for each model cell. During the model calibration process, the caprock was further 
divided into alluvium and marine sediments, each of which consists of two layers, shallow with high 
permeability to match shallow water levels and deep with lower hydraulic conductivity to limit outflow 
through the caprock. Figures 4-1 and 4-2 show the model parameterization in plan view and cross section, 
respectively. The model was calibrated such that the hydrogeologic properties are constrained by reasonable 
ranges given field measurements, past studies, and professional judgement. These values are shown in Table 
4-5. Parameter ranges were derived from the 2023 CSM Addendum Table 3 (DON 2023). Parameter ranges 
were often narrowed from previously published values to align with the CSM and anticipated behavior of 
the hydrogeologic system. 

Table 4-5: Model Parameterization 

Geologic 
Material/Feature Parameter Unit Layer(s) 

Minimum 
Value 

Maximum 
Value 

Calibrated/
Assigned 

Value 
Caprock - Marine 
Sediments 

Kh ft/d 1 0.01 1,000 52 

Caprock - Marine 
Sediments 

Kh:Kv Ratio — 1 5 100 10 

Caprock - Marine 
Sediments 

Kh ft/d 2 0.01 10 0.1 

Caprock - Marine 
Sediments 

Kh:Kv Ratio — 2 5 100 10 

Caprock - Marine 
Sediments 

Specific Storage — 1–2 Not Calibrated 5.00E-05 

Caprock - Marine 
Sediments 

Specific Yield % 1–2 Not Calibrated 15% 

Caprock - Marine 
Sediments 

Effective Porosity % 1–2 Not Calibrated 15% 

Caprock - Alluvium Kh ft/d 1 1 1,000 155 
Caprock - Alluvium Kh:Kv Ratio — 1 5 100 10 
Caprock - Alluvium Kh ft/d 2 0.01 10 0.1 
Caprock - Alluvium Kh:Kv Ratio — 2 5 100 10 
Caprock - Alluvium Specific Storage — 1–2 Not Calibrated 5.00E-05 
Caprock - Alluvium Specific Yield % 1–2 Not Calibrated 15% 
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available (Juturna LLC 2014). Video survey of the well showed a solid casing with no slots or screen to a 
depth of 244 ft bgs, where the camera was blocked by an obstruction. A water level meter was either 
obstructed or reached the bottom of the borehole at a depth of 275.46 ft bgs. Well construction is unknown 
below 244 ft bgs. These wells were grouped together due to similar behavior and lower confidence in their 
representativeness of the basal aquifer. Water levels in these wells are consistently simulated lower than 
observed, indicated by a residual mean of 0.67 ft and a RMSE of 0.0.79 ft. A possible cause is effects of 
water density on water levels or non-traditional well construction, which may have resulted in a higher head 
measured head. These effects appear to be present only in these wells; therefore, their impacts to the overall 
conceptualization of groundwater flow do not appear to be significant.  

Group 3 wells are wells screened in saprolite or in confining unit conditions, including RHMW  and 
multilevel well RHMW  Water levels from other wells with elevated heads including RHMW

, and RHMW were only available during the period between November 
28, 2021 and January 15, 2022 therefore, those water levels were not included in the calibration. RHMW  
was believed to be screened in the basal aquifer but maintains a head of approximately  ft higher than 
the underlying basal aquifer and exhibits a muted response to pumping rate changes at  compared to 
what would be expected if it were screened fully in the basal aquifer, as evidenced by responses at 
RHMW  nearby. Simulated head values are only approximately 0.75 ft higher than nearby points in the 
adjacent basalt aquifer; however, this may be due to the model discretization at the target location, because 
the target is positioned in the first cell along the transition from basalt to basalt confining unit. In the 
adjacent confining unit cells farther from this transition, heads are significantly higher, replicating the 
impact of confining conditions in the general area. RHMW  is a screened zone above the depth of 
good hydraulic communication with the basal aquifer and maintains a head of approximately 100 ft msl, 
though continuous water saturation was observed to the basal aquifer when installed. Simulated values at 
this target location are in the range of 66 ft msl. Although the residual is large, the saprolite and valley fill 
in this area acts as a relatively impermeable feature within and overlying the basal aquifer (Oki 1998), 
consistent with the simulated behavior in the model. 

  

(b)
(9)(b)(9) (b)

(9)(b)(9) (b)(9)

(b)
(9)

(b)
(9)

(b)(9)

(b)
(3)(b)
(3)
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Chart 4-1: Simulated and Observed Heads for 2017/2018 Data 
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Chart 4-2: Simulated and Observed Heads for 2021/2022 Data 



Groundwater Flow Model Technical Memorandum 
Red Hill Bulk Fuel Storage Facility  May 17, 2023 
 

28 

 
Chart 4-3: Simulated and Observed Heads for All Data 
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Chart 4-4: Hydraulic Gradients Along Red Hill Ridge 

Gradients to the northwest of Red Hill ridge were simulated very closely in stress periods 3 and 10, whereas 
stress periods 2 and 9, when  was , showed very gentle or reverse gradients. Magnitude of the 
gradient in stress period 3 was observed to be 4.38E-5 ft/ft compared to 5.87E-5 ft/ft simulated. Magnitude 
of the gradient in stress period 10 was observed to be 5.97E-5 ft/ft compared to 3.74E-5 ft/ft simulated. In 
stress period 2, observed data indicated a negative gradient up the ridge of 1.20E-5, whereas the observed 
gradient down the ridge was 6.51E-6 ft/ft, which is approximately an order of magnitude lower than the 
scenarios with  on. In stress period 9, the opposite occurred where a gentle gradient of 1.10E-5 ft/ft 
down the ridge was observed and a negative gradient up the ridge of 1.10E5 ft/ft was simulated. In both 
these cases, there is some variability around the trendlines for actual simulated and observed water levels, 
indicating some uncertainty of the gradients calculated by linear regression. Overall, in stress periods 2 
and 9, the concept of flatter gradients and the potential for negative gradients up the ridge is simulated, but 
in the opposite stress period as observed.  

(b (b (b (b

(b (b)(b(b

(b)
(3)

(b)
(3)

(b)
(3)
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Water levels at wells within the vicinity of the Facility generally match magnitude and trend of the water 
levels and drawdown plots, although drawdown tends to be approximately 0.1 to 0.15 ft smaller than 
observed in response to startup of . Water levels within  itself fluctuate significantly due to cyclic 
pumping, while only average pumping rates are simulated. In general, water levels in  are simulated 
slightly higher than the daily average of observed water levels.  

OWDF wells were installed in 2021, after the 2017/2018 synoptic monitoring. Therefore, synoptic 
monitoring data are available only during 2021/2022. Simulated drawdown at the OWDF wells follow 
similar patterns to observed drawdowns; however, the simulated water levels are consistently lower than 
observed. The likely source of this is discrepancy is heterogeneities not explicitly represented in the model 
that result in perched or semi-perched observed water levels.  

4.4.5 Comparison to Conceptual Water Budget 

The simulated water budget at the end of each stress period was compared to the conceptual water budget 
calculations, as shown in Table 4-7. Several components of the water budget inform model boundary inputs 
including recharge, dike region inflow, and well discharge. Changes in storage were not considered in the 
conceptual water budget calculations, because they rely on water level changes over the entire domain, 
which is not easily estimated and obscured by other stress changes. Overall storage changes are a relatively 
small component of the water budget and within the error bracketing the water budget estimates. The 
transient model simulations do include storage changes, further demonstrating that they are a relatively 
small portion of the water budget by the end of each stress period.  

(b)
(3)

(b)
(3) (b)

(3)
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Table 4-7: Comparison of Conceptual and Simulated Water Budget 

Type 
Stress 
Period 

Recharge 
(mgd) 

Dike Region 
Inflow 
(mgd) 

Well 
Discharge 

(mgd) 

Spring 
Discharge 

(mgd) 

Caprock 
Discharge 

(mgd) 

Inflow from 
Southeast 

(mgd) 

Outflow to 
Northwest 

(mgd) 
Storage 
(mgd) 

Total 
Inflows 
(mgd) 

Total 
Outflows 

(mgd) 
Conceptual 1 32.5 28.7 13.6 2.4 2.8 16.0 0.0 64.0 
Simulated 32.5 28.7 12.8 3.9 12.1 24.2 0.0 73.3 
Difference 0.0 0.0 -0.8 1.5 9.3 8.2 0.0 9.3 
Conceptual 2 32.5 28.7 13.6 2.4 2.8 19.6 0.0 64.0 
Simulated 32.5 28.7 13.0 3.9 11.1 24.7 -2.2 72.3 
Difference 0.0 0.0 -0.6 1.5 8.3 5.1 -2.2 8.3 
Conceptual 3 32.5 28.7 13.5 2.4 2.8 12.0 0.0 64.0 
Simulated 32.5 28.7 12.8 3.9 12.4 24.2 3.4 77.0 
Difference 0.0 0.0 -0.7 1.5 9.6 12.2 3.4 13.0 
Conceptual 4 32.5 28.7 13.5 2.4 2.8 15.6 0.0 64.0 
Simulated 32.5 28.7 12.8 3.9 12.4 23.9 -0.4 73.6 
Difference 0.0 0.0 -0.8 1.5 9.6 8.3 -0.4 9.6 
Conceptual 5 32.5 28.7 13.7 2.4 4.7 24.1 0.0 65.9 
Simulated 32.5 28.7 13.7 3.9 11.3 27.1 -2.0 72.5 
Difference 0.0 0.0 -0.1 1.6 6.6 3.1 -2.0 6.6 
Conceptual 6 32.5 28.7 13.6 2.4 4.7 12.2 0.0 65.9 
Simulated 32.5 28.7 12.4 3.9 13.1 23.0 2.8 77.1 
Difference 0.0 0.0 -1.2 1.5 8.4 10.9 2.8 11.2 
Conceptual 7 32.5 28.7 13.4 2.4 4.1 17.4 0.0 65.3 
Simulated 32.5 28.7 12.7 3.9 11.1 23.8 0.0 72.3 
Difference 0.0 0.0 -0.7 1.5 7.0 6.3 0.0 7.0 
Conceptual 8 32.5 28.7 12.6 2.4 2.8 18.8 0.0 63.9 
Simulated 32.5 28.7 12.7 3.9 11.3 23.5 -2.2 72.5 
Difference 0.0 0.0 0.1 1.5 8.6 4.7 -2.2 8.6 
Conceptual 9 32.5 28.7 13.7 2.4 0.5 23.8 0.0 61.7 
Simulated 32.5 28.7 14.2 3.9 8.2 29.3 -0.1 69.4 
Difference 0.0 0.0 0.6 1.5 7.7 5.5 -0.1 7.7 
Conceptual 10 32.5 28.7 13.9 2.5 7.5 25.9 0.0 68.7 
Simulated 32.5 28.7 13.7 3.9 10.3 27.6 0.0 71.4 
Difference 0.0 0.0 -0.2 1.4 2.8 1.7 0.0 2.8 

Note: 
Orange shading indicates simulated values are greater than conceptual estimates. 
Blue shading indicates simulated values are less than conceptual estimates.

(b)(3) (b)(3)
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Chart 6-1: Correlation Between Precipitation and Water Levels 

The analysis shows that the correlation of groundwater levels to preceding periods of rainfall increases 
steadily up to roughly a 16-month average and, depending on the location of the weather station, shows the 
strongest correlation generally between 16- and 30-month averages. This indicates that groundwater levels 
are more dependent on precipitation over the previous 1–2 years, rather than on more recent precipitation 
events. An additional water budget calculation was conducted using scaled recharge (Table 6-2), where the 
ratio of precipitation over the previous 24 months to average precipitation was then applied as a scaling 
factor to recharge.  

Table 6-2: Recharge Scaling Factor by Stress Period 

Stress Period Recharge Scaling Factor 
1 77.2% 
2 77.2% 
3 77.5% 
4 77.5% 
5 77.5% 
6 85.1% 
7 78.2% 
8 78.2% 
9 91.5% 

10 82.5% 
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There are many sources of error and uncertainty in models. Model error commonly stems from practical 
limitations of grid spacing, time discretization, parameter structure, insufficient calibration data, and the 
effects of processes not simulated by the model. These factors, along with unavoidable error in 
observations, result in uncertainty in model predictions. 

Specific sources of uncertainty for the Red Hill Facility Groundwater Flow and CF&T model include grid 
spacing and parameter structure. The 25 ft x 25 ft grid spacing of the regional flow model limits ability to 
simulate conditions on smaller spatial scales. The model layering may also impose some uncertainty on 
predictions as the model predicts groundwater elevations averaged over vertical distances. Additionally, 
the layer structure of this model assumes an average dip azimuth and dip magnitude of the basalt over the 
entire model domain, which dictates the layer structure. Actual dip azimuth and magnitude are quite 
variable in horizontal and vertical space and cannot be accurately estimated in all locations through field 
investigations. Hydraulic conductivities are known to vary over orders of magnitude in even relatively 
homogeneous systems. The basal aquifer beneath the facility is known to be heterogeneous with widely 
varying hydraulic properties of sub-units within the basalt which includes highly transmissible flow paths 
such as fractures, a-a’ clinker, clinker bridges and lava tubes. For the GWFM presented herein, the 
simplifying assumption of equivalent porous media was made, implying that the aquifer behaves as a 
homogenous system of porous media rather than dual porosity with fracture flow and porous media flow. 
While this assumption is most valid at larger scales, using a uniform hydraulic conductivity does not capture 
local variations in groundwater flow. Stochastic renderings of the basalt will help to understand the 
heterogeneity and their impact on outcomes, but will primarily serve to bound the uncertainty, not determine 
the basaltic structure. The outcomes of the stochastic renderings will be presented in the final September 
2024 modeling document. 

Specification of model boundary conditions can have significant impacts on model calibration and 
predictive results. Boundary condition setup for the GWFM and the overall model water budget were 
guided by conceptual water budget calculations. Conceptual water budget calculations rely on several 
assumptions including average recharge estimated by the USGS, water supply well pumping rates reported 
by Hawai‘i DLNR, calculations of flux through the caprock, and estimated of spring discharge. The most 
significant source of uncertainty is the recharge estimates that were made for average conditions. Recent 
precipitation trends that deviate from average conditions will alter the water budget. Deviations in rainfall 
were assessed in the sensitivity analysis; however, the method by which recharge is scaled also caries 
uncertainty. The GWFM, in either case of average or scaled recharge, does not take into account individual 
storm events, which cause periodic rises in groundwater levels anywhere throughout the domain. The 
overall water budget cannot be accurately measured in the field, thus estimates of the water budget must be 
used, considering the uncertainties and broader implications, rather than seeking exact matches in model 
calibration. 

Substantial data are available for the Facility and area around it to support model inputs and constrain the 
calibration. These data include core/geologic logs, groundwater levels, and calculated hydraulic 
conductivities. All this information constrains the model input parameter values during the calibration 
process, thus increasing the accuracy of the calibrated model. Less information is available outside the 
Facility area, but these areas are also less important for the project objectives. Model error and uncertainty 
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