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Abstract 

 

This is the first study to investigate the response of the Hawaiian climate system to the 1997/98 

mega-El Nino wet season at the island and sub-island scale using dynamical downscaling. The 

1997/98 El Niño, one of the largest planetary-scale climate phenomena on record, was chosen as 

a preliminary case study in which to test the feasibility of using WRF3.7 (Weather Research and 

Forecasting Model, Version 3.7) for climate studies of the Hawaiian Islands. The 1997/98 El 

Niño wet season (November to April) was compared with the 2005/06 ENSO-neutral wet season 

by dynamically downscaling two different reanalysis products, NCEP R2 and ERA-Interim, via 

WRF3.7. The performance capabilities of the WRF model were assessed by employing different 

forcing fields, land-surface models, domain configurations, and horizontal grid resolutions, with 

and without reanalysis grid nudging, for the two largest Hawaiian Islands, Maui and the Big 

Island. Model performance was validated in a series of comparative rainfall tests to determine 

the accuracy of simulated rainfall by directly comparing model output with observed rain gauge 

measurements during the two specified time periods. Sensitivity studies were also performed to 

assess model response to changes in input. Once total resolvable precipitation compared 

favorably with observed NCDC rain gauge data in terms of accumulated 6-month simulated 

rainfall totals, the simulations were determined to be rainfall validated. After these validation 

procedures, the dynamically downscaled simulations were then examined in terms of physical 

variables which seemed to best characterize the atmospheric changes in the Hawaiian climate 

system and most likely contributed to the reduced precipitation during the 1997/98 El Niño wet 

season. More generally, this thesis investigated the applicability of using WRF as a regional 

climate model for conducting long-term climate studies of rainfall changes in Hawai‘i.  
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Chapter 1 

 
Introduction 

 
 
 
 
Significant changes in annual and long-term rainfall can cause potentially serious societal and 

environmental problems. Global coupled and Earth systems models have the potential to help 

researchers to understand and even forecast such changes in precipitation. However, limitations 

of horizontal resolution in reanalysis data and simulated input reduce the ability to meaningfully 

inform local policymakers as to the best response to such changes. Dynamical downscaling  

enables such low-resolution model output to attain significantly higher horizonal resolution

—on the order of 1 km—which can address a number of the problems associated with these

spatial limitations and allow regional climate studies to be performed (see also Pilke and Wilby

2012). One of the benefits of using such dynamically downscaled reanalysis is that close 

quantitative comparisons can be made to improve accuracy and increase the likelihood of 

obtaining physical insights into various climatological phenomena. As a result of the wide range 

of elevations and complex topography of the islands, accurately simulating Hawaiian rainfall and 

climate presents a distinct challenge (see Zhang et al. 2012, 2016; Lauer et al. 2013; Annamalai 

and Hafner 2014). WRF3.7 (Weather Research and Forecasting Model Version 3.7) is a well-

known and well-tested model for simulating mesoscale weather and climate. To test the 

applicability of WRF3.7 for quantitative long-term climate studies, the 1997/98 mega-El Niño 

wet season was chosen to gauge model accuracy in assessing Hawaiian rainfall amounts in 

comparison with the 2005/06 ENSO-neutral wet season.  
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One of the advantages of quantitatively analyzing climatological changes associated with 

variations in rainfall is that it provides a way to measure uncertainties in model performance. 

Uncertainties allow for improved interpretation of results and for sounder conclusions to be 

drawn from simulated output. While reliability and validation tests are essential for assessing the 

accuracy and applicability of using a regional climate model, quantitative determination of 

uncertainties is critical for more fully interpreting the potential range of possible physical 

consequences associated with climate change, such as whether the Hawaiian Islands will 

experience an increase or a decrease in annual rainfall during the 21st century. Sufficiently large 

uncertainties may make it impossible to discriminate between these two future rainfall scenarios. 

Estimates of uncertainties in model output give quantitative bounds on how to properly interpret 

the simulated numerical results. Projections of the local (and global) impact of ENSO events on 

rainfall amounts in a warming climate that include measures of uncertainty would enable 

policymakers to base their decisions on more quantitatively and scientifically grounded 

assessments. When changes in future climate are projected, additional uncertainties due to the 

internal climate variability of the projected climate also need to be taken into consideration 

(Kang et al. 2013). Moreover, if the input is taken from a multi-model ensemble mean, then the 

uncertainties which arise from inter-model variability must also be taken into account. 

 

A. ENSO in the Hawaiian Climate System (HCS) 

The effects of ENSO on the Central North Pacific have been generally studied from a 

theoretical perspective for some time (Hoskins and Karoly 1981, Horel et al. 1981, Simmons et 

al. 1983, Philander 1990, Neelin et al. 1998, McPhaden 1999, Glantz 2001, McPhaden et al.  
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2006, Levine and Schneider 2015). It is well known that during El Niño episodes in Hawai‘i an  

apparent reversal of seasonal rainfall occurs, in which the dry season becomes wetter than 

average and the wet season drier than average (Chu 1987, 1989, and Chu and Chen 2005). 

Disturbances in the subtropical jet stream during strong El Niño episodes tend to move it from a 

more mid-latitudinal to a more equatorial location (Seager et al. 2003). There is also a negative 

relationship between precipitation indices in Hawai‘i and the Southern Oscillation Index (Chu 

1987, 1989). More extreme precipitation events take place during ENSO years than during non-

ENSO years (Chu, Chen and Schroeder 2010). Incidentally, there tend to be more cyclone events 

in the waters surrounding Hawai‘i during warm ENSO episodes (Chu and Wang 1997). 

Anomalous circulation at low latitudes has been identified as playing a major role in Hawaiian 

precipitation variability on interannual and bi-decadal time scales (Nakanowatari and Minobe 

2005). The changing nature of the climate since the 1980s has led to changes in rainfall in the 

Hawaiian Islands during cold ENSO episodes (O’Connor et al. 2015).  

 

B. Using a Regional Climate Model to Study ENSO in the HCS 

Since ENSO events cause such distinct changes in Hawaiian rainfall patterns and 

amounts, the HCS presents a natural laboratory in which to study the climate changes which 

resulted from the 1997/98 mega-El Niño. At the same time, the islands are small (nearly 17,000 

square kilometers, i.e., the total area of all of the Hawaiian Islands combined is only slightly 

larger than that of the state of Connecticut), and have highly convoluted, complex terrain with 

diverse ecological systems and a wide range of local climate conditions (from arid deserts to lush 

tropical forests). 
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The sparse network of rain gauge stations and the relatively coarse resolution of the  

reanalysis data (e.g., using NCEP R2, the horizontal resolution is 209 km) are transformed by 

using WRF to allow model output to provide information where there is no regional detail. For a 

parent domain at 30 km horizontal grid resolution, there is nearly 50 times more gridded 

information than when the resolution is 209 km (when WRF is forced with NCEP R2); at 10 km, 

it is over 400; at 3.3 over 4000; and at 1.1 km, there is over 36,000 times more information than 

that provided by reanalysis. Thus, downscaling increases the amount of information that is 

available for all nested domains.1, 2     

There was a sufficiently recognizable impact on the Hawaiian climate system so that 

further atmospheric studies were also undertaken in this research. In this study, the model’s 

performance was found to provide satisfactory output in terms of its ability to accurately 

simulate 6-month island rainfall totals for two of the Hawaiian Islands (Maui and the Big Island) 

during two different wet seasons (1997/98 and 2005/06). Once the model results were validated, 

differences in simulated and measured Hawaiian rainfall were then directly compared between 

the two wet seasons. As a consequence of the three validation experiments (absolute Ratios ± 

SD, temporal evolution and number-constrained comparisons), WRF model output was 

considered acceptable for investigating changes in other physical variables associated with the 

manner in which the Hawaiian climate system responded to the strong 1997/98 El Niño.  

Since WRF simulations are based on algorithms believed to capture the most relevant 

atmospheric physics underlying weather and climate phenomena, it was assumed that the 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 However, the uncertainties in the original input (reanalysis product or model output) also become incorporated into 
the dynamically downscaled and simulated output. For instance, see: “Downscaling studies of precipitation change 
under global warming naturally reflect uncertainties inherited from the large scale” (Neelin et al. 2013, 6238). 
2	  It must be noted, however, that to attain this potential increase in performance through downscaled and simulated 
output from reanalysis products requires significant amounts of computational resources and time.   
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rainfall-validated simulations also accurately simulated associated atmospheric variables in 

addition to satisfactorily modeling accumulated 6-month rainfall totals. In other words, since it 

was found that WRF could accurately simulate aggregate 6-month wet-season total resolvable 

precipitation—a rigorous test of model performance—it was assumed that changes in the 

atmospheric variables that took place during the strong 1997/98 El Niño wet season and caused 

the reversal in Hawaiian rainfall would have also been accurately simulated, and so could be 

evaluated quantitatively as well. Results obtained in this research were found to be consistent 

with the hypothesis that the changes in the jet stream’s location and intensity contributed to the 

reduction in rainfall during the El Niño wet season. 

WRF can realistically simulate a number of atmospheric variables in addition to 

precipitation. An additional reason to simulate differences in rainfall production during warm 

and neutral ENSO events in Hawai‘i is that such profound climatological variations present a 

distinct change in the environment. Because the Hawaiian Islands are situated in the Central 

North Pacific, with its characteristic equivalent vertical barotropic atmosphere, major disruptions 

in the climate can not only be used to effectively evaluate model performance, but they can also 

be used to study changes in the atmospheric conditions that occur when a strong El Niño impacts 

the Hawaiian Islands.  

The many physically relevant variables available as WRF output allow potential insights 

into atmospheric changes associated with the climate response to strong El Niño episodes. 

Output variables available from WRF that were examined include zonal and meridional winds 

between 1000-hPa and 10-hPa (u, v), 10-meter surface winds (u10, v10), vertical wind velocity 

(w), specific humidity (Qvapor), outgoing long-wave radiation (OLR), and 2-meter temperatures 

(T2).  
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Since one of the objectives of this thesis was to develop a coherent narrative of events 

describing some of the physical factors behind the change in rainfall patterns and amounts that 

occurred in Hawai‘i during the 1997/98 wet season by using a comparative approach, the impact 

of the mega-El Niño on Hawai‘i was assessed by examining downscaled and simulated output 

from the two wet seasons. In conjunction with the rainfall difference study which compared 

rainfall amounts and patterns between the neutral and the warm ENSO wet seasons on the Big 

Island and Maui, comparison of atmospheric variables between the two wet seasons allowed for 

a richer understanding of the response of the Hawaiian climate system to the 1997/98 mega-El 

Niño. In future projected studies, changes in associated atmospheric variables could provide 

additional evidence to further discriminate between the effects due to natural variability and 

global warming (e.g., Lu et al. 2008), as well as to evaluate the overall realism of model output. 

This chapter discussed the ENSO phenomenon on the climate of Hawai‘i and the uses of 

WRF3.7 in simulating the effects of a strong El Niño episode on the Hawaiian climate system. In 

Chapters 2 and 3, Data and Methods are described. Chapter 4 presents the Results of the 

validation, sensitivity and atmospheric studies. In Chapters 5 and 6, the Discussion and 

Conclusions chapters of this thesis, the Results of the simulated WRF experiments of the 

1997/98 mega-El Niño episode on the Hawaiian climate system are interpreted and conclusions 

drawn. 
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Chapter 2 
 

Data 
 
 
 

 
NCDC Monthly Rain Gauge Station Data 

Monthly rain gauge station data of the Hawaiian Islands for the two wet seasons were obtained 

from the National Climatic Data Center (NCDC) via the National Oceanic and Atmospheric 

Administration’s (NOAA) National Centers for Environmental Information Global Historical 

Climatology Network (GHCN). The official NCDC-archived data set has been subjected to a 

suite of quality-assurance reviews. The available measured rain gauge data, given in units of 

tenths of millimeters, was converted to millimeters before analysis. 

 

 NCEP-DOE R2 Data 

The National Center for Environmental Prediction-Department of Energy (NCEP) Reanalysis II 

(R2) product is significantly improved in comparison with the first-generation reanalysis I (R1) 

product. Nevertheless, as an updated first-generation reanalysis product, the data are 

characterized by low horizontal spatial resolution (T62 Gaussian grids, 2.5° x 2.5°). The R2 

model has 17 pressure levels (from 1000 to 10 hPa). Improvements in R2, when compared with 

R1, were seen in the hydrological budget, surface flux fields and short-wave radiation. 

Limitations were observed in outgoing long-wave radiation (OLR) over the tropical warm pool
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and in the upper-level tropical moisture.3 

 

ERA-Interim Reanalysis Data 

The European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim is third-

generation reanalysis data that is a much-improved version of second-generation ERA-40. The 

high temporal (6-hour) and horizontal spatial (0.7° x 0.7°) resolution of multiple atmospheric 

variables make ERA-Interim an ideal candidate for forcing WRF simulations. ERA-Interim 

reanalysis data were obtained through the Research Data Archive (RDA) of the National Center 

of Atmospheric Research (NCAR) Computational and Information System’s Lab (CISL). 

Improvements over 3D-Var ERA-40, with its higher horizontal resolution (T255, nominal 

0.703125°, or 78 km) were achieved through computationally intensive four-dimensional 

variational (4D-Var) data assimilation and the use of the latest atmospheric models (IFS CY31r1 

and CY31r2), with improved model physics. ERA-Interim includes 37 vertical pressure levels 

from 1000 to 1 hPa. The high level of quality control was achieved in ERA-Interim reanalysis 

through previous experience obtained by ECMWF in their previous work with ERA-40 and JPA-

25, variational bias correction of satellite data, and more extensive use of radiance with an 

improved fast radiative transfer model.4 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3 Source: NCAR RDA NCEP/RDA Reanalysis II (R2), http://rda.ucar.edu/datasets/ds091.0/.  For more information 
about improved performance and planetary boundary layer model details, see M. Kanamitsu et al. (November 2002), 
“NCEP-DOE AMIP-II Reanalysis (R-2)” Bulletin of the American Meteorological Society 83, 1631–1643; for more 
information about the processing and performance of R1, see E. Kalnay et al. (1996), “The NCEP/NCAR 40-Year 
Reanalysis Project” Bulletin of the American Meteorological Society 77, 437–471. 
4 Source: NCAR RDA ERA-Interim Project, http://rda.ucar.edu/datasets/ds627.0/#.  For more information about the 
configuration and performance of ERA-Interim Reanalysis Data, see D.P. Dee et al. (2011), “The ERA-Interim 
reanalysis: configuration and performance of the data assimilation system” Quarterly Journal of the Royal 
Meteorological Society 137, 553-597; see also D.P. Dee, M. Balmaseda, G. Balsamo, R. Engelen, A. J. Simmons, 
and J.N. Thepaut  (2014), “Toward a Consistent Reanalysis of the Climate System” Bulletin of the.American 
Meteorological Society 95, 1235–1248. 
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NOAA Optimum Interpolated Sea Surface Temperature (OISST) Data 

OISST is an integrated set of daily sea surface temperature data obtained from diverse sources 

(ships, buoys and satellite) on a global one-quarter-degree grid (0.25°) in which data gaps were 

filled through optimized interpolation methods.5 

  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5 For more information, such as treatment of bias adjustment in the data, see Richard W. Reynolds, Thomas M. 
Smith, Chunying Liu, Dudley B. Chelton, Kenneth S. Casey, and Michael G. Schlax (2007), “Daily High-
Resolution-Blended Analyses for Sea Surface Temperature” Journal of Climate 20, 5473–5496; see also Reynolds, 
“What’s New in Version 2.”	   
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Chapter 3 

Methods 

 

 

WRF rainfall simulations were performed to validate the model, estimate uncertainties and 

conduct atmospheric studies. Numerical experiments were performed with nudging and without 

(control). The general model configuration for the control runs using the ARW (Advanced 

Research WRF) core was set up with either 3 or 4 domains, both of which had a 30 km coarse 

outermost parent domain. The corresponding maximum horizontal grid resolutions of the 

innermost domains were 3.3 km and 1.1 km for the 3- and 4-domain runs, respectively. Lambert 

conformal projection maps were used, and the history intervals were set to 24 hours to allow for 

comparisons with daily rainfall measurements. The lateral boundary conditions were updated 

every six hours from the linearly interpolated reanalysis and one-quarter degree (¼º), daily 

NOAA OISST products. The time steps of the simulations were varied from 30 to 90 seconds. 

Runs were also optimized to reduce overall computational time. Simulations using the 30- and 

60-second time steps were selected for analysis.  

The WRF physics setup employed in this numerical study included the Tiedtke cumulus 

parameterization scheme (the University of Hawai‘i version)6 and the WRF Single-Moment 6-

class (WSM6) microphysics scheme, which simulates ice, snow and graupel processes for high-

resolution simulations (i.e., those whose final horizontal grid resolutions are between 1 and 5 

km). The single-moment scheme was chosen instead of the double-moment scheme because it 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6

 

Note: the effects of the new Tiedtke option (available in Version 3.7) were not considered in this study. 

 

dale
Typewritten Text

dale
Typewritten Text



	   	   	   	  
	  

11	  

has been found to have comparable performance with lower computational cost.7 The total 

resolvable precipitation (RAINNC) was picked as the key output variable to be examined in this 

study since it was computed using the WSM6 microphysics scheme, whereas RAINC was 

obtained from the less well-constrained Tiedtke cumulus parameterization scheme. 

WRF version 3.7 was forced with National Center for Environmental Prediction 

reanalysis data set II (NCEP R2),8 which has 17 pressure levels and 2.5-degree (T62, 209 km) 

grid resolution. The model was also forced with the ERA (European Centre for Medium Range 

Weather Forecasts, ECMWF)-Interim reanalysis product, which has 27 vertical pressure levels 

and 0.7-degree grid resolution (T255 spectral, 80 km), with 6-hourly atmospheric fields (i.e., 4 

times a day).9 The coarse outermost parent domain resolution was set to 30 km, and the nested 

inner domain resolutions were set to 10 km, 3.3 km and 1.1 km resolution, respectively. The 

two-way nesting option was employed for all experiments, and static input was ingested from 

either the 6-layer Rapid Update Cycle (RUC) or the 4-layer Noah land surface model. The 

diagnostic non-local Hong, Noh and Dudhia (YSU) planetary boundary layer scheme was also 

implemented.10 

Newtonian relaxation (“nudging”) was performed every 6 days (Smagorinsky 1969) to 

reduce model drift by nudging the lateral boundary conditions in the outermost domain back to 

the reanalysis values (see Stauffer and Seaman 1990, Stauffer, and Seaman and Binkowski 1991). 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  7

 
A. Molthan (2011), “Evaluating the performance of single-

 
and double

-
moment microphysics schemes during 

synoptic snowfall events,” 24th

 
AMS Conferences on Weather and Forecasting/Numerical Weather Prediction, 

Seattle, Washington.
 8

 
“Key Limitations: Low spatial and temporal moisture variability over oceans (mainly model 'first guess' fields),” 

NCAR Climate Data Guide, https://climatedataguide.ucar.edu/climate-data/ncep-reanalysis-
r2#sthash.svQegRs4.dpuf

 9

	  
“Key Limitations: Too intense of a water cycling (precipitation, evaporation) over the oceans,” NCAR Climate 

Data Guide, https://climatedataguide.ucar.edu/climate-data/era-interim; see also Dee et al. (2011), “The ERA-
Interim reanalysis: configuration and performance of the data assimilation system”

 
Quarterly Journal of the Royal 

Meteorological Society 137: 553–597.
 10

 
S.-Y

.
 Hong, Y. Noh and J. Dudhia (2006), “A New Vertical Diffusion Package with an Explicit Treatment of 

Entrainment Processes” Monthly Weather Review
 
134, 2318–2341.
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No nudging of either the temperature (T) or mixing ratio (Q) was performed in the planetary 

boundary layer (PBL) or the overlying atmosphere (i.e., above the lifting condensation level, 

LCL). Nudging was performed, however, in the zonal (u) and meridional (v) components of the 

wind field in both the PBL and the atmosphere above the PBL. Suitable nudging parameters 

were tested for reliability, and a range of acceptable values was identified. The nudging 

parameters were further refined through various optimization procedures in which the model’s 

rainfall performance was tuned and fine-tuned. Sensitivity tests were conducted to examine 

model response when nudging was enabled and disenabled for the u- and v-components (u,v), 

the mixing ratio (q) and temperature (t) in the PBL (see Tables 6 and 7). Only the coarsest 

outermost parent domain was nudged in all vertical layers (in and above the planetary boundary 

layer) in terms of u- and v-components within and above the planetary boundary layer (see 

Table 1). To reduce the noise of abrupt nudging turn-off, a 60-minute linear nudge ramping was 

invoked. A set of final nudging parameters (686A, 986D, and 986G) was chosen based on 

overall model performance in terms of reliability and accumulated rainfall totals on Maui and the 

Big Island for the two 6-month wet seasons under investigation. 
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Table 1: WRF Model Configuration 

Model Configuration Scheme 
Cumulus Parameterization Tiedtke 
Microphysics WRF Single-Moment 6-class 
Projection map Lambert conformal 
History interval 24 hours 
Number of nested domains 3 or 4 (30 km --> 10 km --> 3.3 km --> 1.1 km) 
Nesting option Two-way 
LSM RUC or Noah 
Radiation schemes (LW and SW) RRTM (Rapid Radiative Transfer Model) 
Grid Nudging Parameterizations  Options 
In PBL Nudging of u- and v- wind components   

 
No nudging mixing ratio (q) or temperature (t) 

Above PBL Nudging of u- and v- wind components only 
Lateral boundary conditions updated Every 6 hours 
Nudging period Outermost (parent) domain nudged every 6 days 
Ramping down time 60 minutes 

 

The main criterion selected to evaluate the performance of the WRF model was based on 

a direct comparison of the total resolvable precipitation (RAINNC) obtained from the WRF 

microphysics scheme with measured monthly rainfall data obtained from the National Climate 

Data Center (NCDC).11 The acceptable rainfall Ratio (simulated/measured) target value was 

chosen to be 1.00.12 In other words, when Ratios of interpolated WRF RAINNC output divided 

by the interpolated NCDC rain gauge (RG) data closely approximated 1.00, the averaged 6-

month accumulated spatial rainfall accuracy for the selected islands was considered satisfactory. 

In addition to the interpolated WRF RAINNC/interpolated rain gauge (RG) rainfall Ratios 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  11

 
The large amount of measured and calculated data available in the Rainfall Atlas of Hawaii

 
(2013) was not used 

because of limitations in the data set.
 
When a comparable Hawaiian Rainfall Index (HRI, Chu 1989, 1995) was 

constructed using rain gauge station data from 36 stations from the Rainfall Atlas of Hawai‘i, the well-known 
negative

 
correlation between Hawaiian rainfall and the Southern Oscillation Index (SOI) was found to be positive, 

http://rainfall.geography.hawaii.edu/.
 12

 
In order to more directly evaluate the accuracy of WRF simulated rainfall, simulated/observed Ratios were 

chosen. For an analysis using spatial correlations,
 
see Zhang et al. 2016.
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(KWRF/KRG), another absolute ratio was also calculated: the Extracted Average Ratio 

(“E_Ratio”), which was determined by dividing the interpolated model data by the non-

interpolated station data (KWRF/RG). These ratios were calculated for 1-, 3-, and 6-month 

intervals in some experiments and on a month-by-month basis for other experiments for the 

1997/98 and the 2005/06 wet seasons. One of the main sensitivity experiments that were 

conducted compared the NCEP R2-forced WRF rainfall simulated output with the ERA-Interim-

forced output results. These sensitivity experiments were performed with and without nudging.  

Most of the simulations investigated the qualitative and quantitative results obtained for 

the two largest and southeastern-most islands (Maui and the Big Island), using 3.3 km (and some 

1.1 km)-resolution simulations. In addition to comparisons of the WRF-simulated total 

resolvable precipitation (RAINNC), modeled with different forcing fields, a number of other 

downscaled and simulated variables were compared between the two different climate events. 

When calculated rainfall ratios (KWRF/KRG) were found to closely approximate the 1.00 target 

value, the results then underwent additional validation procedures (e.g., temporal rainfall 

uniformity test) before being selected for atmospheric studies. Model performance was validated 

based on the accuracy of simulated 6-month accumulated rainfall when compared with measured 

rain gauge data. Additional validation procedures were conducted to select the model 

configuration which gave the best overall performance in terms of average rainfall Ratios and 

standard deviations (i.e., Ratio ± SD).   

The atmospheric studies performed using rainfall-validated simulations sought to identify 

quantitative differences between ENSO and non-ENSO events in terms of their 6-month 

accumulated rainfall totals and other atmospheric variables. This more detailed comparison, in  
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association with the changes in lower- and upper-level winds, allowed for the construction of a 

more integrated picture in terms of the fundamental physical changes that took place in the 

atmosphere during the strong 1997/98 El Niño when compared with the 2005/06 ENSO-neutral 

wet season.  

Preliminary Phase I simulations were performed on the National Center for Atmospheric 

Research (NCAR) Computational & Information System Lab (CISL) Yellowstone petaflop 

machine. All final Phase II WRF simulations used in this thesis were performed on the 

University of Hawai‘i Information and Technology High Performance Computer with the 

exception of the 1.1 km simulations of Maui, which were run on Yellowstone. 

  



	   	   	   	  
	  

16	  

 
 

Chapter 4 
 

Results  
 
 
 

 
This chapter is divided up into three parts: Validation, Sensitivity and Atmospheric Studies. In 

the Validation Studies part, results obtained from a series of comparative rainfall tests are 

presented. The Sensitivity Studies part details tests performed to ascertain the effects of changes 

in the forcing field, land surface model, grid resolution, and nudging parameters. The 

Atmospheric Studies part evaluates certain physical variables in order to better understand the 

atmospheric response of the HCS to the 1997/98 mega-El Niño. 

 

Part I. Validation Studies 

In order to determine the reliability of the nudged simulations, comparisons were made of 

synoptic maps during a 6-hour period on 27 November 2005 (Figures 1a,b). In the synoptic 

maps of nudged (986D) and NCEP R2 reanalysis data, wind barbs, temperature (shown in red) 

and geopotential height contours at 500-hPa (in blue), it is evident that in general the overall 

performance of the nudged run closely matches that of NCEP R2 reanalysis. 
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(a)                                                                (b) 

  

Figures 1a,b,. Synoptic maps of nudged (986D) and NCEP R2 reanalysis data, showing wind barbs, 
temperature (in red) and geopotential height contours at 500-hPa (in blue) for the 6-hour time period 
between 2005-11-27:00:00 and 2005-11-27:06:00. 
 

The following four images (Figures 2a-d) present an illustrative example of the procedure that 

was used to obtain the areal averaged rainfall Ratio and standard deviation (SD) for the Big 

Island which was used to validate the WRF model.  

 

                  

  

NCEP R2 Reanalysis Data 



	   	   	   	  
	  

18	  

2(a) 

 

2(b) 

 

Figures 2a,b. The first part of the procedure to obtain areal averaged rainfall Ratios and standard 
deviations (SD) as part of model validation is shown. In the upper panel (2a) are shown the location and 
relative amounts (in mm) of the rain gauge station data. In the lower panel (2b), the krige-interpolated 
rain gauge station data (KRG) are shown. 
  



	   	   	   	  
	  

19	  

2(c) 

 

2(d) 

 

Figures 2c,d. The second part of the procedure to obtain areal averaged rainfall Ratios and standard 
deviations (SD) as part of model validation is shown. In the upper panel (2c) is shown the krige-
interpolated WRF-simulated total resolvable precipitation (KWRF). In the lower panel (2d), the pixels in 
the KWRF (2c) are divided by KRG (2b) to obtain the rainfall Ratio (KWRF/KRG) map above (2d). 
Regions where WRF over-simulated rainfall are represented by red pixels and those where it under-
simulated rainfall are represented in blue. The values for the color legend on the bottom left are shown at 
the top left, i.e., high = 2.89 (red), low = 0.057 (blue). 
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Figure 2a shows the location and relative 6-month rainfall totals (in mm) of NCDC rain 

gauges, where the size of the green circles represents the amount of total monthly precipitation 

each station received during the period between November 1997 and April 1998. Figure 2b 

presents the krige-interpolated rainfall map (KRG), based on 51 NCDC RG stations. Figure 2c 

gives the 3.3 km resolution krige-interpolated WRF total resolvable precipitation map (KWRF). 

The displacement of the maximum rainfall peak is shifted inland to the west and at higher 

elevation in the WRF-simulated map than in the interpolated rain gauge rainfall maximum, 

which appears closer to the northeast coastal region. This shift in location of the rainfall 

maximum may account, in part, for the fact that the value of the areal averaged Ratio in this 

simulation is about 10% less than the targeted value of Ratio = 1.00.  

Figure 2d was obtained by dividing the krige-interpolated simulated rainfall map 

(Figure 2c) by the krige-interpolated rain gauge map (Figure 2b), i.e., KWRF/KRG. In this run, 

Ratio ± SD = 0.88 ± 0.58. The Ratio and standard deviation (SD) are areal averaged values 

which are calculated from the number of pixels (in this case N = 1059). The “Ratio Range” 

shown in the upper left-hand corner of the rainfall Ratio map indicates the maximum (2.89) and 

minimum (0.057) calculated values of one or more of the rainfall Ratio pixels. In this case, some 

pixels show that in certain locations WRF over-simulated rainfall (shown in red) and in others 

under-simulated rainfall (shown in blue). As shown in the lower right-hand region of the rainfall 

Ratio map, this run was forced using NCEP R2 and OISST reanalysis and implemented the RUC 

land surface model (LSM). The “cs” in the lower right-hand corner indicates that the krige-

interpolated rain gauge map (KRG) was regridded to match the cell size of the WRF run, while 

“760” code is related to the number of processors per tile used.  
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The Summary Tables of Results (Tables 2a,b, shown below) were based on the results 

from a series of numerical experiments obtained using WRF3.7 output. The total duration of all 

of these runs was 6 months, from November to April, for either the 1997/98 or the 2005/06 wet 

season. Both 3.3 km and 1.1 km horizontal resolution simulations were performed for the Big 

Island and Maui. Output was generated for a series of nudged and un-nudged (control) runs. In 

Tables 2a,b (below), the Sample Size values refer to the number of pixels obtained when 

interpolated simulated rainfall was divided by interpolated measured NCDC rain gauge data. The 

Ratio entries were obtained by dividing krige-interpolated total resolvable precipitation 

(RAINNC) and krige-interpolated NCDC rain gauge data, i.e., KWRF/KRG. The standard 

deviations (SD) for these areal averaged rainfall Ratios are also included.  

Finally, in the last column of the Summary Tables, the performance Rating of each 

simulated 6-month run is given in rating groups in descending categories (from A to F). To 

receive a rating of A, the Ratio (KWRF/KRG) needed to be 10% greater or less than the 1.00 

target Ratio when rounded to the nearest tenth of a decimal place, i.e., for an A Rating the value 

needed to be from 0.9 to 1.1. For a B rating, the rounded Ratio had to be from 1.2 to 1.1 or from 

0.8 to 0.9, etc. Roughly half (16) of the simulated runs shown received passing ratings (A–C). In 

Table 2a, 15 out of the first 16 entries show results from NCEP R2-forced runs, while the next 

15 out of the following 17 experiments (in Table 2b) were forced with ERA-Interim reanalysis. 

Clearly, from the finding presented in these tables, the NCEP R2-forced runs consistently 

outperformed the ERA-Interim simulations in terms of total 6-month accumulated wet-season 

rainfall.  
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Table 2a: Summary Table of Satisfactory 6-Month Numerical Experiments  

Duration  Year  Island  Resolution  Experiment  Sample  
Size  Ratio  SD  Rating  

6-mos  9798  BI  3 km  WET  1059  1.04  0.56  A  
6-mos  9798  BI  3 km  986D  1059  0.88  0.58  A  
6-mos  0506  Maui  3 km  986G  171  1.14  0.87  A  
6-mos  0506  BI  3 km  986G  982  0.94  0.49  A  
6-mos  0506  Maui  3 km  986D  179  1.01  0.54  A  
6-mos  9798  Maui  3 km  986G  185  0.94  0.56  A  
6-mos  9798  Maui  1 km  986G  16,557  1.01  0.54  A  
6-mos  0506  BI  3 km  WET  1061  1.05  0.56  A  
6-mos  0506  BI  3 km  986D  1061  1.05  0.45  A  
6-mos  0506  Maui  3 km  986D  179  0.96  0.50  A  
6-mos  9798  BI  3 km  986G  1059  0.75  0.43  B  
6-mos  0506  Maui  3 km  WET  179  0.80  0.42  B  
6-mos  9798  Maui  1 km  CTRL_RUCR2  16,557  1.30  0.75  C  
6-mos  0506  Maui  3 km  986J01NE  179  1.28  0.98  C  
6-mos  9798  BI  3 km  986Gp  1059  0.74  0.43  C  
6-mos  9798  BI  3 km  986Dp  1059  0.69  0.41  C  
 
Table 2b: Summary Table of Unsatisfactory 6-Month Numerical Experiments  

Duration  Year  Island  Resolution  Experiment  Sample  
Size  Ratio   SD  Rating  

6-mos  9798  Maui  3 km  986D  185  1.41  0.89  D  
6-mos  9798  BI  3 km  986J01NE  1059  1.35  0.82  D  
6-mos  9798  Maui  3 km  WET  185  1.38  0.88  D  
6-mos  0506  Maui  3 km  CTRL_NE  179  1.44  1.00  D  
6-mos  9798  BI  1 km  986J01NE  23,844  1.92  1.21  F  
6-mos  9798  BI  1 km  CTRL_NE  23,844  2.00  1.22  F  
6-mos  0506  BI  3 km  986J01NE  1056  2.24  1.20  F  
6-mos  9798  Maui  3 km  986J01NE  185  1.69  1.09  F  
6-mos  9798  BI  3 km  WET_E  1059  2.08  1.03  F  
6-mos  9798  BI  3 km  986GNE  1059  1.84  0.97  F  
6-mos  9798  BI  3 km  986GE  1059  1.84  1.29  F  
6-mos  0506  BI  3 km  CTRL_NE  1056  1.85  1.08  F  
6-mos  9798  BI  3 km  WET_NE  1059  2.08  1.03  F  
6-mos  9798  Maui  3 km  WET_NE  185  2.46  1.54  F  
6-mos  9798  BI  3 km  CTRL_NE  1056  1.85  1.08  F  
6-mos  9798  Maui  3 km  986GE  185  1.71  1.36  F  
6-mos  9798  Maui  3 km  986GNE  185  2.04  1.43  F  
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Only three simulations forced with ERA-Interim reanalysis (labeled using an “E” suffix) 

received passing or marginally passing Ratings (C, D, and D) for experimental runs. In other 

words, following this series of validation tests, only the NCEP R2-forced rainfall simulations 

received high ratings of A or B. As a consequence, the ERA-forced simulations will, in general, 

not be examined in the Atmospheric Studies subsection.  

From the Summary Tables, simulations which implemented the Noah land surface model 

(labeled with “N”) tended to overproduce rainfall when compared with the Rapid Update Cycle 

(RUC): 12 out of the 33 runs show that used Noah received Ratings of D or F. Thus, the RUC 

LSM in conjunction with the NCEP R2-forced simulations was chosen for further evaluation in 

terms of rainfall performance. Overall the following pattern was seen in most of the simulated 

runs: the nudged runs tended to reduce the total resolvable precipitation (RAINNC) when 

compared with the control runs, but the reduction was significantly less for ERA-Interim-forced 

simulations that implemented the Noah LSM (see Tables 2a,b).  
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Table 3: Results from Rain Gauge Number-Constrained Validation Test 
 

Rain Gauge Number-Constrained Comparison 

986G  Series  

Duration Year Island Resolution Experiment Sample  
Size Ratio SD Rating 

6-mos 0506 Maui 3 km 986G 171 1.14 0.87 A 
6-mos 9798 Maui 3 km 986G 167 0.92 0.34 A 
6-mos 0506 BI 3 km 986G 982 0.94 0.49 A 
6-mos 9798 BI 3 km 986G 982 0.76 0.45 B 

      

Total Rating AAAB 

Final Rating A 

986D Series 

 
Duration Year Island Resolution Experiment Sample  

Size Ratio SD Rating 

6-mos 0506 Maui 3 km 986D 167 0.96 0.5 A 
6-mos 9798 Maui 3 km 986D 171 1.41 0.89 D 
6-mos 0506 BI 3 km 986D 1056 0.83 0.45 B 
6-mos 9798 BI 3 km 986D 982 0.76 0.5 B 

      

Total Rating ABBD 

Final Rating B 
 

In the above number-constrained validation test, the rainfall Ratios obtained for Maui (with N = 

23 stations) and the Big Island (N = 20), mostly high Ratings (A and B) were obtained. As 

shown in the final Rating column of Table 3, the 986G nudged-simulation outperformed the 

986D runs for the Big Island and Maui for both the 1997/98 and the 2005/06 wet seasons. 

Selected NCDC station data, elevation, latitude, longitude, NCDC rain gauge and krige-

interpolated WRF rainfall results and extracted (“E”) Ratios (KWRF/RG) are presented in 

Tables 4a-d (below) for Maui and the Big Island for the 1997/98 and 2005/06 wet seasons.  
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Tables 4a,b: Selected Station Data for 986D Nudged Runs: Maui 

(a) Maui NDJFMA 1997–1998 
   

Station Elevation(m) Latitude Longitude 
NCDC 
(mm) KWRF(mm) E_Ratio 

Puukolii 457.1 134.1 20.93306 -156.67444 125.1 128.4 1.03 
Puunene 396 18.3 20.87472 -156.45694 222.5 200.1 0.90 
Hana Airport 355 18.6 20.8 -156.01667 696.5 589.4 0.85 
Kailua 446 213.4 20.9 -156.21667 716.3 619.1 0.86 
Kahului Airport 14.6 20.9 -156.43333 182.2 208.4 1.14 

       (b) Maui NDJFMA 2005-2006 
   

Station Elevation(m) Latitude Longitude 
NCDC 
(mm) KWRF(mm) E_Ratio 

Makena Glf Crs 249.1 30.5 20.645 -156.44333 264.6 282.4 1.07 
Kahului Airport 14.6 20.9 -156.43333 227.8 203.5 0.89 
Kula Brnch Station 324.5 929.6 20.76139 -156.3247 455.3 454.9 1.00 
Keahua 410 146.3 20.86444 -156.38583 252.6 227.2 0.90 
Pohakea Bridge 307.2 51.8 20.81861 -156.51 291.4 252.5 0.87 
 

Tables 4c,d: Selected Station Data for 986D Nudged Runs: Big Island 

(c) Big Island NDJFMA 1997–1998 
   

Station Elevation(m) Latitude Longitude 
NCDC 
(mm) KWRF(mm) E_Ratio 

Puu Kohola Heiau 98.1 42.7 20.03333 -155.83333 82.1 72.9 0.89 
Paauhau Mauka 217.2 341.4 20.06667 -155.45 746.8 716.3 0.96 
Sea Mountain 12.15 21.3 19.13333 -155.51667 104 102.9 0.99 
Laupahoehoe 133.1 115.8 19.98333 -155.23333 647.7 689.4 1.06 
Makahalau 103 1164.6 19.97694 -155.55028 383.5 407 1.06 

       (d) Big Island NDJFMA 2005-2006 
   

Station Elevation(m) Latitude Longitude 
NCDC 
(mm) KWRF(mm) E_Ratio 

Hawi 168 176.8 20.24361 -155.84139 432.8 312.2 0.72 
Pahala Mauka 21.3 332.2 19.20667 -155.48861 1040.7 701.3 0.67 
Puuhonua o hona 27.4 4.6 19.42139 -155.91389 208.2 215 1.03 
Lanihau 68.2 466.3 19.66667 -155.96667 298.6 254.3 0.85 
South Kona 2 2.32 719.3 19.10778 -155.78944 335.3 453.5 1.35 
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VALIDATION STUDY A: Rainfall Ratios for 3.3 km WRF forced with NCEP R2 
 
In a 3.3 km resolution, six-month control simulation of the Big Island for November 1997 to 

April 1998, which was forced with NCEP R2, the rainfall Ratio (KWRF/KRG) obtained was 

found to be acceptable, i.e., 1.04 ± 0.56 (see first entry in Table 2a). The standard deviation (SD) 

was also reasonably low: 0.56. These results are based on 1059 interpolated grid cells and were 

obtained using OISST data and the RUC (Rapid Update Cycle) land surface model. 

In the nudged (986D) simulation of the 3.3 km resolution, six-month simulation of the 

Big Island for November 1997 to April 1998, forced with NCEP R2, the rainfall Ratio 

(KWRF/KRG) obtained was similar to the 1997–1998 control run, i.e., 0.88 ± 0.58 (see Figure 

2d above). The reduced value of the rainfall Ratio resulted from nudging the lateral boundary 

conditions every 6 days via Newtonian relaxation (see Methods).  

In the nudged (986D) simulation of the 3.3 km resolution, six-month simulation of the 

Big Island for November 2005 to April 2006, forced with NCEP R2, the rainfall Ratio 

(KWRF/KRG) obtained was also found to be acceptable, i.e., 1.05 ± 0.45 (see Figure 3). Since 

the nudged rainfall Ratio results for the Big Island for both the 1997–1998 and the 2005–2006 

wet seasons closely approximated the target value (1.00), the possibility of treating the simulated 

WRF output in terms of atmospheric studies could be plausibly pursued at 3.3 km resolution. 

The Rainfall Ratio (KWRF/KRG) map for a 3.3 km run of a six-month nudged (986G) 

simulation of Maui for November 1997 to April 1998, forced with NCEP R2, closely 

approximated the 1.00 target value, i.e., 0.94 ± 0.56, based on 185 interpolated grid cells (see 

Figure 4). 
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VALIDATION STUDY A: Rainfall Ratios for 3.3 km WRF forced with NCEP R2 (cont’d) 
 

 
 
Figure 3: Rainfall ratio (KWRF/KRG) map for a 3.3 km resolution run of a six-month nudged (986D) 
simulation of the Big Island for November 2005 to April 2006 when forced with NCEP R2.  
 
 

 
 
 
Figure 4: Rainfall ratio (KWRF/KRG) map for a 3.3 km run of a six-month nudged (986G) simulation of 
Maui for November 1997 to April 1998 when forced with NCEP R2. 
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VALIDATION STUDY B: Rainfall Ratios for 3.3 km WRF forced with ERA-Interim 
 

In a 3.3 km-resolution, six-month nudged (986J01NE) simulation of the Big Island for 

November 1997 to April 1998, which was forced with ERA-Interim, the rainfall Ratio 

(KWRF/KRG) obtained could be found acceptable although it was classified as having a D-

rating, i.e., 1.35 ± 0.82 (see Figure 5). These results are based on 1059 interpolated grid cells.  

In a 3.3 km resolution, six-month nudged (986J01NE) simulation of the Big Island for November 

2005 to April 2006, which was forced with ERA-Interim, the rainfall Ratio (KWRF/KRG) 

received an F-rating, i.e., 2.24 ± 1.21 (see Figure 6). These results are based on 1056 

interpolated grid cells (associated with the lower number of rain gauge stations). These results 

were obtained using OISST data and the Noah land surface model. 

In a 3.3 km resolution, six-month nudged (986J01NE) simulation of Maui for November 

1997 to April 1998 (based on 185 grid points), forced with ERA-Interim, the rainfall Ratio 

(KWRF/KRG) obtained also received an F-rating, i.e., 1.69 ± 1.09 (see Figure 7).  

A six-month nudged (986J01NE) run of Maui at 3.3 km resolution from November 2005 

to April 2006 was obtained for an ERA-Interim-forced simulation, though the standard deviation 

was still relatively high, i.e., Ratio ± SD = 1.28 ±0.98 (see Figure 8). 
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VALIDATION STUDY B: Rainfall Ratios for 3.3 km WRF forced with ERA-Interim (cont’d) 

   

 
Figure 5: Rainfall ratio (KWRF/KRG) map for 3.3 km-resolution run of a six-month nudged (986J01NE) 
simulation of the Big Island for November 1997 to April 1998 when forced with ERA-Interim. 
  

 
Figure 6: Rainfall ratio (KWRF/KRG) map for 3.3 km-resolution run of a six-month nudged (986J01NE) 
simulation of the Big Island for November 2005 to April 2006 when forced with ERA-Interim. 
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VALIDATION STUDY B: Rainfall Ratios for 3.3 km WRF forced with ERA-Interim (cont’d) 
 

 
 
Figure 7: Rainfall ratio (KWRF/KRG) map for 3.3 km-resolution run of a six-month nudged (986J01NE) 
simulation of Maui for November 1997 to April 1998 when forced with ERA-Interim. 
 

 
Figure 8: Rainfall ratio (KWRF/KRG) map for 3.3 km-resolution run of a six-month nudged (986J01NE) 
simulation of Maui for November 2005 to April 2006 when forced with ERA-Interim.  
  



	   	   	   	  
	  

31	  

VALIDATION STUDY C: 1.1 km-Resolution Runs forced with NCEP R2 
 
Out of the four high-resolution (1.1 km) simulations, only one nudged (986G) NCEP-R2-forced 

run received the highest rating of A: the 1997/98 run of Maui in which Ratio ± SD = 1.01 ± 0.54. 

However, this high-resolution 1.1 km Maui run shows only a 6% improvement over the 3.3 km 

simulation results (Ratio ± SD = 0.94 ± 0.56). While the 6% improvement in the high-resolution 

rainfall Ratio may not seem to be worth the approximately 2.5 times greater computational cost, 

qualitatively the rainfall pattern of Maui also exhibited a more realistic (i.e., non-horizontal) 

rainfall maxima on East Maui with more detailed topographic variation (see Figures 45b).  

The nudged 1.1 km-resolution Maui simulation exhibited a 30% reduction in rainfall 

production when compared with the control run (CTRL_RUCR2), i.e., Ratio = 1.01 versus Ratio 

= 1.30, most notably on the southern side of the West Maui Mountains; see Figures 9a,b below. 

The nudged 1.1 km Big Island run, which implemented Noah and was forced using ERA-Interim 

reanalysis, only showed a roughly 5% reduction in rainfall, i.e., Ratio = 1.92 versus Ratio = 2.00 

(see Figure 10 and Summary Table 2b).  

In a 1.1 km-resolution, six-month nudged (986G) simulation of Maui for November 1997 

to April 1998, forced with NCEP R2, the rainfall Ratio (KWRF/KRG) obtained was found to be 

acceptable, i.e., 1.01 ± 0.54 (see Figure 9b). These results are based on 16,557 interpolated grid 

cells. The Extracted Ratio (KWRF/RG) and SD were both found to be acceptable (1.0 ± 0.8). 

The Ratio Range (the range of highest and lowest ratio values) had a larger spread (4.37 to 0.28) 

for the 1.1 km resolution run than the 3.3 km run (2.36 to 0.23) (see “Ratio Range” in Figure 4). 

In a 1.1 km-resolution, six-month control (CTRL_RUCR2) simulation of Maui for November 

1997 to April 1998, forced with NCEP R2, the rainfall Ratio (KWRF/KRG) obtained a C-rating, 

i.e., 1.30 ± 0.75 (see Figure 9a).  
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VALIDATION STUDY C: 1.1 km-Resolution Runs forced with NCEP R2 (cont’d) 
 

(a) 

 
(b) 

 
 
Figures 9a,b. Rainfall ratio (KWRF/KRG) maps for 1.1 km-resolution run of a six-month control 
(CTRL_RUCR2) and nudged (986G) simulations of Maui for November 1997 to April 1998, forced with 
NCEP R2. Comparisons between (a) control and (b) nudged NCEP R2 simulations show that grid 
nudging reduced the total 6-month 1997/98 wet-season rainfall by 30% (i.e., from Ratio = 1.30 to Ratio = 
1.01), based on 16,557 pixels. Most of the reduction in total resolvable precipitation takes place in the 
southern regions of the West Maui Mountains and central East Maui. Values of color legend on the 
bottom left are shown are given as “Ratio Range” at the top left. 
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VALIDATION STUDY D: 1.1 km-Resolution Runs forced with ERA-Interim 

In a 1.1 km-resolution, six-month nudged (986J01NE) simulation of the Big Island for 

November 1997 to April 1998, forced with ERA-Interim, the rainfall Ratio (KWRF/KRG) 

obtained a F-rating, i.e., 1.92 ± 1.20 (see Figure 10). These results are based on 23,844 

interpolated grid cells. Notice the significantly higher upper Ratio Range for the 1.1 km run (8.94 

to 0.197) when compared to the 3.3 km run (5.09 to 0.139) (see “Ratio Range” in Figure 5). 

 
 

 
 
Figure 10: Rainfall ratio (KWRF/KRG) map for 1.1 km resolution run of a six-month nudged (986J01NE) 
simulation of the Big Island for November 1997 to April 1998 when forced with ERA-Interim. The 
values for the color legend on the bottom left are shown at the top left, i.e., high = 8.94 (red), low = 0.197 
(blue). 
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VALIDATION STUDY E: Temporal Rainfall Ratio Uniformity Experiment 
 
An additional validation test was performed to test model performance stability as a function of 

time. In the Monthly Temporal Stability Test, the ability of the simulated rainfall to approximate 

the 1.00 target value as a function of month was used as the final assessment of model 

performance to evaluate temporal consistency to accurately simulate rainfall. The Table 5 

(below) shows the results obtained when the monthly rainfall Ratios are plotted as a function of 

month (figures not shown).  

  

Table 5: Slopes from Monthly Temporal Rainfall Ratio Uniformity Validation Test  

986G BI MA 
0506 –0.785 –0.375 
9798 0.0022 0.0003 

   986D BI MA 
0506 0.0002 0.0007 
9798 0.0032 –0.0004 

 

The 2005/06 simulated 6-month rainfall totals for both Maui and the Big Island exhibited rather 

steep slopes (i.e., –0.785 and –0.375, respectively), such that the 986G nudged runs were found 

to compare unfavorably with the 986D runs, which had slopes that were much smaller (i.e., 

0.0002 and 0.0007 for the 2005/06 wet season). This shows that the 986D runs had superior 

temporal uniformity, which is a reflection of stability in model performance as a function of time. 

For long-term climate studies, model temporal stability is an essential prerequisite for obtaining 

good quality in simulated results. 
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Part II. Sensitivity Studies 
 
 
Tables 6 and 7 (below) summarize the results of sensitivity tests performed to ascertain the 

effects of changing the forcing field, land surface model, grid resolution, and nudging parameters. 

 
Table 6: Summary 1 of Sensitivity Tests (based on 6-month wet-season runs) 
 
CHANGE in Forcing Field                                                                                  Uncertainty 
  ERA minus R2 (Big Island)  0.08 < δε < 1.04 
  ERA minus R2 (Maui) 0.25 < δε < 0.27 
CHANGE in Land Surface Model 
  Noah minus RUC (Big Island) 0.0 < δε < 0.8 
CHANGE in Grid Resolution   
  1.1 km minus 3.3 km (Control, Big Island, ERA) δε ~ 0.15 
  1.1 km minus 3.3 km (Nudged, Big Island, ERA) δε ~ 0.57 
  1.1 km minus 3.3 km (Control, Maui, R2) δε ~ 0.08 
  1.1 km minus 3.3 km (Nudged, Maui, R2) δε ~ 0.07 
CHANGE in Nudging 

    CRTL minus nudged (Big Island, R2) δε ~ 0.16 
  CRTL minus nudged (Big Island, ERA) 0.2 < δε < 0.5 
  Nudged uv in PBL (Big Island) 0.1 < δε < 0.2 
  CRTL minus nudged (Maui, ERA) δε ~ 0.44 
  CRTL minus nudged (Maui, ERA) δε ~ 0.77 

 
Note: δε is a measure of uncertainty obtained by taking the difference between variables from the 986D 
nudged run from the 986J01NE nudged run, i.e., δε ~ ΔRatio = Ratio(986J01NE) – Ratio(986D)  
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Table 7: Summary 2 of Sensitivity Tests (based on 6-month wet-season runs) 
 

Sensitivity Tests (1997–1998) 
 

Big 
Island  Maui 

WET minus 986D 0.16   
CTRL_NE minus 986J01NE 0.5  0.77 
WET_NE minus 986GNE 0.24   
CTRL minus 986G   0.29 
Nudged uv in PBL (986DpN minus 986DN) 0.1   
Nudged uv in PBL (986D minus 986Dp) 0.19   
ERA minus R2 (WET_E minus WET) 1.04   
ERA minus R2 (986GNE minus 986GN)   0.37 
ERA minus R2 (986J01NE minus 986D)   0.28 
ERA minus R2 (986J01NE minus 986G)   0.14 
Noah minus RUC (986GNE minus 986GE) 0  0.33 
Noah minus RUC (WET_E minus WET)) 0.8   
1.1 km minus 3.3 km    
                         Control 0.15  0.08 
                         Nudged   0.57  0.07 

The change in forcing field from NCEP R2 to ERA-Interim had the largest effect on the 

simulated rainfall Ratios, with maximum uncertainties of the rainfall Ratios on the order of δε ~ 

1.00 (for the Big Island) and

 

δε ~ 0.4

 

(for Maui) (see Tables 6 and

 

7). Some sensitivity 

experiments showed that the effect of changing the LSM (from

 

RUC to Noah) varied from no 

effect (δε ~ 0) to a maximum of δε ~ 0.8, depending on the nature of the experiments performed. 

See

 

Figures 17 and

 

18, which show

 

little difference between

 

nudged and un-nudged runs when 

ERA-Interim-forced runs implement RUC or the Noah LSM. When forced

 

with NCEP R2, large 

discrepancies appeared after 6 months (seen in the

 

differences

 

in the green and blue lines). The 

next largest effect arose from changing the grid resolution of the innermost domain from 3.3 km 

to 1.1 km. 
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SENSITIVITY STUDY A: Hawaiian Islands Rainfall Difference Map: ERA-forced minus NCEP R2-
forced (3.3 km), 2005–2006  
 

Comparison of rainfall (RAINNC) differences between the ERA-forced (986J01NE) and the 

NCEP R2-forced (986D) simulations for the 2005–2006 six-month wet season show that ERA-

forced WRF simulation produced significantly more simulated rainfall on the eastern upcountry 

region of the Big Island, with a maximum rainfall difference of +3139 mm during the ENSO-

neutral six-month wet season (see Figure 11).  

  

 
Figure 11: Difference between kriged RAINNC for ERA-forced nudged (986J01NE) and NCEP R2-
forced nudged (986D) simulations for the 2005–2006 six-month wet season. ERA-forced WRF 
simulation produced significantly more simulated rainfall (RAINNC) on the eastern portion of the Big 
Island, with a maximum rainfall difference of +3139 mm during the ENSO-neutral six-month wet season. 
Notice that in this experiment, both the forcing field and the land surface models were changed. The 
values for the color legend on the bottom left are shown at the top left, i.e., 3139.3 mm (red) and –496.5 
mm (blue). 
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SENSITIVITY STUDY B: Hawaiian Islands Rainfall Difference Map: ERA-forced minus NCEP R2-
forced (3.3 km), 1997–1998  
 

Comparison of rainfall differences between ERA-forced (986J01NE) and NCEP R2-forced 

(986D) nudged, kriged WRF RAINNC simulations for the 1997–1998 six-month wet season 

show that ERA-forced WRF simulation produced significantly more simulated rainfall 

(RAINNC) on the eastern portion of the Big Island, Maui and north-central Kaua‘i and 

somewhat more rainfall on northeast O‘ahu (see Figure 12). A maximum rainfall difference of 

+821 mm was obtained when the ENSO-neutral six-month wet seasons were compared. 

 

 
Figure 12: Difference in kriged RAINNC for ERA-forced nudged (986J01NE) and NCEP R2 forced 
nudged (986G) simulations for the 1997–1998 six-month wet season. ERA-forced WRF simulation 
produced significantly more simulated rainfall (RAINNC) on the eastern portion of the Big Island, East 
Maui, northeast O‘ahu and central Kaua‘i with a maximum rainfall difference of +821 mm during the six-
month  ENSO wet season. Notice that in this experiment, both the forcing field and the land surface 
models were changed. The values for the color legend on the bottom left are shown at the top left, i.e., 
821 mm (red) and –306.7 mm (blue). 
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SENSITIVITY STUDY C: Constrained Big Island Rainfall Difference Map: ERA-forced minus 
NCEP R2-forced (3.3 km), 1997–1998 
  

The 6-month (NDJFMA 1997–1998) RAINNC (total resolvable rainfall obtained from the 

microphysics scheme) difference map between an ERA-forced nudged (986GNE) and an NCEP-

forced nudged (986GN) run of the Big Island at 3.3 km resolution shows the marked differences 

in rainfall between the eastern and western regions of the Big Island, ranging from +650 mm to  

–294 mm (see Figure 13), using the same LSM and different forcing fields.  

 
 

 
 
Figure 13. Nudged ERA-forced WRF RAINNC minus nudged NCEP R2-forced WRF RAINNC 
(986GNE minus 986GN for NDJFMA 1997–1998). In this sensitivity experiment, the LSM was held 
constant and only the forcing field was changed. The rainfall difference map reveals over-simulation of 
total resolvable precipitation (RAINNC) in the eastern, southern and western regions of the Big Island 
(shown in red and pink) and under-simulation in the northern and central areas (shown in blue). The 
values for the small rainfall difference color legend located on the bottom left of the figure are shown at 
the top left, i.e., RAINNC Difference Range =  –294 mm (blue) to +650 mm (red). Notice that in this 
experiment only the forcing field was changed, and the LSM (Noah) was held fixed. 
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SENSITIVITY STUDY D: Big Island Rainfall Difference Map: Effect of nudging: Control minus 
986J01NE (1.1 km), 1997–1998  
 
A 6-month (NDJFMA 1997–1998) RAINNC difference map at 1.1 km resolution shows that, 

compared with the ERA-Interim forced nudged run (986J01NE), the control run (CTRL_NE) run 

overproduced RAINNC with a maximum difference of +998 mm on the northeast coast of the 

Big Island (shown in red). The control run also under-produced RAINNC over most regions of 

the Big Island (shown in blue), with the northwest Kona coast and the eastern Puna regions 

presenting the least amount of simulated rainfall (in somewhat darker blue), with a minimum 

difference of –238 mm (see Figure 14). 

 

 
 
Figure 14. 1.1 km-resolution control ERA-forced minus nudged ERA-forced (CTRL_NE minus 
986J01NE NDJFMA 1997–1998). The 986J01NE nudging parameters effectively removed the excessive 
rainfall in the north, northeast and eastern central regions (shown in red). The values of the rainfall 
difference color legend located on the lower left (with difficult-to-see numbers) are shown at the top left, 
i.e., RAINNC Difference Range =  –238 mm (blue) to +998 mm (red). 
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SENSITIVITY STUDY E: Maui Rainfall Difference Map: Effect of nudging: Control minus 986G 
(1.1 km), 1997–1998  
  
 
A 6-month (NDJFMA 1997–1998) RAINNC difference map of Maui (CTRL minus 986G) at 1.1 

km resolution shows mountainous regions on the West Maui Mountains and East Maui where the 

control (CTRL) run over-simulated (in red) total resolvable rainfall RAINNC (see Figure 15). 

Along the northeastern coast of East Maui and the western regions of West Maui Mountains, the 

control run (CTRL) under-simulated rainfall (shown in blue). There is also a lower-elevation 

swath through central Maui and southern West Maui where the rainfall was somewhat 

overproduced (shown in pink). 

 
 
Figure 15. 1.1 km-resolution control NCEP R2-forced rainfall minus nudged (986G) NCEP R2-forced 
WRF run. The 986G nudging parameters effectively removed the excessive rainfall in central and 
southern West Maui Mountains, central Maui and the eastern upslope regions (shown in red). The values 
of the rainfall difference color legand located on the lower left (with difficult-to-see numbers) are shown 
at the top left, i.e., RAINNC Difference Range =  –409 mm (blue) to +538 mm (red). 
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SENSITIVITY STUDY F: Lower Troposphere (700-1000 hPa) Specific Humidity Maps: Effect of 
Changing Forcing Fields on Specific Humidity: (a) 986J01NE (ERA-Interim), (b) 986D (NCEP 
R2) and (c) January 1998 Specific Humidity Difference Map  
 

(a) January 1998 (ERA-Interim-forced)     (b) January 1998 (NCEP R2-forced) 
 

 
 
(c) Specific Humidity Difference Map: ERA-Interim minus NCEP R2-forced 

 
 

 
Figures 16a-c. The map on the upper left (a) shows the monthly (January 1998) and vertical sum of the 
lower troposphere (700–1000 hPa) specific humidity (QVAPOR) of the ERA-Interim forced (986J01NE) 
simulation. The map on the upper right (b) shows the lower-troposphere specific humidity map of the 
NCEP R2-forced (986D) run. The map (c) on the bottom is the specific humidity difference map (ERA- 
minus R2-forced), which shows the significantly larger amounts of specific humidity (~ 0.03 kg/kg, 
shown in green) in the ERA-Interim-forced simulations in comparison with the NCEP R2-forced specific 
humidity simulation. 
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SENSITIVITY STUDY G: Temporal Evolution of LSMs with and without nudging 
 

 
 Figure 17. Temporal Progression of Rainfall Ratios for Four Control Runs

 

 

 
Figure 18. Temporal Progression of Rainfall Ratios for Four Nudged Runs 
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Part III. Atmospheric Studies 
 
ATMOSPHERIC STUDY A: 6-month Wet-Season Precipitation Difference Maps (2005–2006 minus 
1997–1998) 
 
In the set of 8 figures shown below (Figures 19a,b, 20a-d, and 21a,b), Figures 19a and 19b 

present the results for the number-constrained validation test for the Big Island (based on Ratios 

derived from Figures 20a-d). The rainfall Ratio ± SD for the 2005/06 and the 1997/98 wet 

season were 0.83 ± 0.45 and 0.76 ± 0.45, respectively, using the same number (N = 20) and 

locations of rain gauge stations. Because both Ratios rounded to the nearest tenth of a decimal 

place come to 0.8, they both attained acceptable B ratings.                                

 

 
 
Figure 19a. The effect of constraining the total number of rain gauges on Rainfall Ratios for the 6-month 
2005–2006 wet season. The values of the rainfall Ratio color legend, located on the lower left (with 
difficult-to-see numbers) are shown at the top left, i.e., Ratio Range = 2.75 (red) to 0.23 (blue). 
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ATMOSPHERIC STUDY A: 6-month Wet-Season Precipitation Difference Maps (2005–2006 minus 
1997–1998) (cont’d) 
  

 
Figure 19b. The effect of constraining the total number of rain gauges on the Rainfall Ratios for the 6-
month 1997–1998 wet season. The values of the rainfall Ratio color legend, located on the lower left are 
shown at the top left, i.e., Ratio Range = 2.47 (red) to 0.054 (blue). 
 
 
As a result of attaining these acceptable performance ratings, the simulated kriged rainfall maps 

(Figures 20a,c shown below) can be evaluated as part of the Atmospheric Studies section. Since 

both krige-interpolated maps of the total resolvable precipitation are on different scales, taking 

their difference allows evaluation of the difference in rainfall patterns and amounts between the 

2005/06 ENSO-neutral and the 1997/98 El Niño wet seasons. The rainfall difference map in 

Figure 21a (below) shows that the Big Island experienced much more rainfall in 2005/06 on its 

southern and eastern sides than in 1997/98. Areal Averaged Precipitation Differences are also 

shown for the simulated (ΔKWRF) and rain gauge (ΔKRG) data (233.6 mm and 214 mm, 

respectively) with a given percent error of –8.4%.  
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ATMOSPHERIC STUDY A: 6-month Wet-Season Precipitation Difference Maps (2005–2006 minus 
1997–1998) (cont’d) 
 
    (a)                                                                          (b)                                                            

 
        (c)                                                                           (d) 

 
 
Figures 20a-d. The satisfactory B rating obtained (see earlier Figures 19a,b) for the 2005–2006 and the 
1997–1998 rain gauge number constrained (N = 20) 6-month Rainfall Ratios allow the krige-interpolated 
nudged (986D) runs of the Big Island (Figures 20a,c) to be qualitatively and quantitatively evaluated. 
The krige-interpolated rain gauge data (Figures 20b,d) lacks the detailed sub-island scale rainfall 
information provided in the krige-interpolated rainfall model output (Figures 20a,c). In other words, 
direct comparison of the 2005–2006 simulated results in Figure 20a with measured data in Figure 20b 
(and the 1997–1998 results in Figure 20c with Figure 20d) directly demonstrate the benefits of 
dynamical downscaled simulations for providing high-resolution topographically informed rainfall 
patterns. 
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ATMOSPHERIC STUDY A: 6-month Wet-Season Precipitation Difference Maps (2005–2006 minus 
1997–1998) (cont’d) 

 (a) 

 
(b) 

 
 
Figures 21a,b. Rainfall Difference Maps: (a) ΔKWRF and (b) ΔKRG. Difference maps of the ENSO-
neutral and mega-El Niño episodes obtained from subtracting the two simulated and the two observed 
rainfall maps disclose information about the differences in rainfall patterns and areal averages. More 
rainfall is shown on the northeastern and southeastern coasts (in red) in both rainfall difference maps, and 
less rainfall is shown on the northern and central mountainous regions of the Big Island. As shown by the 
calculated Areal Averaged Precipitation Differences of ΔKWRF =214 mm (a) and ΔKRG =233.6 m (b), 
percent error = (214 mm – 233.6 mm)/233.6 mm x 100% = –8.4%.   
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ATMOSPHERIC STUDY A: 6-month Wet-Season Precipitation Difference Maps (2005–2006 minus 
1997–1998) (cont’d) 
 

The images above (Figures 21a,b) show 3.3 km-resolution simulated (KWRF) and 

NCDC rain gauge rainfall (KRG) difference maps of the Big Island. The differences in total 

resolvable rainfall (obtained from the microphysics scheme) between the six-month ENSO-

neutral wet season (November 2005–April 2006) and the corresponding six-month warm ENSO 

wet season (November 1997–April 1998) are presented. Nudged (986D) NCEP R2-forced runs 

exhibit large differences in rainfall amounts between the two wet seasons (shown in red and 

blue). Differences in the modeled and measured 6-month rainfalls reveal that the southeastern 

and northeastern portions of the Big Island had more rainfall (shown in red) from November 

2005 to April 2006 than from November 1997 to April 1998. On the other hand, less rain fell 

during the ENSO-neutral wet season than during the El Niño wet season in the central and 

northern regions of the Big Island (shown in blue). The two difference maps diverge in their 

representation of rainfall on the western (Kona) side of the Big Island and in the easternmost 

region (in any region where one map shows red and the other blue), where the simulated 

difference depicts more rainfall while the observed difference shows less rainfall.  
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ATMOSPHERIC STUDY B: SST Maps 
 
Figures 22a and 22b show the average January SST for 1998 versus 2006.  
 

(a) 

 
(b) 

 
Figures 22a,b. Average January SST Maps for 1998 and 2006. Clearly visible along the equator (from 
175W to 140W) is a swath of warm water (~303 K) in January 1998. In January 2006, there is a 
discernable region comprising part of the Cold Tongue (~296 K), showing a +7 K increase near 140W 
and a roughly +2 K increase near 170W. (See Figures 1a,b for latitude and longitude, and Footnote 20 for 
explanation.) 
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ATMOSPHERIC STUDY B: SST Maps (cont’d) 
 

Figures 23, 24 and 25 (below) show monthly averaged SST differences between 

corresponding ENSO and ENSO-neutral months. In Figures 23 and 24 there is a distinct East-to-

West temperature gradient in the map along the equator during the months of November and 

January. From the East (140W) to the West (170W), there is a spread in temperature differences 

of about 3 K (∆∆SST ~ 3 K = +4 K to +1 K) between November 1997 and 2005. Even though 

the average SSTs in January are higher (Figure 22a,b), the spread is still only +3 K (∆∆SST ~ 3 

K = +5 K to +2 K). By April (Figure 25), the spread in the temperature difference between April 

1998 and April 2006 has fallen to about 1.2 K (∆∆SST ~ 1.2 K = +2 K to +0.8 K). The contrast 

in zonal equatorial SST gradient that was clearly observable in January (see Figures 24) has, by 

April (Figure 25), begun to disappear as can be seen in the spread in the temperature differences 

in the zonal equatorial SSTs (Figure 25): El Niño has begun to dissipate (∆∆SST→ 0) 
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ATMOSPHERIC STUDY B: SST Maps (cont’d) 

 
Figure 23. SST Difference Map of the average November 1997 SST minus the average November 2005 
SST. The differences in zonal SST gradients between the two months are clearly discernable in the East-
to-West spread in the zonal equatorial temperature differences (~ 3 K). Clearly, in November 1997 the 
eastern equatorial SSTs are much higher than in November 2005 (~ 4.5K). 
 
 

 
Figure 24. SST Difference Map of the average January 1998 SST minus the average January 2006 SST.. 
In January 1998, the eastern equatorial SSTs are much higher than in January 2006 (~ 5K) and the 
differences in zonal SST gradients between the two months are clearly discernable in the East-to-West 
spread in the zonal equatorial temperature differences (~ 3 K). 
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ATMOSPHERIC STUDY B: SST Maps (cont’d) 
 
  

 
 
Figure 25. SST Difference Map of the average April 1998 SST minus the average April 2006 SST.  
The difference in SST gradients between the two periods has fallen in the eastern equatorial region (~2 K) 
and the zonal SST gradient in the study region has fallen (~1.2 K). 
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ATMOSPHERIC STUDY C: Average Monthly 10-meter Winds: (NCEP R2 986D: 1997–1998 
versus 2005–2006) 
 
Figures 26 and 27 show 10-meter surface winds for November 2005 versus November 1997. In 

Figure 26 a northeast subtropical high is clearly in evidence during November 2005 of the 

neutral ENSO event. In Figure 27 (November 1997), the high is now located to the northwest of 

the Islands during the El Niño episode. Because Hawai‘i is located to the southeast region of the 

subtropical high, divergence is expected. 

In Figures 28 and 29, which show surface winds for January 2006 and January 1998, a 

subtropical high is still evident during January 2006, though it has spread out during the neutral 

ENSO event. During January 1998 of the warm ENSO event, not only is the high nowhere to be 

seen in the study domain (the winds are blowing in the opposite direction, away from the Big 

Island), but there appears to be intensely flowing westerly winds directly north of the Islands, 

along with the redirection of easterly trade winds over Hawai‘i.  

In Figures 30 and 31, which show surface winds for April 2006 versus April 1998, a 

subtropical high is still in evidence during April 2006, though located due north of the Islands 

during the neutral ENSO event. During April 1998 of the positive ENSO event, the trade winds 

have returned, but from a monthly average high that is spread out north of the island chain, 

perhaps due to its migration during the month of April.  
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ATMOSPHERIC STUDY C: Average Monthly 10-meter Winds: (NCEP R2 986D: 1997–1998 
versus 2005–2006) (cont’d) 
 
 

 
 
Figure 26. 10-meter Average Surface Winds for November 2005. The northeast subtropical high 
is evident during the ENSO-neutral event, with its converging winds. 

 
 
Figure 27. 10-meter Average Surface Winds for November 1997. The location of the high to the 
northwest of the Islands during El Niño, with its diverging winds.  
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ATMOSPHERIC STUDY C: Average Monthly 10-meter Winds: (NCEP R2 986D: 1997–1998 
versus 2005–2006) (cont’d) 

 
 
 
Figure 28. 10-meter Average Surface Winds for January 2006. A weakened subtropical high is 
located to the north-northeast of the Islands during the ENSO-neutral month. 
  

 
 
Figure 29. 10-meter Average Surface Winds for January 1998. The November 1997 northwest 
subtropical high (Figure 27) has been replaced by strong westerly winds located to the north and 
west of the Islands, deflecting the northeasterly trades winds south of the Islands. 
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ATMOSPHERIC STUDY C: Average Monthly 10-meter Winds: (NCEP R2 986D: 1997–1998 
versus 2005–2006) (cont’d) 
  

 
 
Figure 30. 10-meter Average Surface Winds for April 2006. A weak but discernable subtropical 
high can be seen just north of the Islands during the ENSO-neutral event. 
 

 
 
Figure 31. 10-meter Average Surface Winds for April 1998. The strong westerlies have been replaced by 
weak trade winds from a high that is spread out north of the island chain.  
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ATMOSPHERIC STUDY D: Average Monthly 100-hPa Winds: (NCEP R2 986D: 1997–1998 versus 
2005–2006) 
 
The subtropical jet stream winds at 100-hPa are represented in Figures 32-37 (below). At this 

high elevation (~16 km), the changing characteristics of the subtropical jet stream, during the 

2005/06 ENSO-neutral events, are compared with the jet’s evolution during the 1997/98 mega-El 

Niño. For all of the 1997/98 El Niño months shown, the subtropical jet stream appears noticeably 

more intense and shows greater maximum wind speeds during November 1997 than November 

2005 and in January 1998 rather than January 2006. The changing structure, shape and 

intensification and the zonal and meridional translations are plainly visible when comparing the 

wind vector map for January 2006 with that of January 1998 (i.e., see Figures 34 and 35). 

During the three ENSO-neutral wet-season months shown, the jet stream has more of a 

discernable meander in its overall shape (see Figures 32, 34 and 36). But the most distinctive 

feature differentiating the subtropical jet stream during the warm ENSO from the ENSO-neutral 

months is its overall structure, with its extended broad, horizontal and parallel wind vectors. 

Though the general impression of the January 2006 jet stream appears similar to that of the 

January 1998 jet, the zonal extension of the highest-velocity winds directly above the Hawaiian 

Islands during January 1998 is most prominent (compare Figures 34 and 35).  

The blue isotach (contour) lines in Figures 34 and 35 show the u-component of the 100-

hPa wind vectors. The contour lines for January 2006 and January 1998 reveal the extended 

horizontal structure, narrowing, and intensification, along with an equatorial shift in the jet’s 

meridional location that took place in January 1998 (Figure 35), placing the right exit region 

directly over the Hawaiian Islands. 
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ATMOSPHERIC STUDY D: Average Monthly 100-hPa Winds: (NCEP R2 986D: 1997–1998 versus 
2005–2006) (cont’d) 
 
100-hPa Winds: November 2005 versus November 1997 

 

Figure 32. The November 2005 ENSO-neutral winds at 100-hPa show a distinct, though meandering, 
westerly flow with maximum wind speeds of about 30 m/s.  

 
 
Figure 33. The November 1997 average winds at 100-hPa reveal a broad, though meandering, westerly 
flow with maximum wind speeds of 30 m/s during this warm ENSO month.  
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ATMOSPHERIC STUDY D: Average Monthly 100-hPa Winds: (NCEP R2 986D: 1997–1998 versus 
2005–2006) (cont’d) 
 
100-hPa Winds: January 2006 versus January 1998 

 
 
Figure 34. The ENSO-neutral January 2006 average winds at 100-hPa show a broad westerly flow north 
and northwest of the Islands with maximum wind speeds of about 60 m/s. Contours of maximum zonal 
isotachs (shown in blue) begin at 30 m/s and increase to over 60 m/s in increments of 10 m/s.   

 
 
Figure 35. The mega-El Niño January 1998 average winds at 100-hPa. A clear extension, broadening and 
intensification of the westerly flow of the subtropical jet stream with maximum wind speeds of about 60 
m/s. Isotachs of maximum u-component (shown in blue) of the wind start at around 30 m/s and increase 
to about 60 m/s in increments of 10 m/s.   
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ATMOSPHERIC STUDY D: Average Monthly 100-hPa Winds: (NCEP R2 986D: 1997–1998 versus 
2005–2006) (cont’d) 
 
100-hPa Winds: April 2006 versus April 1998 

 

Figure 36. The April 2006 ENSO-neutral winds at 100-hPa show a weaker, more meandering, and less 
intense westerly flow north of the islands (depicted by the reduction in the speed of the wind vectors). 
Notice the horizontal wind structure south of the Islands. 

 
 
Figure 37. The April 1998 average winds at 100-hPa show a more meandering, less horizontally 
continuous jet stream, though there is a relatively intense horizontal structure just south of the islands.   
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ATMOSPHERIC STUDY E: Average January Lower-Troposphere Specific Humidity  
 
The response of the HCS to the strong 1997/98 El Niño manifested itself, in part, on Maui and 

the Big Island as a reduction in moisture associated with the combined influence of the jet stream 

injecting warm dry air from aloft and the intensification of surface westerly winds, which 

inhibited the arrival of moisture-carrying trade winds. This change in atmospheric moisture 

content in reflected in the lower troposphere (700-1000 hPa) specific humidity maps (Figures 

38a-c). From the QVAPOR difference map for January (2006 minus 1998), ΔQVAPOR > 0 (in 

the regions shown in orange, yellow and light green) on Maui and the Big Island, so the specific 

humidity in January 2006 was greater than in January 1998, i.e., QVAPOR (January 2006) > 

QVAPOR (January 1998) for these regions on the Big Island. The regions with positive 

differences (in red and yellow) are located on the eastern side of East Maui (0.0005 kg/kg in 

yellow) and the eastern side of the Big Island (0.0045 kg/kg in red), perhaps because of the 

greater amount of vegetation on the eastern (Puna) side of the island (see Figure 42a). On the 

Kona side of the Big Island, the specific humidity differences range from slightly positive 

(0.0005 kg/kg in yellow) to negative (−0.002 kg/kg in green). The positive values (in red, orange 

and yellow) on the Kona coast (along with the positive values just off the Kona coast (in red) are 

suggestive of local island effects, in which warm, moist air is brought to the west coast through 

the action of a westerly sea breeze. On the western half of East Maui and all of West Maui, the 

values are all negative (−0.009 to −0.006 kg/kg, in blue and dark green, respectively). 
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ATMOSPHERIC STUDY E: Average January Lower-Troposphere Specific Humidity (cont’d)  
                                                           

(a) January 2006                                        (b) January 1998  
 
 

 
 
 

(c) Difference in Lower Troposphere Specific Humidity (January 2006 minus January 1998) 
 

 
 

Figures 38a-c. Average January Lower Troposphere Specific Humidity (NCEP R2 986D run): (a) 
January 2006, (b) January 1998, and (c) Specific Humidity Difference Map (January 2006 minus January 
1998). From (c) the QVAPOR difference maps on the Big Island, ΔQVAPOR > 0 (in the regions shown 
in orange, yellow and light green), so QVAPOR (January 2006) > QVAPOR (January 1998) for these 
regions on the Big Island. 
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ATMOSPHERIC STUDY F: Average mid-Troposphere (500-hPa) January Vertical Velocity 
 
Other changes that occurred in the wake of the 1997/98 El Niño were variations in the vertical 

velocities (Figures 39a-c). In the mid-troposphere (500-hPa) January vertical velocity difference 

map (January 2006 minus January 1998) on the Big Island, Δw > 0 (in the regions shown in 

green, yellow, orange and red), so for most regions on the windward side w(January 2006) > 

w(January 1998). In these regions, there was more rising air in January 2006 than in January 

1998. On the Kona side of the Big Island, Δw < 0 (in the regions shown in dark green and blue), 

so w(January 1998) > w(January 2006). In these regions, there was more rising air in January 

1998 than in January 2006. Notice the atmospheric waves which are aligned in a northeast to 

southwest direction.  
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ATMOSPHERIC STUDY F: Average mid-Troposphere (500-hPa) January Vertical Velocity (cont’d) 
 

(a) January 2006                                  (b) January 1998 

 
 
 

(c) Difference in Mid-Troposphere Vertical Velocity (January 2006 minus January 1998) 
 

 
 
Figures 39a-c. Mid-Troposphere (500-hPa) January Vertical Velocities (NCEP R2 986D run): (a)  
January 2006, (b) January 1998, and (c) Vertical Velocity Difference Map (January 2006 minus January 
1998). From the Vertical Velocity Difference Map for the mid-troposphere for January on the Big Island, 
Δw > 0 (in the regions shown in green, yellow, orange and red), so for most regions on the windward side 
w(January 2006) > w(January 1998). On the northern side of East Maui, Δw > 0 (shown in yellow, orange 
and red), and on the southwestern portion of East Maui and the northeastern region of West Maui, Δw < 
0. In these regions, w(January 2006) < w(January 1998) so there was more rising at 500-hPa in January 
1998 than in January 2006. Also, notice the atmospheric waves aligned in a northeast to southwest 
direction north of the Islands. (See the more detailed interpretation in the Discussion section.) 
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ATMOSPHERIC STUDY G: Average January Outgoing Longwave Radiation (1000–10-hPa) 
 
The larger OLR values obtained for January 1998 (254-286 W/m2) can be contrasted with the 

smaller OLR values obtained for January 2006 (244-274 W/m2). From the OLR difference maps 

(see Figures 40c,d), ΔOLR < 0 (in the regions shown in orange, yellow and green), and so 

OLR(January 1998) > OLR(January 2006) on Maui and the Big Island. In other words, in 

January 1998, because the OLR was higher, there were warmer cloud top temperatures and less 

deep convection. The OLR difference map on the lower right (d) is the same as (c) except 10 km 

horizontal grid resolution is represented to show more clearly the positive OLR anomalies in the 

regions north of the Islands and the negative OLR anomalies to the south—consistent with the 

colder cloud top temperatures and deeper convection expected in the intertropical convergence 

zone (ITCZ).    
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ATMOSPHERIC STUDY G: Average January Outgoing Longwave Radiation (1000–10-hPa) (cont’d) 
 
 

(a) January 2006                                           (b) January 1998 

 

 
(c, d) Differences in OLR (January 2006 minus January 1998) 

 

(c) 3.3 km                                                     (d) 10 km 

 

Figures 40a-d. Average January Outgoing Longwave Radiation (NCEP R2 986D run): (a) January 2006, 
(b) January 1998, and (c) OLR Difference Map (January 2006 minus January 1998). From the OLR 
Difference Maps, ΔOLR < 0 (in the regions shown in orange, yellow and green), and so OLR(January 
1998) > OLR(January 2006) on Maui and the Big Island, and so there were lower cloud top temperatures 
and deeper convection in January 2006 than in January 1998. The OLR difference map on the lower right, 
(d), is the same as (c) except that it has 10 km horizontal grid resolution to show more clearly the positive 
OLR anomalies in the regions north of the Islands and the negative OLR anomalies in the regions to the 
south.    
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ATMOSPHERIC STUDY H: Average January 2-meter Surface Temperature 
 
Distinct 2-meter temperature (T2) differences are found when a difference map of surface 

temperatures is made by subtracting T2(January 2006) from T2(January 1998). In the 2-meter 

temperature difference map for January (Figure 41c), ΔT2 < 0, on the eastern half of the Big 

Island (shown in orange, yellow, green, blue and purple) and the coastal and high-elevation areas 

in western Kona (shown in orange), so that T2(January 1998) > T2(January 2006). In other 

words, on the eastern half of the Big Island (and the coastal and high elevation regions of Kona), 

the 2-meter surface temperatures are greater in January 1998 than in January 2006. The opposite 

situation holds in the upslope regions of the western Kona district (shown in red), where ΔT2 > 0. 

The T2 difference map for Maui shows that on the western half of East Maui, ΔT2 > 0 (shown in 

red), but that in all the other regions (shown in yellow and orange), ΔT2 < 0. In other words, 

Maui shares the same temperature differences as the eastern side of the Big Island, everywhere 

except for western, dry side, of East Maui, where it was hotter in January 2006 than January 

1998. 
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ATMOSPHERIC STUDY H: Average January 2-meter Surface Temperature (cont’d) 
 (a) January 2006                                            (b) January 1998 

 
 

(c)  Difference in 2-meter Temperature (T2) (January 2006 minus January 1998) 

 

Figure 41a-c. January Average 2-meter Temperature Maps obtained from the NCEP R2 986D WRF 
simulation: (a) T2 of January 2006, (b) T2 of January 1998, and (c) 2-meter Temperature Difference Map 
(January 2006 minus January 1998). From the 2-meter temperature difference for January, ΔT2 < 0 on the 
eastern half (and the coastal and high elevation western side) of the Big Island (shown in orange, yellow, 
green, blue and purple) so T2(January 1998) > T2(January 2006) in these regions. In the upcountry 
western regions of Kona on the Big Island (and the western half of East Maui), ΔT2 > 0 (shown in red) so 
T2(January 2006) > T2(January 1998) in these typically dry, high elevation regions. 
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Atmospheric Study I: Vegetative Fraction 
 
The persistence of the east-west differences observed in a number of the variables (specific 

humidity, 2-meter temperature) suggests that either there are some limitations in the model, 

resulting perhaps, from the unmodified land surface model (LSM) or, alternatively, from sub-

island scale regional differences evident in certain atmospheric variables. One of the first places 

to look for limitations in the LSM is the representation of the vegetative fraction (Figure 42a,b), 

which shows VEGFRA for (a) the Big Island and (b) Maui. The gross representation of 

vegetative fraction on the Big Island shows a significant percent (17–21%) on the eastern (Hilo) 

regions of the Big Island, moderate values (15–16%) in Kohala (in the north) and Kā‘ū (in the 

south) and sub-moderate fractions (8–12%) in the regions located in the central, western and 

southern regions. Minimum values of vegetative fraction (4–5%) are found in the high elevation 

central region (shown in blue). For Maui, a single constant value of vegetative fraction is give 

(13–14%). The constancy and the coarse regional differences depicted on the Big Island can be 

investigated to see how much of a role the coarseness in the vegetative fraction plays in 

accurately simulating wet-season rainfall. 
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Atmospheric Study I: Vegetative Fraction (cont’d) 
 
 
 

(a) Big Island                                              (b) Maui 

 
 
 
Figure 42a,b. Vegetative Fraction for (a) the Big Island and (b) Maui. The coarse representation of 
vegetative fraction on the Big Island shows a significant percent (17–21%) on the eastern (Hilo) regions 
of the Big Island, moderate values (15–16%) in the northern (Kohala) and southern (Kā‘ū) regions and 
sub-moderate fractions (8–12%) in the central, southern and western regions. Minimum values (4–5%) 
are found in the high elevation central region (shown in blue). For Maui (and Kaho‘olawe), a single 
constant value of vegetative fraction (yellow) is given (13–14%). 
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Chapter 5 

Discussion 

 

Synoptic maps were presented to attest to the reliability of the nudged simulations when 

compared with reanalysis (Figures 1a,b), and a series of validation tests demonstrated that the 

nudged NCEP R2-forced WRF model runs accurately simulated both the ENSO-neutral and the 

warm ENSO total resolvable 6-month precipitation totals (Tables 2a,b). Sensitivity tests 

revealed that the ERA-Interim-forced simulations, which consistently over-simulated both the 

1997/98 and the 2005/06 wet-season rainfall totals on Maui and the Big Island, did so in part 

because of the significantly higher values of specific humidity obtained after subtracting NCEP 

R2-forced runs (i.e., ΔQVAPOR ~ 0.03 kg/kg; see Figures 16a-c).  

It was shown in the Results section that the nudged NCEP R2-forced simulations not only 

more accurately simulated total resolvable precipitation (RAINNC, computed by the 

microphysics scheme) when compared with NCDC rain gauge data for Maui and the Big Island 

for both climatic wet seasons (1997/98 and 2005/06), but based on the monthly temporal 

uniformity tests, the 986D-nudged, NCEP R2-forced experiments also exhibited better month-to-

month uniformity in terms of the rainfall Ratios (KWRF/KRG) that accurately approximated the 

Ratio = 1.00 target value (see Table 5) as a function of time. This ability—to consistently 

simulate total resolvable rainfall on a month-by-month basis—advances the objective of 

successfully implementing WRF as a regional climate model (RCM) for performing long-term 

studies of Hawaiian rainfall. In this Discussion section, the results obtained from the previous 
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numerical experiments will be interpreted in terms of accuracy, potential usefulness and physical 

plausibility. 

 

I. Validation Studies 

The six-month 1997/98 mega-El Niño and the 2005/06 ENSO-neutral wet seasons (November–

April) were simulated by forcing WRF3.7 with NCEP R2 and ERA-Interim reanalysis data 

products (see Data and Methods). The rainfall Ratios obtained from the numerical experiments 

forced with NCEP R2 exhibited generally acceptable 6-month rainfall Ratios when computed 

using NCDC rain gauge data for the Big Island (see Table 2a and Figures 2a, 3) and Maui (see, 

for example, Table 2a and Figures 4, 9b). Simulations forced with ERA-Interim reanalysis 

exhibited consistently higher 6-month rainfall values in comparison with rain gauge data (see 

Figures 5, 7, 10). Various nudging parameters were used for both the NCEP R2- and the ERA-

Interim-forced runs to optimize model performance (see Tables 2a,b). Simulations were 

performed using different forcing fields and land surface models (with and without nudging) for 

two islands using two different horizontal grid resolutions (see Tables 2a,b and Figures 17 and 

18). Following this series of validation experiments, accurate model performance in terms of 

simulating 6-month wet-season rainfall totals was demonstrated by directly comparing krige-

interpolated WRF total resolvable precipitation (KWRF) with krige-interpolated 6-month 

accumulated measured rain gauge (KRG) data to evaluate how well the simulated runs 

approximated the rainfall Ratio target value (KWRF/KRG = 1.00). Model performance was 

further examined by comparing the monthly temporal evolution of the rainfall Ratios to see 

which model configurations gave improved long-term rainfall stability and uniformity as a 

function of time (figures not shown).   
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The results from these validation experiments were tabulated in Tables 2a,b and Table 4, 

and the 986D nudging experiments forced with NCEP R2 were found to give superior results in 

terms of (1) accuracy (by attaining either A- or B-ratings) and (2) monthly temporal stability 

(with slopes of rainfall Ratio versus time of ~10–3). Additional rain gauge number-constrained 

comparisons showed that when the same rain gauge stations were used in the analysis, the 

rainfall Ratios obtained were still acceptable (see Table 3 and Figures 20a–d in the Results 

section). From these tests, the WRF model was validated in terms of simulated rainfall amounts.  

 

II. Sensitivity Studies 

A series of Sensitivity Studies was performed to see how the rainfall amounts and patterns were 

affected by changing the forcing fields (see Figures 11 and 12). The ERA-forced nudged runs 

(986J01NE) were shown to produce consistently greater amounts of total resolvable precipitation 

(RAINNC) than when nudged simulations (985D, 986G) were forced with NCEP R2. Because 

the land surface models (Noah and RUC) and the nudging parameters (986D and 986G) were not 

held fixed in the above sensitivity study (Figures 11 and 12), an additional test was performed.  

In Figure 13, the interpolated rainfall difference on the Big Island during the 1997–1998 

wet season was calculated, in which both the land surface model (Noah) and the nudging 

parameters (986G) were held fixed. Again, upon subtraction, the ERA-forced (986GNE) run 

exhibited significantly more simulated rainfall than the NCEP R2-forced run (986GN) on the 

eastern, southern and western upslope regions of the Big Island (Figure 13). This series of 

Sensitivity Studies showed that on the eastern regions of the Big Island (and Maui), NCEP R2-

forced runs, which implemented the Noah LSM, greatly over-simulated rainfall amounts (with  

 



	   	   	   	  
	  

74	  

maximum over-production (up to 650 mm) in some regions.   

To get some sense of the changes in the spatial variations of the rainfall patterns and 

amounts which resulted from nudging, rainfall difference maps were made by subtracting the 

nudged (986J01NE) from the control runs (CTRL_NE). In Figure 14, the high-resolution 1.1 km 

986J01NE nudging configuration removed precipitation from the northeastern regions of the Big 

Island (shown in red) during the 1997–1998 wet-season simulations. Comparison of these runs 

with the rainfall Ratios tabulated in Table 2b show that the nudged ERA-Interim-forced run 

reduced the total 6-month rainfall Ratio by 4% (Ratio = 2.00 → Ratio = 1.92).  

In Figure 15, a similar rainfall difference map was made for the 1.1 km high-resolution 

1997–1998 wet-season run of Maui by subtracting the nudged (986G) from the control run 

(CTRL). In this rainfall difference map, rainfall removed by nudging included the central and 

southern West Maui Mountains and the low elevation central and eastern upslope regions of East 

Maui. Comparing these spatial changes with the values in Table 2a, shows that the 986G 

nudging parameters reduced the rainfall by about 30% (Ratio = 1.30 → Ratio = 1.01).  

Figures 16a-c present the results from a sensitivity study in which the differences in the 

specific humidity (ΔQVAPOR) obtained from the ERA-Interim-forced and the NCEP R2-forced 

January 1998 runs. From the specific humidity difference map (Figure 16c), relatively large 

positive values of specific humidity are seen over most of regions surrounding the Islands. When 

the NCEP R2-forced specific humidity was subtracted from ERA-Interim-forced specific 

humidity, values of about 0.03 kg/g (shown in green) were obtained in the vicinity of the island 

chain. These relatively large differences in specific humidity indicated why the ERA-interim-
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forced WRF simulations consistently overproduced 6-month total rainfall amounts on Maui and 

the Big Island (for examples, see Table 2b).13  

Quantitative estimates of the uncertainties, δε = ΔRatio = Ratio(986J01NE) minus 

Ratio(986D), associated with these Sensitivity Studies were tabulated in Tables 6 and 7 in 

Results. It was found that by changing the forcing field (from NCEP R2 to ERA-Interim), the 

total resolvable precipitation could be increased by as much as a factor of 2 for the Big Island 

and by approximately 30% for Maui. This demonstrated that NCEP R2- outperformed ERA-

Interim-forced runs by more accurately simulating 6-month island rainfall totals. The next largest 

response that the WRF model exhibited was when the Noah land surface model was 

implemented for the NCEP R2-forced simulations instead of RUC, in which the rainfall Ratios 

increased by as much as 80% (see Figures 17 and 18). After 6-month-long simulations, little to 

no change was seen in the ERA-Interim-forced rainfall Ratios when the RUC LSM was replaced 

by Noah (see red and purple lines in Figures 17 and 18). The rainfall Ratio for Maui jumped 

from Ratio = 1.71 (986GE) to Ratio = 2.04 (986GNE) when Noah (“N”) replaced RUC for the 

3.3 km 1997–1998 wet-season run (see the last two entries in Table 2b). The same 3.3 km run 

for the Big Island showed no change in the rainfall Ratio when Noah replaced RUC as the LSM: 

Ratio ± SD = 1.84 ± 0.97 (986GNE, Noah) and Ratio ± SD = 1.84 ± 1.29 (986GE, RUC).  

The decision to run the simulations using the basic unmodified default settings for both of 

land surface models (RUC and Noah) was made as a result of published findings (Zhang et al. 

2012) which showed very little change in model performance due to modification of the land 

surface model. From Figures 17 and 18, implementation of the basic RUC LSM setup for NCEP 

R2-forced runs led to more accurate six-month rainfall Ratios (Ratio ~ 1.0) than when the basic 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  13

	  
In NCAR’s Climate Data Guide, some of the key limitations

 
of the ERA-Interim model are mentioned: “Too 

intense of a water cycling (precipitation, evaporation) over the oceans” (see fn. 4
 
for supporting source material). 
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Noah configuration was used (Ratio ~ 1.6) (Figure 17, control run). Based on these initial 

findings obtained from the comparison of the two land surface models, implementing the most 

recent version of the RUC land surface model, Rapid Refresh (RAP), may be worth investigating 

for future runs (Smirnova et al. 2015). From this series of Sensitivity Studies, WRF was found to be 

especially sensitive to which reanalysis product was used to force the model, and the NCEP R2-

forced runs were found to be sensitive to the type of LSM used.  

 

III. Atmospheric Studies 

Atmospheric Study A: Rainfall Ratio and Precipitation Difference Maps 

1. The Challenge of Treating WRF as a Regional Climate Model 

Though the rainfall Ratio maps were used to validate the WRF model, they can also be examined 

as part of the Atmospheric Studies section in order to characterize the model performance and to 

identify potential biases and limitations in model performance. Some appreciation of the level of 

topographic detail used by WRF in its computation of rainfall is revealing. Shown in Figures 

43a-d are representations of the 3.3 km and 1.1 km resolution elevation contours of the Big 

Island and Maui. The 3.3 km representation of the Big Island (Figure 43a) is very similar to its 

1.1 km counterpart (Figure 43c), whereas significant detail in lost in the 3.3 m topographic map 

of Maui (Figure 43b) compared with its 1.1 km counterpart (Figure 43d). Unrealistic geometric 

artefacts appear in the 3.3 km elevation contours for Maui, which could help explain the often 

unrealistic horizontal rainfall maximum simulated on East Maui in the 2005–2006 wet season 

(see Figure 44a). Comparison with the 3.3 km 1997–1998 wet-season simulation (see Figure 

44b) shows that it is not just higher-resolution topography that gives more realistically oriented 

rainfall maxima on Maui.  
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(a) Big Island Topos (3.3 km resolution)       (b) Maui Topos (3.3 km resolution) 

 

(c) Big Island Topos (1.1 km)                          (d) Maui Topos (1.1 km) 

 

Figures 43a-d. Comparison of topographic maps used by WRF. The 3.3 km representation of the Big 
Island is shown in (a) while its 1.1 km counterpart is depicted in (c). Notice the near similarity in 
elevation contours for the 3.3 km and the 1.1 km resolution topographic maps for the Big Island. The 3.3 
km representation of the Maui is shown in (b) while its 1.1 km counterpart is depicted in (d). Notice the 
degradation in elevation contours in the 3.3 km resolution topographic map for Maui (b), in which 
unrealistic rectangular artefacts can be seen in the 3.3 km topographic map of Maui. The 1.1 km 
topographic map for Maui appears realistic, without signs of unrealistic geometric artefacts. Topographic 
maps for O‘ahu and Kaua‘i at 3.3 km resolution (not shown) also have rectangular-shaped artefacts in 
their elevation contours. 
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(a) 2005–2006 Wet Season                      (b) 1997–1998 Wet Season 

 

Figures 44a,b. Kriged total resolvable precipitation (RAINNC) of 3.3 km Maui and the Big Island 
nudged using 986G for (a) the 2005–2006 (on the left) and (b) the 1997–1998 (on the right) wet seasons. 
Notice that, even in this 3.3 km horizontal grid simulation, the 1997–1998 maximum rainfall pattern on 
Maui appears more realistic than the horizontally oriented 2005–2006 wet-season maximum rainfall 
pattern. The unrealistic-looking rainfall maximum in Figure 44a may be a sign that the rainfall was 
induced more by Kona storms than by trade wind rainfall, so that its horizontal structure may indeed be 
realistic. 

 (a) 1997–1998 Maui (3.3 km)                       (b) 1997–1998 Maui (1.1 km) 

 

Figure 45a,b. Kriged total resolvable precipitation (RAINNC) of 986G nudged 1997–1998 wet season of 
Maui using (a) 3.3 km (on the left) and (b) 1.1 km (on the right) horizontal resolution simulations. Notice 
the limited regional rainfall detail provided by the 3.3 km-resolution run when compared with the more 
intricate 1.1 km simulation rainfall pattern, which includes more detail in the West Maui Mountains as 
well as on East Maui.  



	   	   	   	  
	  

79	  

Because of the critical role that realistic topography plays in accurately simulating 

orographic trade wind rainfall, assessment of the quality of the topographic maps at the desired 

horizontal grid resolution should be made before long-term simulations are performed to ensure 

that improper representation of island topography is not undermining the ability of the model to 

accurately simulate precipitation patterns and amounts at the regional climate scale or, on the 

other hand, that satisfactory topography is available at lower resolution (e.g., 3.3 km for the Big 

Island).    

Examination of the rainfall Ratio map of the Big Island (Figure 2d) shows that WRF 

over-simulated rainfall (by nearly a factor of 3) on many of the high-elevation (central and 

western) and southern regions (shown in red). This can be explained, in part, because of the 

relatively small amount of precipitation received in many of these high-elevation areas. For 

example, Halepohaku (19.7644, 155.45889) at 2822.4 meters received 292.6 mm of rainfall 

(according to the NCDC RG data), while WRF simulated 660.7 mm of rainfall—over-simulating 

by a factor of 3.09. In the dry southern region of the Big Island, Kailua Kona Airport (19.73556, 

156.04889) at 13.1 meters received 41.2 mm (from NCDC RG data), whereas WRF simulated 

161.1 mm—over-simulating by a factor of 3.91.  

Small increases in rainfall in regions which typically receive low rainfall totals tend to 

enhance the impact of the rainfall Ratio. At the South Kona station (see last entry in Table 4d), 

NCDC-measured RG data was recorded as 335.3 mm (during the 2005–2006 wet season), 

whereas WRF simulated 453.5 mm. This allowed it to attain a marginally acceptable rainfall 

Ratio of 1.35—even though the spread in rainfall was roughly 120 mm, i.e., about the same as 

that for the Kailua-Kona Airport described above, which over-simulated rainfall by a factor of 3 

(i.e., 30% versus 300%).  
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Alternatively, many of the eastern coastal regions on the generally wetter windward side 

are often under-simulated. These two tendencies—over-simulated dry regions and under-

simulated wet regions—often characterize the nature of simulated precipitation patterns on the 

Big Island (see, for examples, Figure 2d, 3, 5, 6 and 10). Similar patterns can be observed in the 

rainfall Ratio maps for Maui, in which WRF over-simulated wet-season total 6-month resolvable 

precipitation on the western and southern regions and under-simulated rainfall in the northern, 

eastern and central regions (see, for examples, Figures 4, 7, 8, 9a and 9b). Some of the 

fundamental limitations of using WRF as a regional climate model are brought to light in these 

regional precipitation biases, which tend to undermine the ability of using WRF as a regional 

climate model to resolve changes in precipitation on the microclimate level.14  

Over-simulated 6-month rainfall totals on the western side of the Big Island (see the 

Kailua-Kona region) may be explicable in part because of the likely influence of local island 

effects associated with the Kona region of the Big Island, which, for example, usually receives 

the maximum amount of summertime rainfall in Hawai‘i. The unique rainfall pattern, specific to 

the Kona side of the Big Island, results from the splitting of the low elevation trade winds by the 

high elevation mountains (Mauna Kea, Mauna Loa). These diverging streams of trade wind air 

are redirected and reverse their wind vectors, so that they change their original orientation from 

the northeast and are redirected completely around the islands until the winds flow as a sea 

breeze from the west (see Figure 46 below). It is primarily the result of this redirected trade 

wind flow that causes moist, warm air to increase the likelihood of rainfall in the Kona district. It 

is possible that the model configuration implemented in this study may either not fully capture 

this unique precipitation phenomenon or exaggerate it. Moreover, increases in westerly winds 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  14

 
These specific rainfall biases do not occur in all cases.

 
In Figures 9a and 9b, over-simulation of rainfall is shown 

in a high rainfall area (central West Maui), though the paucity of rain gauge data for Pu‘ukukui during this time 
period is most likely the source of the over-simulated rainfall totals in this region.

 



	   	   	   	  
	  

81	  

during the 1997/98 El Niño may have increased the rainfall amounts produced to the Kona 

region (see average January 1998 wind vectors in Figure 29). Comparison of rainfall Ratio maps 

of the Big Island 1997–1998 wet season (Figures 2d, 19b) with the 2005–2006 wet season 

(Figure 19a) show excessive rainfall for both time periods in the Kailua-Kona region of north 

Kona (shown in red). 

 

Figure 46. January 1998 average 10-meter wind vectors on the Big Island at 1.1 km horizontal grid 
resolution using the ERA-Interim-forced 986J01NE nudged experiment. Notice the westerly onshore and 
upslope winds between 19.2 and 19.6° N. 
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There are a number of factors that make simulating quantitatively accurate rainfall on the 

Hawaiian Islands at the regional scale particularly challenging. The Hawaiian archipelago, 

comprised of six main islands (the Big Island, Maui, Moloka‘i, Lana‘i, O‘ahu, and Kaua‘i) and 

two smaller islands (Ni‘ihau, southwest of Kaua‘i, and Kaho‘olawe, southwest of Maui), exhibits 

a vast geographical diversity. These widespread—about 330 miles from Hilo, on the Big Island, 

to Hanalei, on Kaua‘i—and relatively small subtropical islands reveal a natural diversity in the 

form of surprisingly varied topographic features (such as Waimea Canyon on Kaua‘i), maximum 

elevation (Mauna Kea at nearly 14,000 feet), and a large range of orographic inclinations (from 

the steep cliffs of the Nā Pali Coast of Kaua‘i to the smooth, slowly rising grade of Mauna Loa, 

with a maximum slope of only 12 degrees). The abrupt, nearly vertical escarpments, as well as 

the extremely gradual changes in elevation—characteristics of the orography of shield volcanoes 

hundreds of thousands to millions of years old—make very stringent demands on the accuracy 

and flexibility of any prospective climate model on the regional scale.  

Paradoxically, some of these same demanding features also make simulating rainfall on 

Hawai‘i using WRF particularly suitable. As a consequence of the massively protruding, high 

elevation mountains, which rise prominently out of the Central North Pacific, the prevailing 

trade winds promote consistent orographic rainfall, making the island chain an ideal 

geographical phenomenon for simulating rainfall and conducting climate studies. The persistence 

of the trade winds, the abrupt orography and the extreme geographic isolation of the island chain 

(far removed from continental influences) allow the Hawaiian Islands to be treated as a natural 

laboratory for the study of precipitation and climate.15  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
15

 

The paradox can be resolved by comparing aggregate island-scale rainfall with rainfall performance at the sub-
island scale. Limitations in model performance at the regional scale can be seen in the rainfall Ratio maps, depicted 
as regions where WRF over-simulated rainfall (shown in red) or under-simulated rainfall (shown in blue).
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The question which this research project attempts to answer is whether the uncertainties 

associated with regional rainfall biases, model errors and limitations in rain gauge station data 

can be kept small enough so as to be able to discriminate between long-term increases or 

decreases in seasonal and annual rainfall totals. Based on the regional rainfall biases exhibited in 

the WRF-simulated total resolvable precipitation (RAINNC) output—or rainfall Ratio maps—

this study restricted its investigations to treating 6-month wet-season rainfall totals on Maui and 

the Big Island in terms of aggregate precipitation amounts, i.e., rainfall characterized in terms of 

island-wide areal averaged Ratios and their associated standard deviations. But some initial 

ventures into sub-island scale performance were pursued. 

Comparison of the krige-interpolated WRF rainfall simulation (KWRF, Figure 2c) with 

the krige-interpolated NCDC rain gauge data (KRG, Figure 2b) demonstrated that WRF 

provides qualitatively satisfactory performance of overall rainfall patterns on the Big Island in 

terms of general location of rainfall maxima, located on the northeastern (Hilo) area and along 

the northeastern (Hāmākua) coast.16 Examination of Figure 19a (from the number-constrained 

rainfall Ratio test) shows over-simulation of rainfall in the southern, western and central North 

Kohala district and coastal western South Kohala and western and central North Kona (in red). 

Again, based on the relatively small amounts of rainfall that these areas receive, some 

consideration should be made that takes into account how relatively small increases in rainfall in 

typically low-rainfall regions17 tend to enhance disparities when the simulated precipitation 

amounts are divided by the rain gauge values in computing rainfall Ratios.  

These dry regions, where WRF tends to over-simulate total resolvable precipitation, 

provide a simple example of the limitations in model performance. The Ratio Range of 2.75 to 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  16

	  
The interpolated rainfall depicted in the ocean (where there are no rain gauges) is merely an artifact of how the 

kriging interpolates which creates a final rectangular area. 
 17

 
Small increases in rainfall amounts in typically dry areas

 

nevertheless
 
are essential for maintaining biota. 

	  	  



	   	   	   	  
	  

84	  

0.233 (shown in Figure 19a for the 2005–2006 wet season) illustrates the limits of WRF 

performance in these low-rainfall regions. For 6-month wet-season simulations (Figure 20a), the 

model tended to over-simulate rainfall by approximately 3 times in these areas (shown in dark 

red). Similarly, under-simulation of high-rainfall regions of roughly one quarter (i.e., 0.23) also 

appears. During the ENSO-neutral wet season, the simulation is less prone to over-simulate 

rainfall in the central high-elevation regions. The regions showing under-simulation (in dark 

blue) are located in areas on the north-facing slopes of Mauna Kea (to the north) and Mauna Loa 

(to the south).  

A comparable maximum extent of the Rainfall Ratio Range of 2.47 to 0.053, seen in the 

1997–1998 wet-season simulation (Figure 19b) show that WRF over-simulated rainfall by a 

factor about 2.5 times. For this 6-month simulation of the Big Island (Figure 20c), the degree of 

under-simulation shows that WRF only simulated approximately one-twentieth (shown in dark 

blue). Almost all of the coastal regions exhibit under-simulation (shown in blue). The regions of 

northwest and east Hāmākua, southern North Kohala, west central Kona, and north Hilo all show 

rainfall over-simulation (in red) in the 1997–1998 rainfall Ratio map. Comparison of these 

rainfall Ratio results with the topographic maps of the Big Island and Maui (Figures 43a-d) 

shows the close correspondence between WRF rainfall over-simulation in high-elevation regions 

and under-simulation in low elevation (coastal) areas. 

While changes in rain gauge station number did significantly alter the rainfall Ratios 

obtained (from 1.05 (N = 31) to 0.83 (N=20) in 2005–2006 and from 0.88 (N=51) to 0.76 

(N=20) in 1997–1998 for the Big Island), the overall rainfall patterns are quite similar (compare 

Figure 3 with Figure 19a and Figure 2d with Figure 19b), though both the N=20 Ratios exhibit 
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higher rainfall over-simulation in southern North Kohala than their higher station Ratio 

counterparts.  

From a quantitative perspective, the relatively coarse measure employed in this study of 

6-month island areal rainfall totals was chosen because of the quality of the simulated rainfall 

performance attained using the present model configurations. Six-month rainfall totals were 

discovered as providing more consistent and acceptable rainfall amounts than simulations for 

time periods between one to four months. The relatively large standard deviations obtained in 

these 6-month rainfall totals give an additional gross measure to assess of the overall 

performance of the model in terms of its ability to accurately simulate rainfall in substantially 

smaller sub-island regions. The standard deviations range from approximately 30 to nearly 90 

percent of the rainfall Ratio average (see Tables 2a, 2b and Table 3). Nevertheless, even with 

these gross island-wide measures, the simulated rainfall (RAINNC) for certain experiments did 

exhibit acceptable performance, thereby suggesting that potentially informative long-term 

simulations in a warming climate may be possible. In other words, because of the relatively 

moderate size of the standard deviations (SD < Ratio) and the generally acceptable rainfall 

Ratios (~ 1.00) obtained for 6-month wet-season rainfall totals of individual islands, WRF may 

be able to provide sufficient discrimination in terms estimated uncertainty—a crucial measure in 

model performance—so that meaningful conclusions can be drawn about projected changes in 

future precipitation in Hawai‘i for individual island wet-season totals.  

With all of the aforementioned caveats emphasizing the limited extent to which WRF can 

be used to provide accurate information about rainfall changes at the sub-island scale, it is still 

possible, even from 3.3 km resolution rainfall simulations, for WRF to be used semi- 
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quantitatively to evaluate changes in rainfall (and atmospheric variables), such as comparing 

eastern coastal regions and the northern upland regions of the Big Island (compare Figures 21a 

and 21b). More accurately simulated rainfall totals in coastal and abrupt mountainous regions 

may be possible by using 1.1 km grid resolution to obtain improved rainfall patterns and total 

amounts in these locations.18  

The satisfactory performance demonstrated by WRF to simulate rainfall was based on 

areal averages of accumulated 6-month wet-season precipitation totals. Using this rather coarse 

measure of aggregate areal averaged rainfall Ratios and their associated standard deviations, 

changes at the level of microclimates cannot, in general, be resolved even at the 1.1 km 

resolution (primarily because of evident regional rainfall biases). Comparison of the 1.1 km-

resolution run of Maui (Figure 9b) with the 3.3 km run (Figure 4) shows considerable reduction 

in the over-simulation of rainfall on southern and central East Maui, but there is a concomitant 

increase in over-simulation of rainfall in the central West Maui Mountains.19  

However, as a result of the distinct climatological response of the Hawaiian climate 

system to the strong 1997/98 El Niño, when quantitatively compared with its response to the 

2005/06 ENSO-neutral wet season, some limited ability to resolve sub-island scale changes in 

rainfall between certain regions seems possible, i.e., in the north and central regions (both in 

blue) and the northeast (both in red) and the southeast coastal regions (both in pink) of the Big 

Island (see Figures 21a,b).  

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
18	  Non-simulation of 2005/06 wet seasons at 1.1 km grid resolution prevented construction of rainfall difference 
maps at high-resolution. 
19 This apparent overproduction in rainfall in central West Maui Mountains may be an artefact of not having reliable 
rain gauge data for the Pu‘ukukui region, which is often the second-wettest spot in Hawai‘i, during these wet 
seasons. 
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2. Island-wide versus Sub-island-scale Rainfall Analysis at 3.3 km Grid Resolution 

The NCEP R2-forced 986G nudged runs for 1997/98 and the 2005/06 wet seasons received the 

highest possible overall Rating in terms of total 6-month rainfall Ratios, i.e., an overall A rating 

(10% within the target value of 1.00) (see Table 3). The same simulations using the 986D 

nudged runs only received a B rating (20% within the target value of 1.00). However, the results 

from the monthly temporal rainfall uniformity test (Table 5) revealed that, in terms of their 

month-to-month performance, the 986G nudged rainfall Ratios showed significantly less 

uniformity in rainfall production as a function of time. From the results presented in Table 5, the 

986D nudged runs show significantly more uniformity in terms of providing more consistent 

rainfall Ratios as a function of time. The slopes of the rainfall Ratios as a function of month for 

the 986D nudged runs were consistently lower for Maui and the Big Island (i.e., roughly 10–3), 

while the 986G runs for Maui and the Big Island jumped to values which were roughly –0.4 and 

–0.8, respectively, for the 2005–2006 wet season. Consequently, only the 986D simulations were 

studied in terms of changes in atmospheric variables.  

While model performance was evaluated (and validated) in terms of its ability to 

accurately simulate 6-month rainfall totals, any of the acceptable results (from Table 2a) could 

be used for initially interpreting the differences in rainfall between the strong El Niño and the 

ENSO-neutral wet seasons. However, in order to fairly compare the two distinct seasons (i.e., 

1997/98 and 2005/06), only kriged rainfall maps from the rain gauge number-constrained 

experiments for the Big Island were used (see Figures 20a-d). In Figures 19a and 19b, both 

number-constrained simulations obtained B ratings (~0.8) when rounded to the nearest tenth of a 

decimal. Since they also had acceptable standard deviations (~0.5) when the same 20 rain gauge  
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stations were used to construct the 1997/98 and the 2005/06 rainfall Ratios, the krige-

interpolated maps of these two simulations (Figures 20a and 20c) could be subtracted and areal 

averages of the simulated precipitation differences (ΔKWRF) constructed (Figure 21a).  

In these initial comparative Atmospheric Studies of the 1997/98 El Niño and the 2005/06 

ENSO-neutral events, the rainfall precipitation differences (i.e., ΔKWRF and ΔKRG) could be 

safely compared because (1) both time periods had been rainfall validated using (2) the same 

nudging parameters (986D) and (3) the same number and location of rain gauge station data. 

Inspection of Figures 21a and 21b shows that for the northeast and southeast coastal regions, 

there are some comparable seasonal rainfall differences in certain regions (shown in red or pink 

in the coastal areas of both figures). The central and a large portion of the northern region of the 

Big Island (shown in blue in both figures) suggest that these specific sub-island regions could 

also be evaluated in a quantitative manner, but in general only a qualitative analysis of rainfall 

will be given.  

In the 6-month 986D-nudged NCEP R2-forced 3.3 km-resolution rainfall simulated 

difference map of the Big Island (ΔKWRF, Figure 21a) large differences can be seen in the 

rainfall amounts between the two different wet seasons than during the 1997/98 wet season 

(shown in red and blue). Noticeable differences were observed by comparing the modeled and 

the measured 6-month interpolated rainfall difference maps. As a general observation, more 

rainfall can be seen everywhere on the Big Island during the 2005/06 wet season (shown in red), 

except for the central northeast coastal regions; i.e., less rain fell during the ENSO-neutral wet 

season than during the El Niño wet season in the central and northern regions of the Big Island 

(shown in blue). These limited ventures into sub-island analysis mark an early effort of treating 
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WRF as a regional climate model for studying changes in rainfall between two distinct wet 

seasons in the Hawai‘i climate system.  

The following observations were made by comparing the WRF-simulated rainfall 

difference map (ΔKWRF, Figure 21a) with that obtained from the measured rain gauge data 

(ΔKRG, Figure 21b). Qualitatively, there are a number of similarities in some of the regions. In 

Figure 21b (ΔKRG), there are comparable regions in which it rained more in the 2005/06 than in 

the 1997/98 wet season: these regions are located on the northeast and southeast coasts of the Big 

Island (shown in red). Though much of the central region and most of the westernmost (Kona) 

regions of the Big Island show excessive amounts of rainfall (shown in red)—when compared 

with the difference map constructed from the rain gauge data (ΔKRG)—there are a number of 

isolated regions in which both difference maps show neither more nor less rainfall during the two 

wet seasons (shown in pale yellow).   

The two difference maps prominently deviate, however, in the abrupt rainfall variations 

exhibited on the western (Kona) side of the Big Island and in the central eastern region. Much 

more abrupt change in rainfall is shown in the central upslope regions of the simulated difference 

map (Figure 21a) when compared with the rain gauge-based difference map (Figure 21b). A 

contrast in rainfall takes place that is less distinct in Figure 21b, and the transition region (shown 

in pale yellow), where high to low rainfall occurs, takes place at a lower elevation near the 

northeastern coastal region in the ΔKRG map. In other words, the ΔKRG map (Figure 21b) 

exhibits distinct changes in rainfall amounts in the vicinity immediately upslope of the northeast 

Hilo region, whereas in the ΔKWRF map (Figure 21a), the transition occurs higher up, near the 

mountaintops on the Big Island. 
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A more quantitative island-wide assessment demonstrates, nevertheless, that in terms of 

the calculated areal average precipitation differences of the two maps, there is a reasonable 

amount of numerical agreement for Big Island simulations (see Table 8 for the results for Maui). 

The relatively close spread in the calculated difference ranges (i.e., 1371 mm for ΔKWRF and 

1518 mm for ΔKRG) suggested that areal averaged rainfall differences might offer some 

additional quantitative information. The percent error obtained from these two areal averaged 

percent differences—ΔKWRF = 214 mm (shown on the difference map on the left in Figure 27) 

and ΔKRG = 233.6 mm (in Figure 28 on the right)—is less than 10%, i.e., (214 mm – 233.6 

mm)/233.6 mm x 100% = –8.4%. Though these calculations are admittedly rough—based on 

entire island averages of precipitation differences—they nevertheless offer a quantitative 

baseline in which to compare model aggregate performance in simulating rainfall on the Big 

Island during two distinct 6-month wet seasons. 

In addition to the qualitative regional similarities exhibited between these two wet-season 

rainfall difference maps, there is also some additional quantitative support which may allow for 

limited comparisons between the leeward and windward sides of Maui and the Big Island based 

on a comparative analysis of certain atmospheric variables, such as specific humidity and 2-

meter temperature. This conclusion is supported by the overall consistency of the events that 

unfolded during the 1997/98 mega-El Niño. Following the profound changes in the zonal 

equatorial SST patterns that occurred between January 2006 and January 1998 (Figures 22a,b), 

the large-scale changes in the circulation (at the surface in Figures 28, 29 and aloft in Figures 

34, 35) allowed a more integrated analysis to be constructed in terms of changes in various 

atmospheric variables, such as specific humidity, vertical velocities, outgoing long-wave  
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radiation, and 2-meter surface temperatures. Along with the changes in rainfall that took place 

between the two wet seasons (Figure 21a,b), the changes in these meteorological variables (at 

sub-island scales) offered further support for constructing a semi-quantitative narrative of events 

that occurred in the atmosphere in the month of January 1998 during the mega-El Niño when 

compared with January 2006 during the ENSO-neutral event.  

Other than this slight extension into sub-island rainfall analysis, most of the evaluation of 

the interpretation in the changes of rainfall between the two time periods has been limited to 

island specific areal averaged aggregate results. There appears to be some evidence that would 

suggest that a slight extension of the analysis may be justified at sub-island scales, such as 

comparing the leeward and windward sides of the Big Island, for certain selected atmospheric 

variables, such as lower-troposphere specific humidity and 2-meter temperatures. High-

resolution 1.1 km experiments may be able to discriminate additional sub-island scale features at 

higher grid resolutions. 

 

Atmospheric Study B: SST Maps 

Comparison of the January 1998 and the January 2006 SST maps of the central and equatorial 

Pacific Ocean (Figures 22a,b) shows the western extent of the Eastern Equatorial Cold Tongue 

(SST ~ 296 K, shown in light orange on the bottom right hand side) during the ENSO-neutral 

January 2006 (Figure 22a) and the strong influence that the mega-El Niño had on the structure 

of the zonal equatorial SST gradient by comparing the region from 170W to 140W (see Figures 

1a and 1b for longitude and latitude coordinates).20 The zonal equatorial SST gradient evident 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
20 Lambert conformal projection maps used in this study cannot undergo periodic changes. However, this occurred 
when the 30 km parent domain was selected, which caused the outmost parent domain to extend beyond the 
International Date Line. For this reason, latitudinal and longitudinal coordinates are not available for the outermost 
parent domain.  
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during the ENSO-neutral event has been replaced by waters that are uniformly warm (~303 K, 

shown in dark red) as a result of the 1997/98 El Niño. In the vicinity of the western tip of the 

eastern equatorial Cold Tongue (~ 140W), the waters have become approximately +7 K warmer.  

Such profound changes in the structure of the zonal equatorial SST gradient are behind 

the large-scale changes in the atmospheric circulation that occur during strong El Niño events. 

From Figures 23–25, the progressive changes in the SST differences (ΔSST), or SST anomalies 

(δSST), are evident, in which the large eastern equatorial SST differences observable during 

November and January (i.e., ΔSST ~ 3 K) have subsided by April (ΔSST ~ 1.2 K). The effect of 

these large changes in the zonal structure of the equatorial SSTs are reflected in large-scale 

changes in the atmospheric circulation patterns (Figures 26–37). These reversals in the 

atmosphere result from large-scale disruptions in the zonal equatorial SST patterns (see Figures 

22a,b).  

 

Atmospheric Study C: 10-meter Surface Wind (u10, v10) Maps 

These changes associated with El Niño are reflected in the 10-meter low elevation surface winds 

shown in Figures 26-31. During the ENSO-neutral months of November, January and April 

(2005-2006), high pressure cells can be seen located to the north and northeast of the island 

chain (Figures 26, 28, 30). During El Niño months of November, January and April (1997–

1998), high pressure cells during November 1997 and April 1998 are still in evidence, but they 

are now located to the west and northwest of the islands (Figures 27, 31). During January 1998 

(Figure 29), however, highs on either side of the island chain result in divergent flow.  

Based on the information provided in the above figures, the following narrative of events 
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can be presented as describing the changes in the atmospheric circulation: The strong high-

pressure cell located in the northeast of the islands (Figure 26) during November 2005 brought 

increased trade wind rainfall to the Hawaiian Islands during this ENSO-neutral event, with 

expected surface flow convergence. The weaker, though discernable (fluctuating) high pressure 

north of Hawai‘i (Figures 28, 30) brought weakened and inconsistent wintertime trade winds. 

During the November 1997 El Niño (Figure 27), the northwest location of the high pressure cell, 

brought cool, dry air from the North which inhibited rainfall, with expected surface flow 

divergence. By January 1998, the full impact of El Niño can be seen in the surface winds 

(Figure 29) in the form of strong surface westerly winds that inhibit the trade winds from 

reaching the island chain. This significant weakening of the trade winds is associated with a 

reduction in trade wind moisture and rainfall (Figures 29, 38c), leading to generally drier 

conditions in Hawai‘i during the typically wetter winter months (December to February). By 

April 1998, the strong westerly winds are beginning to be replaced by weak northeastwardly 

oriented trade winds around the northwestern islands of Kaua‘i and O‘ahu, while more easterly 

oriented weak trade winds are impinging on Maui and the Big Island (Figure 31).  

Thus, from the surface atmospheric circulations patterns, a noticeable difference can be 

seen between the 2005/06 ENSO-neutral and the 1997/98 El Niño events, in which the change in 

wind patterns during the latter are consistent with reduced trade wind rainfall usually 

experienced during strong El Niño wet seasons. The profound effect of the weakened and 

equatorially shifted Walker circulation is implicated in causing the great changes that occurred in 

wet-season surface wind patterns in the Islands. 
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Atmospheric Study D: 100-hPa Upper-Tropospheric Wind (u,v) Maps 

As a result of the distinct and strong westerly wind patterns observed northwest of the Islands in 

the 10-meter average January 1998 surface winds (Figure 29), the behavior of high elevation 

winds below the subtropical tropopause (~16 km) was next examined. Comparison of the 100-

hPa winds for November, January and April, revealed that during November 1997 and January 

1998, intensification and easterly extension of the subtropical jet stream were evident (Figures 

33 and 35). The easternmost reach of the subtropical jet stream (extending from 170W to 140W) 

and intensification (~60 m/s) took place in January 1998, which was the same month in which 

there were strong surface westerlies (see Figure 29).  

As a consequence of these great changes observed in the lower- and upper-tropospheric 

winds during January 1998, various atmospheric variables will be compared between January 

1998 and January 2006. These observed changes in the jet stream location and intensity are 

consistent with the findings in earlier work (Chu 1995, Chu and Chen 2005) and similar 

interpretations can be made. The eastward extension of the subtropical jet placed the right exit 

region of the jet core directly above the island chain, reaching its maximum extent and intensity 

during January 1998 (see Figure 35). During this time, relatively warm, dry air from aloft was 

brought down to the Islands as a result of compressional adiabatic heating of the air parcels 

during their descent. Because the right exit region of the jet core is conducive to producing 

reduced upper-tropospheric convergence (and consequent lower tropospheric divergence), the 

production of wintertime rainfall is inhibited (Chu 1995). 
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Atmospheric Study E: Lower Tropospheric Specific Humidity (QVAPOR) Maps 

Since the response of the Hawaiian climate system to the 1997/98 mega-El Niño reached its 

maximum in January 1998, differences that occurred in other physical variables will only be 

made between January 2006 and January 1998 in the following atmospheric studies because the 

maximum impact of the warm ENSO episode coincided with the period of maximum jet stream 

extent and intensification (see Figure 35). In Figure 38c, the January difference in specific 

humidity (ΔQVAPOR > 0) has positive values (seen in red, orange, yellow and light green) on 

the southern, central and eastern portions of the Big Island—consistent with the fact that, while 

there are weakened trade winds in January 2006, moist warm air still arrived on the windward 

areas of the Big Island. Since there are no signs of trade winds during January 1998 in the 10-

meter atmospheric circulation maps, one would expect a reduction in trade wind moisture.  

Since the Hawaiian Islands were situated immediately below the right exit region of the 

subtropical jet stream core in January 1998, warm, dry adiabatically compressed air from aloft 

was likely. These combined factors—the non-existence of surface trade winds and the 

intensification and extension of the jet stream core—provide compelling evidence to explain why 

the Islands experienced less moisture in January 1998 than January 2006 (shown in light green, 

yellow, orange and red) in the central and eastern regions of the Big Island and along the eastern 

coastal regions of East Maui (see Figure 38c).  

The negative values of ΔQVAPOR on the western half of the Big Island (shown in green, 

blue and purple)—indicative of an increased likelihood of rainfall in January 1998 when 

compared to January 2006—could be explained a consequence of local island effects associated 

with the unique weather of the Kona region of the Big Island.21 Alternatively, these east-west 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  21

 
See, for example, Chen, Y.L. and A.J. Nash (1994), “Diurnal Variation of Surface Airflow and Rainfall 

Frequencies on the Island of Hawai‘i” Monthly Weather Review 122, 34–56.
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discrepancies may point to limitations in the model, possibly due to the implementation of an 

unmodified LSM (see Figures 42a,b).  

 

Atmospheric Study F: 500-hPa mid-Troposphere Vertical Velocity (w) Maps   

The difference in mid-troposphere (500-hPa) vertical velocities between January 2006 and 

January 1998 (Figure 39a–c) reveal a greater upward vertical velocity in January 2006 than in 

January 1998, i.e., Δw > 0 for most regions of the Big Island (shown in green, yellow, orange 

and red). This finding is consistent with the greater likelihood for rainfall during January 2006 

than for January 1998. Because one of the wettest regions of the Big Island (in the vicinity of 

Hilo) has small positive values of vertical velocity indicated from green (+0.02 m/s) to red 

(+0.38 m/s), this rise in warm air can be expected to increase the likelihood of convective rainfall 

in January 2006 than in January 1998.  

There is ambiguity, however, in the analysis because the increase in vertical velocity 

between the two months (Δw > 0) can arise either because of (i) increased ascending motion in 

January 2006, (ii) increased descending motion in January 1998, or (iii) a combination of the 

two, in other words, (i) ↑↑w(January 2006) – ↑w (January 1998), (ii) ↑w(January 2006) – 

↓↓w(January 1998), or (iii) ↑↑w (January 2006) – ↓↓w(January 1998). Even with this ambiguity 

in the results, the argument remains consistent: there tended to be increased rising motion in 

January 2006, and increased sinking motion in January 1998, or some combination of the two. 

Either way, in the regions where Δw > 0, differences in the vertical velocity during the 1997/98 

El Niño are associated with reduced convective uplift in January 1998 in comparison with 

January 2006. This reduction in convective uplift most likely resulted from the impact of the  
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right exit region of the subtropical jet core located just above the Islands.  

In regions where Δw < 0 (shown in dark green, blue and purple), such as in the western 

Kona regions of the Big Island (in dark green) and scattered regions on Maui and the Big Island 

(shown in blue), the situation is reversed as that described above. Local island effects or 

limitations in model performance may help explain the reversal in the direction of the vertical 

velocity seen in the Kona region of the Big Island.  

An interesting wave structure can be seen in the mid-troposphere (500-hPa) vertical 

velocity maps (Figure 39b,c). These orographic waves were most likely formed as a result of 

strong surface westerlies (see Figure 29) which were able to form in the absence of an inversion 

layer which resulted from the lack of trade winds in January 1998. These existence of these 

waves further support the argument that there was an absence of trade winds in January 1998. 

 

Atmospheric Study G: Outgoing Long-wave Radiation (OLR) Maps 

In the OLR difference maps (Figures 40c,d), changes in the outgoing long-wave radiation is 

negative for all of the regions where the Hawaiian Islands are located, i.e., ΔOLR < 0 (shown in 

orange, yellow and green). Since the outgoing longwave radiation is a measure of the radiative 

cooling that takes place at the top of the atmosphere, the fact that ΔOLR < 0 implies that 

OLR(January 1998) > OLR(January 2006). The significantly lower values of OLR in January 

2006 on Maui and the Big Island (in yellow, green and blue) range from 274 to 244 W/m2 while 

in January 1998 (for the same color scheme) the values range from 286 to 254 W/m2 (see 

Figures 40a and 40b).  

Regions with lower OLR anomalies are associated with deep convection and strong rising 
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motion. In order to more clearly show the contrast in the OLR anomalies as a function of 

latitude, an inner nested (10 km) domain is also shown (Figure 40d). The regions with negative 

OLR anomalies to the south of the Islands (ΔOLR < 0) indicate increased ascending motion and 

stronger convection associated with deep convective clouds in the equatorial regions in January 

1998 since OLR(January 1998) < OLR(January 2006). To the north of the Islands, the opposite 

situation holds: positive OLR anomalies (ΔOLR > 0) are associated with reduced convection and 

intensified sinking motion in January 1998. This finding is consistent with the earlier description 

of the influence of the intensified jet core, in which the cross-product of the eastward geostrophic 

wind vector, 𝑣!  , with the equatorially directed ageostrophic wind vector, 𝑣!, lead to a downward 

directed resultant wind vector (through application of the right-hand rule for vector quantities, 

i.e., 𝑣!  ×  𝑣! = 𝑣).  

Evidently, from Figures 40a and 40b, the region where the Hawaiian Islands are situated 

must have emitted significantly larger amounts of heat in January 1998 than in January 2006 

(seen in the different scales used in Figures 40a and 40b). The consistently negative differences 

in OLR shown over all of the islands between January 2006 and January 1998 (Figure 40c) help 

to explain why it is generally warmer, drier and less cloudy during strong El Niño episodes in 

Hawai‘i: this is because of the larger OLR values in January 1998 than January 2006. 

 

Atmospheric Study H: 2-meter Temperature (T2) Maps 

Maps of 2-meter temperatures shown for (a) January 2006, (b) January 1998, and (c) their 

difference (January 2006 minus January 1998), both support and complicate the nature of the  

atmospheric analysis. Comparison between the 2-meter temperature for January 2006 (Figure  
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41a) and January 1998 (Figure 41b) show a 1-3 K temperature difference in the region 

surrounding the Islands. More specifically, during January 1998, the surrounding temperatures 

range from 299 to 300 K (shown in dark red), while for January 2006, the range is between 298 

and 299 K (shown in red). In the 2-meter temperature difference map (Figure 41c), for the 

eastern half of the Big Island (shown in orange, yellow, green, blue and purple), ΔT2 < 0, which 

implies that T2(January 1998) > T2(January 2006) on the windward side of the Big Island. On 

the leeward (Kona) side of the Big Island (and on the western half of East Maui), ΔT2 > 0 

(shown in red), implying that T2(January 2006) > T2(January 1998) in these regions. As a result 

of the dissimilarities in the leeward and windward 2-meter temperatures—also seen in the lower 

troposphere specific humidity difference map (Figure 38c)—characterizing differences between 

the leeward and windward sides of the Big Island (and Maui) may be possible for certain 

atmospheric variables (see Table 8). 

 
Table 8. Some Quantitative Results from the Atmospheric Studies Experiments  

Variable January 2006 January 1998 
T2 (K) 297-298 299-300 
∆T2 (K) East Big Island −0.2 to −5.0 
 West Big Island +0.8 to −0.8 
u100 (m/s) 50 60 
QVAPOR (kg/kg)  0.09 0.095 

∆QVAPOR (kg/kg) East Big Island +0.045 to +0.055 
 West Big Island −0.0005 to −0.0025 
OLR (W/m2) 244-274 254-286 
∆w (m/s) Big Island +0.02 to +0.38 
∆KWRF (mm) Big Island 214 
 Maui 54 
∆KRG (mm) Big Island 233 
 Maui 190 
East Equatorial SST (K) 296 303 
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Additional studies would need to be performed (probably at higher resolution) to see 

whether these distinct east-west difference in atmospheric variables can be better resolved and 

investigated to decide whether the disparities result from a limitation in the simulation or are 

realistic atmospheric responses that are being captured by the model. The disparities in 2-meter 

January temperatures may be attributable to the fact that the LSM had not been made as realistic 

as possible (see Figures 42a,b), or, alternatively that distinct east-west atmospheric responses to 

the mega-El Niño, related local island effects and the presence of high-elevation mountains 

(Mauna Kea and Mauna Loa on the Big Island and Haleakalā on Maui), which create rain 

shadows on the leeward side of their mountain prominences. 

Because of the general consistency of the information provided from analyzing certain 

atmospheric variables, the following description of events for the windward and leeward sides 

(as indicated) of the Big Island (and Maui) is presented describing the response of the Hawaiian 

climate system to the 1997/98 mega-El Niño.  

Atmospheric Study I: A Narrative of the Response of the Hawaiian Climate System to the 
1997/98 El Niño  

The ENSO-induced change in atmospheric heating transformed the global atmospheric 

circulation and climate. The strong coupling between the atmosphere and ocean is revealed in the 

ocean atmosphere system (Peixoto and Oort 1992) during El Niño episodes. Changes in the 

eastern and central equatorial SSTs cause (1) the Walker circulation to weaken and undergo a 

zonal shift in its normal east-west direction (Peixoto and Oort, 424), (2) the meridional Hadley 

circulation to intensify (Seager et al. 2003, Lu et al. 2008), and (3) the Southern Oscillation to 

undergo a zonal shift of mass in the tropical atmosphere between the Eastern Pacific and the 

Indian Ocean (Peixoto and Oort, 418). The weakening of the Walker circulation and the east-

-
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west shift in the convective and subsident regions reduces trade winds in the North Central 

Pacific. The strengthening of the Hadley cell during ENSO intensifies the North Pacific 

subtropical jet stream in order to conserve the angular momentum of the air parcels, which 

causes them to accelerate as they travel from an equatorial to a more meridional latitude and in 

the process reduce the torque arm of the cell containing the air parcel.    

This dual influence—the strengthening Hadley and the weakening Walker circulations—

strongly impacts Hawaiian rainfall patterns and totals during strong El Niño episodes. The zonal 

intensification of the jet stream occurs because the thermally direct Hadley circulation, under the 

influence of the latitudinal variation of the Coriolis force, becomes redirected such that its initial 

poleward trajectory is turned in a more eastward direction.  

The strengthening of the Hadley circulation arises because of the increase in oceanic heat 

content in the central and eastern equatorial regions associated with strong El Niño episodes (see 

Figure 22a), which greatly influences atmospheric heating and circulation (compare Figures 28 

and 29). The strengthening of the Hadley circulation causes an intensification of the strength and 

equatorward shift of the subtropical jet so that the right exit region of its core is situated directly 

above or in close proximity to the Hawaiian Islands (see Figure 35). While the confluence 

between the warm mid-tropospheric winds from the south and the cold cyclonic streams from the  

north causes the formation of the jet stream (Namias and Clapp 1949) in boreal winter (see 

Figure 34), simulations by Son and Lee (2005) present modeled evidence showing that the 

subtropical jet is primarily driven by the Hadley circulation through a “Coriolis torque acting on 

the zonally symmetric poleward flow aloft” (Robinson 2007, 132–133). Moreover, there appears 

to be a regime-like transition in which the upper-level winds converge from a two-jet state into  
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one comprised of a single subtropical jet, which, in their simulations, was shown to be strongly 

influenced by eddies (ibid. 132). Thus, this strengthening of the Hadley circulation can explain 

the intensification, latitudinal shift, eastward extent and change in shape of the subtropical jet.22 

The weakening and zonally shifted Walker circulation can also been inferred from the 

flattening of the zonal equatorial SST gradient (see Figures 22a,b), in which, in the absence of 

an east-west equatorial sea surface temperature gradient, the zonal winds are expected to 

weaken, reducing the strength of the trade winds and cutting off the source of moisture and uplift 

needed for orographic rainfall formation on the islands (see Figure 26). Thus, changes in the 

zonal equatorial SST profoundly influence the Walker and Hadley circulation patterns. Such 

large disruptions in the Walker circulation, referred to as the Southern Oscillation, can 

significantly reduce northeast trade wind moisture, uplift and rainfall in the region of the 

Hawaiian climate system. 

The increased heating of the eastern and central equatorial Pacific caused by El Niño 

episodes leads to a strengthening of the meridional Hadley circulation, which redirects the upper-

tropospheric wind patterns causing the North Pacific subtropical jet stream to dip down toward 

more equatorial latitudes while intensifying and reaching a more eastward extension (compare 

Figures 34 and 35). Lu et al. (2008) presented model evidence showing a contraction in the 

meridional Hadley cell during warm ENSO events, which caused the subtropical jet to shift 

towards the equator.23 The intensifying Hadley circulation transformed the meridional 

(meandering) jet stream into one with a more zonal (horizontal) structure (see Figure 35) whose 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  22 If the ENSO influenced jet core is sufficiently broad (with low wave numbers) and has no change of sign of its 
potential vorticity gradient on isentropic surfaces, the narrowing and longitudinal extension of the jet core can easily 
happen (Pedlosky 2014). “The instability would then be baroclinic but the Reynolds stresses due to the broad 
horizontal shear of the current produce momentum fluxes up the momentum gradient sharpening the jet” (Dr. Joseph 
Pedlosky, personal communication, 2 May 2106). 
23	  For additional information obtained from model simulations of warm ENSO induced jet stream intensification, see 
also Seager et al. 2003, Kang et al. 2013, and Levine and Schneider 2015.	  
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degree of equatorial displacement is indicative of the strength of the particular El Niño (Kang et 

al. 2013). 

The response of the Hawaiian climate system to the strong 1997/98 El Niño manifested 

itself in a variety of ways on Maui and the Big Island. Because of the reduction in trade winds, 

moist air was replaced by cooler and drier diverging air from the north and east during 

November 1997 (Figure 27). By January 1998, strongly diverging westerly winds largely 

replaced the northeasterly trade winds (Figure 29), inhibiting rainfall.  

This essential change in the primary driver of typical orographic rainfall in and of itself 

can explain the reduced amount of precipitation and moisture that the islands receive during El 

Niño episodes. Moreover, the warm, dry subsiding air emanating from out of the right exit region 

of the jet core (located to the north of the Islands) further reduced the amount of moisture 

available for local orographic cloud formation. The reduction in ambient moisture and cloud 

forming materiel in addition to the increase in ambient temperature contributed to the reduction 

in cooling cloud cover. With this increase in dry, clear skies during warm ENSO wet seasons, 

more radiative cooling can occur at night so hotter, drier and sunnier days result. The increased 

radiative cooling that takes place changes the structure of the planetary boundary layer by 

making it more stable and less prone to convective uplift (Figure 39c) and cooling cloud cover. 

Furthermore, as a result of the changes in the winds, the relative humidity of the ambient air 

tends to decrease, leading to an increased likelihood of desiccation and drought. In the dry-

season months (May to October) following the desiccating effects of an El Niño wet season, 

certain regions which normally receive relatively small annual amounts of precipitation may 

become more prone to drought.  
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An analysis of the changes in the lower tropospheric (700-1000 hPa) specific humidity 

reveals that on the southern, central and eastern regions of the Big Island ΔQVAPOR > 0, which 

implies that the specific humidity in January 2006 was greater than in January 1998 (Figure 

38c). The difference in specific humidity between the ENSO-neutral and the warm ENSO month 

of January ranged from between +0.045 to +0.055 kg/kg (in red) on the windward side of the Big 

Island, while on the leeward side the difference ranged from −0.0005 to −0.0025 kg/kg. 

The contrary result found on the western region of the Big Island (and Maui) that 

ΔQVAPOR < 0 (shown in green) implies that the specific humidity was greater in January 1998 

than in January 2006. It seems unclear how such contrasts in specific humidity differences could 

have occurred. It might tentatively be explained as a consequence of local island effects on the 

Kona side of the Big Island, which is known to experience western sea breeze-induced 

orographic rainfall (see Figure 46). Alternatively, the finding that the downscaled January 1998 

specific humidity was greater than that of January 2006 on the leeward side of the Big Island 

might result from limitations in the model. Modifications to the LSM could address some of 

these potential limitations in future simulations. Nevertheless, any attempt to extract sub-island 

regional and microclimate-scale detail would most likely require significant improvements in the 

realism of the implemented LSM (see Zhang et al. 2012, 2016), as well as a fuller understanding 

of how limitations in topography affect rainfall patterns and amounts. 

For most regions of the Big Island, the simulated vertical velocity difference was shown 

to be positive, in other words, Δw > 0 (Figure 39c). This implies that there was more vertical 

uplift in January 2006 than in January 1998 in these regions of the Big Island. The decrease in 

vertical velocity in January 1998 is consistent with the increased subsidence and the lack of  
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moisture which resulted from the proximity of the jet core to the island chain.  

The larger simulated OLR values obtained for January 1998 are also consistent with the 

increased subsidence, decreased moisture, and reduction in orographic trade winds and rainfall. 

The larger OLR range of values obtained for January 1998 (254-286 W/m2) when compared with 

the smaller simulated values for January 2006 (244-274 W/m2) is indicative of reduced deep 

convection and increased sinking motion associated with low OLR values. Because so many of 

these fundamental atmospheric processes involved in rainfall production point toward a 

decreased likelihood of rainfall, the general consistency of the results for the windward sides of 

Maui and the Big Island allow for the formulation of a more integrated picture of the response of 

the Hawaiian climate system to the 1997/98 El Niño.   

In terms of the 2-meter surface temperature difference between January 2006 and January 

1998, the windward side of the Big Island experienced increased surface temperatures ranging 

from +0.2 K to +5.0 K (see Table 8). The difference obtained for the leeward side indicated that 

it was both cooler and less warm in January 2006 than January 1998 (i.e., +0.8 K to −0.8 K). 

Compared to the eastern half of the Big Island, the leeward sides of Maui also experienced lower 

temperatures (shown in red) during January 1998 than it did in January 2006 (see Figure 41c). 

Therefore, according to published work on jet stream intensification during warm ENSO 

events, the figures shown and the values cited, a relatively consistent and generally coherent  

narrative of events was constructed which described the response of the Hawaiian climate system 

to the 1997/98 mega-El Niño on the windward side of the Big Island. The western (Kona) side 

appears to have experienced effects that were in marked contrast to the eastern side. This 

disparity may be hinting at the possibility of sub-island regional climate variations or limitations 

in model performance. 
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The dual impact of the strengthening Hadley circulation and the weakening and zonally 

shifted Walker circulation largely explains why the Hawaiian Islands received less rainfall 

during the strong 1997/98 El Niño event than it did in the 2005/06 ENSO-neutral wet season: the 

close proximity of Hawai‘i to the subtropical jet stream core with its intensified, latitudinally 

shifted right exit region drove warm dry air down into the island chain (created through 

compressional adiabatic heating). The weakened and zonally shifted Walker circulation 

effectively replaced the warm, moist air normally brought to the Islands by the trade winds with 

cool, dry air which had more northerly, southerly and westerly components. The reduction in 

surface trade winds can explain the decrease in moisture and uplift, which are needed for the 

formation of characteristic wet-season Hawaiian orographic clouds and rainfall. 

Evaluation of various atmospheric variables largely supports this analysis for the 

windward sides of Maui and the Big Island; however, the simulated and downscaled values of 

these same variables often showed contrasting effects on the leeward sides of Maui and the Big 

Island. A high-resolution (1.1 km) comparative study of the Big Island (and Maui) might help 

resolve these east-west disparities. At this stage, local island effects have been tentatively 

invoked to explain the discrepancy in some of the atmospheric variables.  
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Chapter 6 

Conclusion 

 

The performance of the WRF model (Version 3.7) was investigated for its applicability for 

conducting long-term rainfall climate studies of the Hawaiian Islands. In pursuit of this goal, 

total resolvable precipitation was simulated during the 6-month 1997/98 mega-El Niño and the 

2005/06 ENSO-neutral wet season in Hawai‘i (November to April). Model performance was 

quantitatively tested by comparing model output with monthly measured NCDC rain gauge data. 

One of the underlying questions addressed in this thesis was whether WRF could quantitatively 

distinguish between the two different climatological events, and how well it could simulate 6-

month wet-season totals. It was found from earlier work that of the four main Hawaiian Islands, 

WRF satisfactorily simulated 5- and 6-month precipitation totals for only Maui and the Big 

Island. The ability to accurately simulate rainfall on the two largest islands was attributed to the 

fact that they were the largest and most elevated, with Maui reaching 10,023 feet above sea level 

and the Big Island towering at 13,796 feet.  

This study successfully simulated satisfactory rainfall totals for both Maui and the Big 

Island using the same model configuration for two different wet seasons (1997/98 and 2005/06). 

Since the same model configuration was used for rainfall simulations of both Maui and the Big 

Island, this additional numerical constraint allowed for atmospheric studies to be performed 

which permitted the final simulated rainfall results to be presented in a more compelling light.  

The ability to rainfall-validate the model using 6-month accumulated rainfall totals for  
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Maui and the Big Island was achieved by forcing WRF with NCEP R2 reanalysis data. After 

these two islands had each attained satisfactory ratings—according to how well they 

approximated the rainfall Ratio target (Ratio = 1.00)—the rainfall-validated simulations were 

next tested for their temporal uniformity. The simulations that exhibited the most uniform 

month-to-month rainfall Ratios were then selected for investigating changes in their atmospheric 

variables between the two different wet seasons. To make the comparisons as fair as possible, the 

simulations which exhibited the most temporal uniformity were further constrained by 

comparing their aggregate 6-month simulated rainfall totals by using the same number and 

location of rain gauge station data for each island. From these rainfall-validated, month-to-month 

uniformity tested, and number-constrained comparisons, the model output was investigated in 

terms of dynamically downscaled atmospheric variables, such as lower- and upper-tropospheric 

winds; 2-meter temperature and specific humidity; and simulated output variables, such as 

regional precipitation, vertical velocity, and outgoing longwave radiation. These atmospheric 

studies were only possible and meaningful because the simulated island rainfall wet-season totals 

had both passed these stringent performance tests. 

In addition to these validation and atmospheric tests, a number of sensitivity studies were 

performed to determine the response of the model to changes in input. Changing the forcing field 

(from NCEP R2 to ERA-Interim) had the strongest influence on model output, followed by 

changing the land surface model (from RUC to Noah) and then by changing the parameters used 

in Newtonian relaxation, including changing from nudging the lateral boundaries every six days 

to performing no nudging at all. 

Following these successfully simulated 6-month island-wide aggregate-rainfall wet- 
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season totals, further studies were executed to see how much credible information could be 

obtained at the sub-island scale in the simulated output in terms of rainfall and atmospheric 

variables. Rainfall difference maps were constructed in order to compare simulated and 

measured rainfall differences between these two wet seasons. In the simulated rainfall difference 

map for the Big Island, the change in total resolvable precipitation was calculated by subtracting 

the krige-interpolated simulated rainfall of the 1997/98 El Niño wet season from that of the 

2005/06 ENSO-neutral wet season (ΔKWRF). The same procedures were implemented for the 

krige-interpolated NCDC rain gauge data to obtain the measured rainfall difference maps 

between the two wet seasons (ΔKRG). Comparison of these two rainfall difference maps 

revealed areas where some tentative interpretations could be made, i.e., in regions where there 

was some overlap in terms of excess or deficient rainfall differences. From these qualitative 

comparisons, it was found that the degree of similarity in simulated versus measured rainfall 

differences were limited to the northeast and southeast coastal regions and parts of the northern 

and central areas of the Big Island (Figures 21a,b).24 Quantitatively, the areal averaged 

aggregate precipitation differences between the simulated and observed rain gauge data 

(obtained by subtracting the 1997/98 from the 2005/06 wet season) were found to have a percent 

error of less than 10%.      

A particular objective of these atmospheric studies was to see whether an integrated 

narrative could be constructed from the downscaled and simulated output to more fully explicate 

how the Hawaiian climate system responded to the 1997/98 mega-El Niño, which caused a 

reversal in the seasonal rainfall so the wintertime wet season (November to April) was 
Φ
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
24 The rainfall difference maps for Maui did not provide any significant qualitative or quantitative information. 
Perhaps the poor quality of the 3.3 km topographic map (see Figure 43b) sufficiently degraded the sub-island-scale 
information so that significant disparities between the simulated (ΔKWRF) and observed (ΔKRG) map swamped 
out any potentially useful information as a result of large uncertainties (see Table 8). 
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significantly drier than normal. From these atmospheric studies, the combined effect of the 

weakening of the Walker circulation and the strengthening of the Hadley cell largely explained 

why Hawai‘i received less rainfall during the 1997/98 El Niño than the 2005/06 ENSO-neutral 

wet season. The reduction in the surface trade winds during the critical rainfall winter months 

(December to February) effectively shut down the Islands’ principal means of forming 

orographic rainfall because of the zonally shifted and weakened Walker circulation. The 

injection of warm, dry subsident air from aloft further reduced the ambient moisture and uplift 

needed for orographic rainfall production. Because the Islands became warmer and drier due to 

the contraction and strengthening of the Hadley cell during these critical winter months, the 

likelihood of forming clouds and rainfall was further reduced. 

In addition to these studies of lower- and upper-tropospheric winds, difference maps of 

various atmospheric variables were constructed by subtracting the respective simulated values 

for January 1998 from January 2006. The month of January was chosen for detailed analysis 

because January 1998 was one of the most affected winter months during the mega-El Niño wet 

season in Hawai‘i, as seen in changes of the 10-m winds (Figure 29) and the North Pacific 

subtropical jet (Figure 35). 

From this study of the differences in the January atmospheric variables, a particular 

disparity was noted in the performance of the model: the response of the windward sides of the 

Big Island (and Maui) was consistent with what was generally understood in terms of the 

influence of strong El Niño episodes on the HCS, but the response on the leeward sides was 

unexpected in terms of the increased moisture, uplift and lower temperatures—associated with 

the increased likelihood of orographic rainfall—in January 1998 as compared with January 2006.  
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These sub-island (leeward versus windward) discrepancies may indicate limitations in model 

performance (possibly due to the unmodified land surface model used) or, alternatively, may 

indicate that WRF had accurately captured details of a regional climate phenomenon unique to 

the Kona district on the leeward side of the Big Island, i.e., the intensification of the westerly sea 

breeze and its creation of increased rainfall. A high-resolution (1.1 km) map of the Big Island 

showed wind vectors of a westerly sea breeze flowing onto the coastal regions and up the 

mountain slopes on the leeward side of the Big Island (Figure 46). This straightforward 

argument, however, is complicated by the fact that the western regions of East (and West) Maui 

also manifested similar disparities in terms of rainfall and other atmospheric variables, even 

though Maui is not, in general, known to experience the same unique local island effects as those 

on the Big Island. It is not implausible, however, that since Haleakalā attains elevations of over 

10,000 feet and does indeed cast a rain shadow—a region that receives little rainfall on its 

leeward slopes—it is possible that the western sides of East and West Maui respond to strong El 

Niño events in ways that are similar to that of the Big Island. Higher-resolution comparative 

studies of the two wet seasons could possibly resolve these discrepancies.      

One of the most significant limitations revealed in the simulated rainfall output was what 

appeared to be signs of rainfall bias, in which WRF tended to over-simulate total resolvable 

precipitation in regions that typically receive low amounts of wet-season rainfall (e.g., western 

and southern areas and high-elevation mountainous regions), and to under-simulate rainfall in 

regions that typically receive abundant wet-season precipitation (see Figures 2d, 19a,b). Such 

rainfall biases limit the ability of WRF to be used as a regional climate model to provide long-

term climate information at sub-island scales because of its inability to discriminate between  
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increased or decreased rainfall totals over a period of decades. The 3.3 km horizontal rainfall 

difference maps and some of the results from the atmospheric studies suggest that this may not 

completely be the case. Higher-resolution comparative rainfall studies of strong El Niño and 

ENSO-neutral events at 1.1 km resolution might lead to improvements in performance, but 

because the innermost nested domains inherit all of the uncertainties from their neighboring 

outer domains, greatly improved performance for the Big Island might not be seen using higher 

1.1 km-resolution simulations.  

Unrealistic qualitative rainfall maxima were observed in the 3.3 km simulations of Maui, 

most likely due to artefacts associated with poorly resolved topography (compare Figure 44a 

with Figure 44b). Improvements in the rainfall Ratio could be seen in the 1.1 km simulations of 

Maui when compared to the 3.3 km simulations (Ratio = 0.94 → Ratio = 1.01), which lends 

support to the argument that higher-resolution simulations improve performance in rainfall 

simulations. Comparison of simulated rainfall performance of the central West Maui Mountains 

suggests that 1.1 km resolution could potentially increase inaccuracy of simulated regional 

rainfall totals. However, limited rain gauge data for the Pu‘ukukui region of central West Maui 

might help explain the apparent overproduction of rainfall: Pu‘ukukui is typically the second-

wettest location in the Hawaiian Islands. Increased rain gauge station data in such under-

represented regions could help determine if WRF is indeed over-simulating or under-simulating 

rainfall in these locations.  

As the sensitivity studies showed, WRF does not respond well to all reanalysis input. The 

ERA-Interim-forced runs consistently led to over-simulated 6-month rainfall totals. Because the 

dynamically downscaled model output inherits the uncertainties that have been incorporated into  
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the reanalysis (or model-simulated input), each of the nested domains inherits and most likely 

amplifies these uncertainties. This was seen when a 3.3 km-resolution ERA-Interim-forced run, 

which attained marginally satisfactory 6-month rainfall totals for the 1997/98 wet season (i.e., 

Ratio ± SD = 1.35 ± 0.82), was simulated using an additional nested domain with 1.1 km 

horizontal resolution. The performance did not improve by using higher-resolution grids but 

instead led to unsatisfactory results (i.e., Ratio ± SD = 1.92 ± 1.21). Uncertainties in all ingested 

input (NCEP R2, OISST) and uncertainties in the rain gauge data (NCDC)—used to validate the 

simulated results—all contributed to the compounding of overall uncertainties in the evaluation 

of model performance. The standard deviations of the areal averaged rainfall Ratios were 

included in these validation procedures to give some sense of how much uncertainty there was in 

the statistics associated with the methods of using Ratios as a criterion of performance. In 

general, for satisfactory rainfall Ratios, the SD were also usually found to be acceptable (see 

Tables 2a,b). 

Limitations in the methodology, such as how the WRF model was configured and 

implemented, also introduced additional uncertainties into the simulated output. Even though a 

series of machine and model optimization procedures were conducted, additional variations in 

other parameters and model options could further improve model results so regional changes in 

precipitation at the sub-island scale may be better resolved.  

The dynamical downscaling capability of the multi-nested simulations greatly increased 

the amount of available information. Even the 30-km parent domain had nearly 50 times more 

information than that provided by NCEP R2 reanalysis. These large increases in information—

which grew to over 36,000 times more than that provided by NCEP R2 reanalysis for 1.1 km- 
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resolution runs—greatly facilitated the qualitative evaluation of model performance. Sufficient 

discrimination was found so that comparisons could be made between different islands for 

different time periods using different model configurations.  

The increased resolution, which resulted from dynamically downscaled simulations, 

greatly benefited the analysis by providing enhanced simulated rainfall information in poorly 

represented areas (e.g., Pu‘ukukui in the West Maui Mountains in Figure 45b). This 

enhancement in the scope of detailed rainfall information when compared with the rain gauge 

data can be seen by comparing the topographically rich simulated output (Figures 20a,c) with 

the interpolated rain gauge data (Figures 20b,d)—where no topographical variations in rainfall 

can be discerned. Detailed variations in rainfall substructure were especially apparent in the 

high-resolution 1.1 km simulations of Maui (compare Figure 45a and 45b). Moreover, the 

downscaled surface winds of the Big Island provided downscaled information as to how the 

winds responded to the unique topography of the islands, such that the westerly sea breezes in 

the Kona district could be seen (see Figure 46). The 1.1 km simulated winds provided some 

evidence to support the argument that the disparities seen in the atmospheric variables between 

the leeward and windward sides of the Big Island may indeed have been due to local island 

effects.       

The various methods used to obtain additional sub-island-scale information (rainfall 

difference maps and the comparative analysis of various atmospheric variables) suggest that the 

WRF model could conceivably be used as a regional climate model for discriminating long-term 

changes in rainfall patterns and amounts on a sub-island scale but that the various regional 

rainfall biases witnessed may limit this sought-for capability.   
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Future studies could evaluate how well WRF is able to simulate 6-month rainfall totals on  

Maui and the Big Island at 3.3 km resolution during the ENSO dry season when compared with 

how well it simulated wet-season rainfall totals. Simulations of the 1997 and the 2005 dry 

seasons (May to October) can be performed using the same model configuration implemented in 

this study so that quantitative comparisons can be made between the wet and dry seasons as part 

of a continued investigation into the applicability of using WRF3.7 for long-term rainfall studies 

in Hawai‘i, and, if rainfall totals for El Niño dry seasons can be validated, the climatic factors 

behind the increase in dry-season rainfall can be investigated. The satisfactory results obtained 

for both the 1997/98 and the 2005/06 simulations performed at 3.3 km resolution suggest that 

relatively longer simulation times may be advisable. The fact that acceptable 6-month wet-

season rainfall totals were achieved at 3.3 km resolution for two islands during two 

climatologically distinct time periods indicates that WRF3.7 is sufficiently robust to merit further 

investigation as a potential regional climate model for studying rainfall variations in Hawai‘i. 

In conclusion, these dynamically downscaled simulations were found to be largely 

consistent with what is generally known and thought to take place during wet-season El Niño 

events in Hawai‘i. The satisfactory performance of WRF3.7 to simulate total resolvable 

precipitation on both Maui and the Big Island during two climatologically distinct wet seasons 

using the same model configuration allowed atmospheric studies to be effectively conducted. 

The rainfall Ratios, rainfall differences and atmospheric studies hinted at the possibility of 

accurately simulating sub-island scale regional rainfall and atmospheric variables. Based on the 

findings of this research, WRF may be profitably implemented for conducting relatively long-

term wet-season rainfall studies of the Hawaiian Islands.  
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