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2. Public Summary

Human effects on the global climate system, principally through changing the atmospheric
concentrations of carbon dioxide and other greenhouse gases, are expected to lead to significant
warming and other associated changes in the climate worldwide. Human-induced climate changes are
likely already observable in quantities such as the global mean temperature, and over the next century
can be expected to include significant effects on the local environment in Hawaii and other Pacific
Islands. The currently available climate change projections from global coupled atmosphere/ocean
models, as summarized for example in the recent IPCC assessment reports, have very limited direct
application to Hawaii or other Pacific islands, as they have been performed with atmospheric models
with coarse spatial resolution and hence completely inadequate representation of any of the Pacific
islands. This project has used the output from standard global climate models as the basis for much
finer scale regional climate simulations for Hawai`i. We have performed computer model simulations
representing present day conditions and conditions at the end of the present century. Our projections
indicate a warming of the long term mean near-surface air temperature over the Hawaiian islands of
order 4-6 F with the largest warming expected near the summits of Haleakala, Mauna Kea and Mauna
Loa. Mean rainfall patterns are also projected to change significantly, with an overall pattern of
increased rainfall over areas that now have high mean rainfall and decreasing rainfall over currently dry
areas. The results of this study are now being used as input to efforts conducted by other researchers to
assess the effects of these projected climate changes on aspects of the natural and manmade
environments of interest to Hawaii residents including freshwater availability, geographical distributions
of plant species, agricultural practices, geographical distribution of avian malaria and consequent effects
on native bird populations.
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3. Project Report

Technical Summary
We have configured a nested version of the advanced Weather Research and Forecasting (WRF) model
with both high resolution and improved physics for the Hawaiian region (referred to here as the
Hawaiian Regional Climate Model–HRCM). The HRCM includes a version of the Tiedke convection
parameterization scheme implemented as described id Zhang et al., (2011). The HRCM was then further
improved by including a new cloud microphysics package and introducing a detailed specification of
surface properties (albedo, land cover type, soil type, and green vegetation fraction) for the Hawaiian
Islands (Zhang et al.,2012a).
A 20-yr (1990-2009) doubly-nested simulation of the atmospheric flow for the whole Hawaiian region
was undertaken with an inner mesh with 3 km horizontal resolution. Results for this “present day”
control run show that the 3 km mesh version of HRCM can simulate realistically the frequency of the
Trade Wind Inversion, time-mean rainfall and surface variables on relatively small scales over the Island
of Hawai’i (Big Island). More generally there is a reasonable agreement between observed and
simulated mean rainfall patterns over the other islands as well. However, the detailed distribution of
mean rainfall over Kauai and (most particularly) Maui and Oahu show reveal some significant
deficiencies which we speculate may be due to inadequate resolution of the very steep topography at 3km resolution on these islands.
Simulations with a third nested grid with 1 km resolution over Maui and the immediately adjacent ocean
areas are also underway. As of this report these simulations are not complete (more than 17 of the 20
years have been finished and the remainder should be completed soon). Analysis of the part of the
simulation already completed shows clearly that the present-day simulation of mean rainfall over Maui
with 1 km resolution is much better than that with 3 km resolution.
The anticipated forced climate change over the next century has been studied by conducting a parallel
20 year integration with the triply nested HRCM using boundary conditions based on the present day
results plus a “global warming increment” to the SST, air temperature, moisture and wind fields that
imposed at the boundaries. In this simulation the warming increment adopted is based on a multimodel
mean of the projections made by 16 global coupled models forced with the“middle of the road” SRES
A1B emission scenario. The results indicate substantial effects on the Hawaii climate can be anticipated
by end of century and that the expected changes will have significant systematic fine scale structure
over the individual islands in Hawaii. Specifically with the projection is for surface air temperature
warming of about 2-2.5 C over the lower elevations on the islands, with an intensification of the
warming with altitude, so that at the summits of Mauna Kea and Mauana Loa the projected surface
warming exceeds 3.5C. mean rainfall is also projected to change systematically with areas dominated by
orographic rainfall or convergent flow in the boundary layer displaying increased rainfall, and currently
dry locales dependent on convective rain projected to see substantial reductions in rainfall.
Efforts are underway to adapt the HRCM in its triply-nested configuration to application for fine
resolution detailed simulation of climate and climate change in Guam and American Samoa. Versions of
the model employing inner grids with 0.8 km resolution over Guam and Tutuila have been successfully
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configured and run. Further improvements in the model formulation are in progress and once these are
completed extended present day and late century integrations for these islands will be conducted.

Purpose and Objectives
The overall purpose has been to provide the most credible projections for the response of the climate
over major Pacific islands to anticipated climate forcing over the next century.
Specific objectives included (i) an analysis of CMIP5 global model simulations for their , (ii) an analysis of
a special high-resolution (~20 km resolution) global simulation produced by the Meteorological Research
Institute in Japan, (iii) adaptation and testing of a regional model to produce adequate high resolution
simulations for the Hawaiian islands, (iv) application of the regional model to projecting anticipated
climate changes in Hawai`i over the next century
Finally the project aims include the provision of the data to interested users for their application to
assess the effects of these projected climate changes on aspects of the natural and manmade
environments of interest to Hawaii residents.

Organization and Approach
The research has been conducted by a small team of post-Ph.D. scientists at UH’s International Pacific
Research Center (IPRC) under the overall guidance of the PI. The main effort has been on developing
and applying a multiply-nested version of the community Weather Research and Forecasting (WRF)
model to extended simulations of the climate around Hawaii with very fine horizontal resolution. The
WRF model was chosen as the basis for our work due to its community support and its well-developed
capacity to handle nonhydrostatic equations and multiply-nested grids. Associated efforts were made
to identify and plot relevant observational data for comparison with the model simulations. As part of
the validation of the HRCM present-day results, an analysis of satellite and ground-based observations
of trade wind cloud layers and boundary layer structure was performed (taking advantage of a
collaboration between IPRC and NASA Jet Propulsion Laboratory to intercompare and groundtruth
modern satellite observations of clouds and boundary layer structure).
The derived model was then used in a long atmospheric simulation forced by 20 years of observed
ocean surface and horizontal boundary conditions. The statistics of the resulting simulation were then
compared with a variety of observational data sources for the same 20 year period. Then a 20-year
integration appropriate for late 21st century conditions was conducted within the so-called “pseudo
global warming” approach, in which the model is run with boundary fields derived from the present day
observations and a climate change component based on coupled global model simulations. In the
present calculations the climate change boundary forcing was based on a 20 model mean of simulations
done with a “middle of the road” emissions scenario assumed. Some auxiliary calculations were
conducted with the models outer grid only which confirmed the reasonableness of using a multimodel
mean as a component of the driving fields. The
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Several refereed journal articles based on research in this project have been prepared and published
and others will be prepared. Interest in these results has been expressed by a number other researchers
and some potential stakeholders. Reduced versions of the data produced in the model runs have been
prepared and given to a number of researchers in various fields interested in the possible effects on long
term climate change on the natural and manmade environment in Hawai`i. Detailed results of the final
simulations will be made available through the IPRC’s interactive web portal (Asia-Pacific Data Research
Center). Some initial steps have been taken to extend the present work to other Pacific islands, with an
initial focus on Guam and American Samoa.

Project Results, Analysis and Findings

a. Global Model Results
Fig. 1 shows a simple analysis of the results for the Hawaiian region from 37 global coupled models in
the CMIP5 intercomparison. Shown in at the top of Fig. 1 are the multimodel mean sea surface
temperature (SST) change in 2081-2100 relative to 1986-2005 plotted for a large region in the central
North Pacific for RCP4.5 and RCP8.5 scenarios. The bottom panel shows the annual mean SSTs averaged
over a region around Hawaii each year from 1900 to 2100 in the individual model simulations. The
overall picture from these results is quite similar to what was seen in the CMIP3 results reviewed in the
2007 4th IPCC assessment, namely an expected surface warming in the Hawaii region over the next
century of order ~2-3 C, but with large uncertainties depending on which of several plausible emissions
scenarios are used and with a roughly factor of two spread among the global climate models in the
magnitude of the projected warming for a given emissions scenario.

b. Regional Model Development
As noted earlier in the Organization and Approach Section , a key component of this project has been
deriving a model appropriate for climate simulations in the Hawaii region (the “HRCM”) from the
standard “off the shelf” community WRF model. In this process modifications were made in the WRF
convection and microphysics schemes and also much more realistic surface characteristics for the
Hawaiian Islands were specified. Fig. 2 shows examples of the modification to surface characteristics
introduced into the HRCM. Details on the basis for these and other surface specification modifications in
HRCM are given in Zhang et al. (2012a). Given the relatively small land area of the islands, the land
surface characteristics are not expected to have a large effect on climate simulations, but Zhang et al.
(2012a) show that the more realistic surface characteristics in HRCM do improve slightly the simulated
diurnal temperature ranges and surface wind speeds.

The model initial and lateral boundary conditions for the atmosphere for the “present day” climate
simulation were obtained from the NASA MERRA (Modern-Era Retrospective Analysis for Research and
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Applications) which covers the satellite era from 1979 to the present and has achieved significant
improvements over comparable products in precipitation and water vapor climatology. The MERRA
data have a horizontal resolution of 0.5°×0.6667° latitude-longitude and are available at 32 pressure
levels from 1000 hPa to 10 hPa at 6-hour intervals. The sea surface temperature (SST) specified in the
HWRC runs was updated daily using the 0.25°×0.25° global analysis provided by NOAA. In addition, a
diurnal SST variation was included based on the surface energy budget. The initial conditions for soil
temperature and moisture were obtained from the ERA-INTERIM data from the ECMWF (European
Centre for Medium-range Weather Forecasting). The domain and grid structure for the doubly nested (3
km resolution inner grid) and the triply nested (1 km resolution inner grid) versions are illustrated in Fig.
3.

c. Results and Findings for “Present Day” Climate Simulation
The planned 20 year (1990‐2009) HRCM doubly-nested simulation forced by observed boundary
conditions has now been completed and some analysis of results has been performed. Fig. 4 shows
comparisons of the climatological annual cycles in surface air temperature and rainfall derived from
hourly METAR observations at four major airport weather stations in Hawai`i with the same statistics
derived from the nearest grid points to these locations in the HRCM simulation. Fig. 5 shows the
distribution of daily mean air surface air temperature at each station over the 20 years compared with
the model results. The simulation compares reasonably well with observations at these locations,
although an overall dry (weak rainfall) bias may be discerned (this is apparent as well in state-wide
rainfall, see below).
The analysis of the present day run has included aspects such as the mean and annual variations of
surface wind speed, and interannual variations in temperature and rainfall (not shown). The small circles
on Fig. 6 shows the distribution of trade wind inversion base heights determined from twice daily
balloon soundings at Hilo and Lihue on days dominated by trade wind meteorology together with a
comparable analysis of the inversion heights on the same days at these locations in the HRCM
simulation. Fig. 7 shows the time series of monthly mean trade wind inversion heights during 19902009 at the two stations and in the model simulation. The HRCM simulation realistically captures the
range of variability of the observed trade wind inversion base heights, with large majority of days having
inversion heights between about 1.2 and 2.5 km, with the most frequently-occurring heights around
1700-2000 m. However at both stations the model displays an overall low bias of about 200 m relative
to the inversion heights determined from the balloon soundings.
HRCM is able to simulate successfully some fairly subtle aspects of the hydrological cycle. Fig. 8 shows
the time of the peak in the climatological diurnal cycle of rainfall in Hawai`i as observed at 173 rain
guage stations with hourly data and in the HWRC simulation. On each island the dominant pattern in
the observations is reasonably well reproduced in the HRCM simulation. Notably in both observations
and model the mean rainfall rate tends to peak in the early morning on the windward sides and in the
afternoon the leeward sides. The cloud fields are notoriously difficult to simulate realistically in global
or regional climate. As noted in theOrganization and Approach Section above, Zhang et al. (2012b)
analyzed and compared satellite and ground-based observations of cloud layers and boundary layer
structure around Hawai`i during days characterized by trade wind meteorology. The dominant regional
scale feature that was revealed in their analysis was a bowl-like depression of the trade wind inversion
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height and cloud top heights in a region stretching several hundred km in the lee of the Big Island and
Maui. This basic pattern is apparent as well in the trade wind inversion HRCM simulation (not shown).
Results for 20-year annual mean rainfall in the 3 km present day simulation are shown in Fig. 9, where
they are compared to a gridded analysis of the annual rainfall interpolated from observations at several
hundred rain guage stations during 1990-2009. The overall simulation of the geographical variation of
mean rainfall in the islands is reasonable. The mean rainfall over all the land grid‐points is 3.95 mm/day
versus 4.46 in our analysis of the guage data observations. The spatial correlation of the annual mean
rainfall climatology in the model simulation and observations on the 3 km grid was calculated to be 0.82.
However, in particular locations the pattern of modeled rainfall differs significantly from observations.
Notable deficiencies in simulated results in Figure 1 are too much rain on the highlands of east Maui and
not enough on the northeast slopes, and too little rain on Oahu. East Maui and the mountainous areas
of Oahu are both notable for the very steep topographic slopes and the topography in these places may
be considerably smoothed even at what is conventionally regarded by climate modelers as extremely
fine horizontal resolution.
The third nested grid with 1 km horizontal grid spacing over Maui (see Fig 3) was added to the present
calculations to test whether the rainfall simulation was sensitive to the improved model resolution (and
consequent improved representation of topography). Fig. 10 compares the 1 km and 3 km versions of
the model topography along the latitude row featuring the highest point in Maui. The significant
smoothing of the profile of Mt. Haleakala in East Maui inherent in the 3 km resolution is clearly
revealed.
In fact the rainfall simulation in the 1 km inner nest is very significantly improved over that in the 3 km
grid. Fig. 11 shows the 3-D representation of the 1 km and 3 km topographic grids and the 17 year mean
annual rainfall plotted on top in each case. Two views (one from the usual windward direction and one
from the opposite direction) are shown for each case. Fig. 12 shows a conventional contour plot
comparing the observed mean rainfall rate over Maui and the simulated values in the 3 km and 1 km
versions. These results will be updated once the full 20 years of simulation re available, but it is unlikely
the basic picture will change. The simulated rainfall in east Maui in the 1 km simulation is now
concentrated on the slopes, as clearly indicated in the observations. The rainfall peak on the highlands
of west Maui is also better represented (although still somewhat underestimated) by the 1 km model
simulation than in the version with a 3 km grid.

d. Results and Findings for Late 21st Century Climate Projection
We have completed a 20‐year climate change projection experiment appropriate for late 21st century
conditions using the doubly-nested version of HRCM. The SSTs and lateral boundary conditions for this
experiment have been based on multimodel means of the CMIP3 global coupled models using the
SRESA1B scenario for the 21st century. Lauer et al. (2013) discuss some calculations with that help
support the use of a multimodel mean of global coupled model results to force a regional model such as
HRCM. The pseudo-global-warming approach adopted here is described schematically in Fig. 13. The
annual mean of the SST warming imposed is shown in Fig. 14.
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The model projected annual mean air surface air temperature increase (mean of 2181-2100 minus mean
of 1990-2009) is shown in Fig. 15. Over the oceans the air temperature increase closely reflects the
imposed SST warming (based on the global model results). Over the land, however, a clear pattern of
increasing warming with height is evident, and this in turn is consistent with a more vertically stable
lower atmosphere (on average) in the warming scenario. It is interesting that the observed surface air
temperature warming at Hawai`i stations over the last few decades has also been found to be
intensified at higher altitudes.
The model projected 20 year mean rainfall changes are shown in Fig. 16. The overall pattern is for
increased rainfall on the windward sides of the islands and decreased rainfall over the leeward sides. An
exception is the rainfall maximum on the west coast of the Big Island south of Kona (Fig. 1) where
rainfall is projected to increase. So the change in annual mean rainfall in the model projections can be
rather accurately summarized as “wet areas get wetter”and “dry areas get drier”. Similar results are
apparent in the 1 km simulation over Maui, with enhanced rainfall over the northeast slopes of east
Maui and over the highlands of west Maui, but reduced rainfall in the rain shadow region of east Maui.
The regions where the rainfall is projected to increase are dominated by topographically forced rain
during trade wind conditions (due to uplift on the windward slopes of the islands and due to surface
convergence o. The increased rainfall in these regions may, to first order, be a response to increased
atmospheric boundary layer moisture in the warmer climate. The normally dry areas in Hawai`i generally
depend on convective events for their rainfall, and convection is suppressed (on average) in the warmer
climate due to increased vertical stability. Figure 17 shows the fraction of profiles at each location in the
model that display a TWI. The projected rise in the fraction of days with trade wind inversions from
~82% to ~90% represents a large decrease in the fraction of “non-trade wind inversion” days during
which significant convective rain events have the possibility of forming. Our model results suggest that
the increased average stability of the atmosphere under global warming conditions leads to less
convective rain, and hence more drying of the already arid rain shadow areas of the islands. Fig. 17 also
shows the average cloud top height in the present day HRCM simulation for those days with a well
defined trade wind inversion and the change in this quantity in the late 21st century simulation. The
model projects only a very small change (~10 m reduction) in the cloud top heights on trade wind
inversion days.

e. Application to Other Pacific Islands
The HRCM system developed here is being modified further and will be applied to similar pseudo-globalwarming projections of climate change for other Pacific islands, starting with Guam and Tutuila in
American Samoa. A triply nested version of the model with a single outer domain and two sets of inner
domains for Guam and American Samoa has been configured and successfully run (Fig. 18). Initial
efforts have focused on further tuning of the model to be appropriate for the new focus areas which are
more convective than the Hawai`i region and also more affected by landfalling hurricanes.
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f. Management Applications Relevant to These Scientific Findings
This project and planned follow-on work will provide the basic fields for assessment of effects of
anticipated climate change over the next century on the scales of individual Pacific islands. Interest in
the projections from this project is already apparent from many potential stakeholders and data have
already been provided to several researchers in Hawai`i and elsewhere with interests in such topics as
freshwater availability, geographical distributions of plant species, agricultural practices, geographical
distribution of avian malaria and consequent effects on native bird populations. Projections of future
changes in both the mean climate and occurrence of extreme events can be important for a variety of
management issues, including ground water and surface water development and protection, controlling
and eradicating invasive species, protecting and restoring native ecosystems.

Conclusions

(i) The use of a limited area non-hydrostatic atmospheric model with multiply-nested grids has been
demonstrated to be a practical approach to producing simulations of present day climate and future
projections at very fine resolution over the Hawaiian Islands.
(ii) With some modifications the WRF model run at fine resolution and forced with observed boundary
conditions (including SSTs) can simulate many aspects of the climate in Hawai`i reasonably accurately,
although substantial deficiencies including systematic biases in mean rainfall and mean trade wind
inversion height remain.
(iii) The fine resolution simulation of a future climate characterized by substantial global warming over
present day conditions produces results with systematic features in the climate changes on the scale of
individual islands. These include (i) a tendency for the surface warming over the islands to be more
inense than the SST warming over surrounding waters and to be strongly intensified at altitude, (ii) a
tendency for the rainfall to increase in areas dominated by stable orographic rainfall and to decrease in
areas where the present day rainfall occurs mostly in convective events.
(iv) The regional model was configured to produce projections of the climate change over roughly the
next century assuming a “middle of the road” scenario for human activity and based on a multimodel
mean from global coupled model results. With these choices the high resolution projections suggest
that Hawai`i will experience a surface warming over land of ~2-3.5 C with the greatest warming near the
summits of the high mountains and substantial (up to ~25%) changes in mean rainfall with increases
mainly in areas that now receive heavy rain and mainly decreases in areas now receiving relatively small
rainfall.
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Recommendations
Recommended further research efforts include:
(i) Extended analysis of the fine-resolution model results to include statistics of extreme events including
floods and extended dry periods. More generally users of the very extensive and detailed data sets
produced in this project may need assistance in calculating derived products of relevance to their
particular applications (fresh water, ecology, agriculture etc.).
(ii) Completion of the model development and multiply-nested simulations for Guam and American
Samoa and other islands. Performing finer resolution simulations and climate projections for the other
islands in Hawai`i, notably Oahu and Kauai which have quite steep topography.
(iii) Work to modify further the physical parameterizations the HRCM to improve the model
performance. Add and test a parameterization of fog deposition which may be a significant source of
water flux to surface at high elevations in Hawai`i.
(iv) Further work to relax approximations made in the pseudo-global-warming approach to climate
projection. A set of integrations could be performed with both “present day” and “late 21st century”
boundary conditions specified directly from a global coupled model simulation and results compared
with a pseudo-global-warming approximation to these runs. Results for regional model simulations that
have been forced with global coupled model results made with and without flux corrections should be
compared. All these proposed experiments are potentially very computationally demanding,
particularly if conducted at full doubly or triply nested resolution. The work of Lauer et al. (2013)
suggests that useful insights into some key questions may be obtained with less computationallyintensive approaches using single grid, moderate resolution versions of the regional model.
(v) In the longer term simulations and projections with coupled ocean-atmosphere regional models
should be undertaken.

G. Outreach

Aspects of this research were described over the last three years by the PI in various panels and public
fora held in Honolulu for potential stakeholders. Events during which presentations about this project
were made included (i) a forum on “Climate Change and Food Security” organized by the
Kamakakuokalani Center for Hawaiian Studies and held on the UH Mānoa campus on November 16,
2010; (ii) two panels on “Climate Change Impacts on Fresh Water Resources in Hawai`i” held July 8 and
15, 2011 at the East-West Center; (iii) a panel “Managing Papahānaumokuākea in the Context of
Climate Change” organized by NOAA on June 12, 2012; and (iv) a panel held on June 18, 2012to discuss
NOAA's draft response to a petition from the Center for Biological Diversity asking the Federal
Government to list 82 coral species as threatened or endangered under the Endangered Species Act.
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H. Science Outputs

The intent is to document the key results from the work in this project in refereed journal articles .
Journal articles from the IPRC team describing work directly relevant to this project so far include:

Zhang, C., Y. Wang, A. Lauer and K. Hamilton, 2012a: Configuration and evaluation of the WRF model for
the study of Hawaiian regional climate. Mon. Wea. Rev., 140, 3259‐3277.

Zhang, C., Y. Wang, A. Lauer, K. Hamilton and F. Xie, 2012b. Cloud base and top heights in the Hawaiian
region determined with satellite and ground‐based measurement. J. Geophys. Res. Lett., 39 , L15706,
doi:10.1029/2012GL052355.

Lauer, A., C.X. Zhang, O. Elison Timm, Y. Wang, and K. Hamilton, 2013: Downscaling of climate change in
the Hawaii region using CMIP5 results: On the choice of the forcing fields. J. Climate, 26, 10006-10030.

Zhang, C., Y. Wang, K. Hamilton and A. Lauer, 2014: Dynamical climate downscaling for the Hawaiian
Islands, Part I: Present-day. in preparation.

Aspects of the work in this project were presented by the PI to colleagues at a seminar at the National
Center for Atmospheric Research in Colorado: "Regional Climate Change Projections for Hawaii Preliminary Results" on June 25, 2012. Also the PI presented a paper “Regional Climate Projections for
Hawaii” at the Second JIMAR/PIFSC Symposium: Climate and Change in Honolulu on Nov 19th, 2013.
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Fig. 1. CMIP5 annual mean SST projections for scenarios RCP4.5 and RCP8.5 from 37 models. (a) Maps of
multimodel mean projected warming in 2081–2100 compared to the historical period (1986–2005). Blue
lines enclose the warm pool (26 C) to the south of PMNM (outlined). (b) Historical simulations since
1900 of annual mean SST near Hawaii (black box in a) along with projected future warming trends
through 2100. Future SST changes are relative to the historical climatology (1986–2005). Thin lines
indicate each individual model simulation and thick lines represent the multi-model averages for each
scenario. The thick green line is computed from NOAA’s extended historical reconstruction of observed
SSTs.
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Fig. 2 The (a) green vegetation fraction (GVF), and (c) surface albedo, as provided in the public release of
the WRF model. (b) GVF as implemented in the HRCM, and (d) albedo as implemented in the HRCM.
These results are for July.
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Fig. 3. Illustration of the region covered by the HRCM nested grids.
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Fig. 4. The 1990-2009 mean daily surface air temperature (left) and rainfall (right) for each calendar
month as observed at four airport METAR stations in Hawaii (red curves) and at the nearest model
gridpoints in the 3 km resolution doubly nested HRCM simulation (blue curves).
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Fig. 5. The probability density functions (percent per degree C) for daily mean temperature during 19902009 at the METAR stations at four of Hawaii’s major airports (blue) and at the nearest grid points in the
HRCM simulation (red). The bias (C) of 20 year mean model results relative to each of the METAR
stations is given above each panel.
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Fig.6 . The probability density function of twice daily determinations of trade wind inversion base height
based on balloon soundings during 1990-2009 (circles) and the HRCM simulation for this period
(crosses). Results for Hilo (red) and Lihue (blue) airport stations.
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Fig. 7. Time series of monthly mean trade wind inversion heights during 1990-2009 at (a) Lihue airport
and (b) Hilo airport. The red curves are derived from the twice daily balloon soundings at these airports,
while the blue curves are comparable results for nearest grid points in the HRCM simulation.
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Fig. 8. The local time which shows the largest long term mean rainfall rate, (left) interpolated from
available hourly rain gauge observations at 173 locations, and (right) from the HRCM simulation.
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Fig. 9. Mean annual rainfall rate during 1990-2009 (a) as inferred from rain guage observations, and (b)
from the HRCM simulation. The mean rainfall rate over the land area is 4.46 mm/day in the
observations (a) and is 3.95 mm/day in the model simulation (b). The spatial correlation of the model
simulation and observations on the 3 km grid is 0.82.
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Fig. 10. Topography across east Maui along 20.718 N latitude in the 1 km and 3 km model versions.
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Fig. 11. The topography and long term mean rainfall rates for Maui in the 3 km version (top) and 1 km
version (bottom) of the HRCM. Views shown from the southwest (left) northeast (right).
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Fig. 12. The annual mean rainfall rate (in mm/day) averaged over 17 years: (left) derived using rain
gauge observations, (middle) from the 1-km triply-nested simulation, and (right) from the 3-km doublynested simulation. Contours show the model topography at 250 m intervals.
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Fig. 13. Schematic depicting the steps in the pseudo-global-warming approach used in this project.
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Fig. 14. The multimodel annual mean of the 21st century SST warming in the 20 model CMPI3 SRESA1B
ensemble used as a component of the forcing of the HRCM simulation.

25

Fig. 15. The change in mean surface air temperature in the late 21st century HRCM run relative to the
present day HRCM run.
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Fig. 16. Late 21st century minus present day rainfall rates in the two 20 year doubly-nested HRCM
simulations expressed in mm/day (top) and as a percentage of the simulated 1990-2009 mean.
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Fig. 17. (a) Mean cloud top heights (km) in the present day HRCM simulation on days that were
determined to display a trade wind inversion; (b) the change in mean cloud top height in the late 21st
century simulation relative to the present day simulation (km); (c) Fraction of profiles in the model
simulation that were determined to display a trade wind inversion. Results for late 20th century; (d) as
in panel c but for the difference in the late 21st century simulation relative to the present day
simulation.

28

Fig. 18. The triply-nested grid being applied to fine resolution climate simulations for Guam and
American Samoa. The outer, middle and inner horizontal grid spacing are 20 km, 4 km and 800 m.
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