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Key points: 17	

1. Projections show Maunakea summit will experience larger mean annual 18	

temperature range with largest magnitude change in the summer. 19	

2. Increased winter precipitation is projected with at least twice as much 20	

precipitation falling in liquid form. 21	

3. Precipitable water estimates from the summit area suggest ~20% increases on 22	

average based on current satellite estimates. 23	

Abstract 24	

 25	

 A ten-year climate simulation down to 1.0 km grid spacing is performed with the 26	

Weather Research and Forecasting model (WRF) to project the mid-21st century 27	



	

conditions on the summit region of Maunakea, Hawai‘i.  Because the climate of Hawai‘i 28	

is dominated by air-sea interactions, the Community Climate System Model (CCSM) 29	

Community Atmospheric Model (CAM) is chosen for dynamical downscaling due to the 30	

ocean-atmosphere coupling with CCSM.  The Intergovernmental Panel on Climate 31	

Change (IPCC) A1B scenario is dynamically downscaled from January 2050 to 32	

December 2059.  Variables of interest include surface temperature, humidity, wind speed, 33	

precipitable water (PW), precipitation, and the tradewind cloud layer height and depth. 34	

These variables are analyzed as monthly mean values and for surface variables for their 35	

diurnal variations. Altitude corrected results show monthly mean surface pressures are 36	

consistently 2 hPa lower at the summit than climatology, however, surface wind speeds 37	

show only sporadic increases of approximately 1.0 m s-1 over climatology. Increases in 38	

wintertime precipitation and annual PW are projected, as a warmer atmosphere is capable 39	

of holding more moisture.  Modest increases in the tradewind inversion height and lifted 40	

condensation level result in a slightly elevated tradewind cloud layer. 41	

 42	

 43	

 44	

 45	

	46	

1. Introduction 47	

The summit region of Maunakea has an uncommon climate, which allowed for 48	

the development of a rare subtropical alpine ecology.  Additionally, Maunakea has an 49	

unmatched concentration of astronomical activity.  Both depend on stable climatic 50	

conditions.  Developing an understanding of the long-term climate trends and variability 51	

on Maunakea is of considerable interest to astronomers, ecologists, and managers of the 52	

summit area alike in planning for the future.  Recently, tangible progress has been made 53	

in our understanding of the summit climate of Maunakea through analysis of 54	



	

meteorological data collected at summit observatories (Couto da Silva 2006; Giambelluca 55	

et al. 2008) and additional work is being undertaken to more fully understand this 56	

interesting and important ecosystem.   57	

Montane cloud forests and alpine zones on the slopes of Maunakea may be among 58	

the most sensitive of the world’s ecosystems to global climate change because they 59	

experience low seasonality and are adapted to a narrow range of thermal and moisture 60	

conditions (Loope and Giambelluca 1998; Mora et al. 2013).  Relatively small climate 61	

driven shifts in patterns of atmospheric circulation are likely to trigger major local 62	

changes in rainfall, cloud cover, and humidity across the forest and alpine zones. The rare 63	

endemic species that inhabit these zones may be the most vulnerable to the impacts of 64	

climate change.   65	

The life cycle of the endemic wekiu bug, for instance, is critically dependent on 66	

temperature, moisture and food sources.  Warmer temperatures result in a shorter 67	

reproductive cycle for the bugs. They also require cold/dry conditions to kill or slow their 68	

insect prey.  Moisture and food supply depend to a significant extent on the health of the 69	

subalpine areas and strength of wind circulations.  Future changes in wind patterns and 70	

strength will impact humidity, cloud cover, and seeing over the summit, all of importance 71	

to astronomers.  72	

Analysis of radiosonde data from Hilo shows that the frequency of tradewind 73	

inversions (TWI) increased rather abruptly around 1990 from ~80 to ~90% (Cao et al. 74	

2007). The tradewind inversion is a stable layer in the lower atmosphere in which the 75	

temperature increases with height.  Cao’s observation is consistent with the observation 76	

that surface temperatures in the Hawaiian Islands have risen more rapidly at higher than 77	

at lower elevations during the past 30 years (Giambelluca et al. 2008).  Because rising air 78	

is the predominant means by which clouds form, cloud development is capped at the 79	

stable TWI level.  As a result, relatively thin clouds produce less precipitation when the 80	

TWI is present.  Climate changes resulting in either more frequent or lower altitude TWI 81	



	

will cause a reduction in rainfall in the montane cloud forests, as well as drier conditions 82	

in the alpine zones above.  83	

Another important constraint on precipitation is the depth of the cloud.  If the 84	

TWI limits cloud top, the lifted condensation level (LCL) determines cloud base.  The 85	

LCL is determined by the difference between the sea-level air temperature and sea-level 86	

dewpoint temperature, which in turn is controlled by the sea surface temperature (SST).  87	

As the SST rises, both the air temperature and dew-point temperature will rise in concert, 88	

resulting in little change in the relative humidity.  However, if the island air temperature 89	

rises faster than the SSTs then the relative humidity would decrease, leading to an 90	

increase in the height of LCL.  In combination, a lower TWI and a higher LCL would 91	

squeeze the extent of the montane forest (Fig. 1). 92	

 As evidence grows for changing climate patterns, it is now necessary to determine 93	

if changes occurring near the summit of Maunakea could impact the ecosystem and 94	

productivity of astronomical observatories. Despite this great need for climate projection 95	

information, there is little available data to turn to.  The Intergovernmental Panel on 96	

Climate Change (IPCC) includes little information about Hawai‘i directly, while many 97	

other studies focus on projected changes to rainfall only.   98	

Recent projections by Zhang et al. (2016b) provided some insights into the future 99	

climate of Hawai‘i, including summit conditions, for the period 2080-2099.  Their 100	

findings include: summit temperatures approximately 3.5 K warmer than the 1990-2009 101	

mean values; the frequency of daily minimum temperatures below 0 Celsius fell to 3% 102	

from 35% in their 1990-2009 simulation; simulated 10-m wind speeds projected to 103	

increase at the summit of Maunakea more in the summer than the winter but at values 104	

less than 1.0 ms-1; slightly lower cloud fraction and liquid water path and increased net 105	

shortwave radiation flux near the summit; higher frequency of tradewind inversions over 106	

the region with the increase leading to a larger increase in lower inversion heights, 107	

especially at Hilo; and a slightly drier summit region (20-40% reduction).  It is unclear, 108	



	

however, if Zhang et al. (2016b) corrected for the lower model elevation (- 350 m) at 109	

Maunakea summit for the projected climate as they did in the present climate simulations 110	

(Zhang et al., 2016a), therefore, so some doubts are raised about the validity of their 111	

results. 112	

This main goal of this study is to understand the future climate variability of the 113	

alpine and subalpine zones of Island of Hawai‘i through the middle of this century, and 114	

evaluate their general impact on the high altitude ecology of Maunakea, with a focus on 115	

the stability of the wekiu bug population and other biota found on the summit.   116	

Information regarding long-term climate trends and variability is of considerable interest 117	

to ecologists, astronomers, and managers of Maunakea summit. The following section (2) 118	

will describe the model configuration and analysis methodology.  Section 3 will describe 119	

the model results compared to climatological analysis by Couto da Silva (2006).  Section 120	

4 will summarize the findings. 	121	

	122	

2. Data and Methods 123	

There are dozens of climate forecast models that could be used for this study, 124	

however, because Hawai‘i’s climate is dominated by air-sea interaction locally and across 125	

the Pacific Ocean, we will limit the selection process to those climate models that have a 126	

dynamic coupling to the ocean.  The Community Climate System Model version 3 127	

(CCSM3) is one such model (Collins et al., 2006a), which consists of an ocean model 128	

(Smith and Gent, 2002) coupled to an atmospheric model, the Community Atmospheric 129	

Model version 3 (CAM3) (Collins et al., 2006b).  CCSM3.0 was chosen both for its 130	

suitability as a coupled climate model, but also for the considerable community research 131	

experience in downscaling established with this model (e.g., Done et al., 2013). 132	

Evaluation of CAM3 for present climate simulations show good agreement with 133	

observations (Collins et al., 2006b). Findings of Collins et al. (2006b) relevant to this 134	

study include a more realistic structure of the ITCZ in the tropical Pacific, the 135	



	

relationship of shortwave and longwave effects for tropical cloud systems is more 136	

consistent with satellite observations, the response of cloud radiative forcing to ENSO 137	

variations has the correct sign and spatial structure, and the seasonal cycle of shortwave 138	

clod forcing and cloud amount is more realistic in the northern Pacific Ocean.  CAM3 139	

still suffers, like many climate models, from the double-ITCZ in the eastern Pacific, 2-3 140	

year periodicity in ENSO, and poor representation of MJO (Collins et al., 2006a).  Deser 141	

et al. (2006) noted that the atmospheric ENSO signal (precipitation, SLP) is confined 142	

very near the equator relative to observations.  ENSO plays a major role in the inter-143	

annual rainfall variability over Hawaii (Chu 1995; Chu and Chen, 2005; O’Conner et al., 144	

2015) and TC occurrence (Chu and Wang, 1997) so such deficiencies in CAM3 are 145	

important to note.   146	

The CAM3 is run at coarse spatial resolution (~150 km) to reduce computation 147	

time when performing multi-year simulations. Output is written every six hours of 148	

integration to reduce data size. The greenhouse-gas scenario forcing the CCSM3 149	

simulation is the A1B scenario of the Special Report on Emissions Scenarios (SRES; 150	

IPCC 2000).  This scenario provides for a balanced growth in fossil-fuel energy sources 151	

and non-fossil fuel energy in the future. 152	

The Weather Research Forecasting model (WRF 3.4.1) is used to ingest the CAM 153	

output to perform dynamic downscaling. This process is used to refine the climate model 154	

forecasts to provide higher spatial (~1 km) and temporal (hourly) detail. The WRF is the 155	

next-generation mesoscale numerical weather prediction system (Klemp et al. 2007, 156	

http://www.wrf-model.org).  The WRF configuration for this climate study will be 157	

similar to the operational counterpart at the Mauna Kea Weather Center to support 158	

astronomical work at the summit (Businger et al. 2001; Cherubini et al. 2006, 2008) with 159	

a few changes. First the input for the initial conditions and boundary conditions for the 160	

WRF runs will come solely from CAM3 output.  CAM3 output is available every six 161	

hours on a T85 grid (256 by 128 regular spaced ~1.4o resolution).  The WRF will be run 162	



	

one time per day out to 25 hours, the first hour is discarded as the model spins-up.  Three 163	

domains will be used with 15, 3, and 1 km horizontal grid spacing on a Mercator 164	

projection and 40 vertical levels.  The outermost domain covers a wide portion of the 165	

central Pacific area to capture synoptic-scale storm systems (Morrison and Businger 166	

2001; Caruso and Businger 2006), the 3 km resolution domain spans all of the larger 167	

Hawaiian Islands, and the 1 km domain spans the Big Island of Hawai‘i. The vertical 168	

spacing is on the order of tens of meters for the levels nearest the ground and gradually 169	

increases with height.  The model top is fixed at 10 mb, which corresponds to a height of 170	

about ~25 km above mean sea level.  The performance of WRF at the summit of 171	

Maunakea has been evaluated previously by Cherubini et al. (2008) (Table 1). 172	

In order to describe the future climate at the summit of Maunakea, Hawai‘i, 173	

values were extracted from the WRF model forecasts from 2050-2059 at the nearest grid 174	

point to the Canada, France, Hawai‘i Telescope (CFHT) meteorological mast.  This grid 175	

point is also adjacent to the United Kingdom Infrared Telescope (UKIRT) site so model 176	

values can be used to represent values at either site.  Surface variables were aggregated 177	

by month to produce monthly mean values. Data were also aggregated by day to produce 178	

daily mean, daily mean maximum, daily absolute maximum, daily mean minimum, and 179	

daily absolute minimum values.  Elevation corrections were made for surface variables 180	

(T, p, q, U) given that the model elevation is lower than the elevation of the CFHT site. 181	

We corrected p, q, and U by finding the model level closest to the elevation of CFHT and 182	

treating those variables as surface variables.  For temperature, a correction was performed 183	

given the difference in model and real surface elevation and the dry adiabatic lapse rate 184	

following Sheridan et al. (2010).  At the elevation of the Maunakea summit region, the 185	

dry and moist adiabatic lapse rates are similar in magnitude. 186	

The TWI is typically identified with the use of a skew-t log-p thermodynamic 187	

diagram.  The inversion represents the extent of influence of Earth’s surface on the 188	

atmosphere, with the area below the inversion commonly referred to as the planetary 189	



	

boundary layer.  The inversion acts as a boundary between two air masses of different 190	

densities. Two characteristics of the inversion that are commonly used to identify it are: i) 191	

sharp jumps in moisture content; and ii) a local maximum in air temperature above the 192	

surface but below 700 hPa. These two characteristics are used to determine the base of 193	

the TWI from the WRF model output as follows 194	

 T(z+1) > T(z) AND T(z+2) > T(z+1) AND P(z) < 950 (1) 

TWI = z+1 (2) 

where z is the height of the model surface (m), RH is relative humidity, T is temperature 195	

(K), and P is pressure in hPa.  When one of the conditions in (1) is met then the TWI is 196	

defined as the height (m) of the surface above the current surface where the condition is 197	

met.  This is done at each grid-point across the domain. 198	

 The LCL is also typically identified with the use of a skew-t log-p diagram and 199	

represents the base of the tradewind cloud layer.  Here the LCL is calculated from the 200	

surface temperature and dewpoint temperature as follows 201	

 
(3) 

where T is the temperature (K), Td is the dewpoint temperature (K),  is 202	

the environmental lapse rate, g is gravity, e=0.622, and Lv is the latent heat of 203	

vaporization. 204	

 The TWI and LCL were calculated over the entire Island of Hawai‘i for each 205	

available time period.  Monthly mean values were then calculated for the months of 206	

February and August to represent the range in the annual cycle that results during periods 207	

of active and quiescent weather, respectively.  Monthly mean tradewind cloud depth 208	

(TWCD) was then calculated by taking the difference, TWCD = TWI – LCL.  Estimates 209	

of TWCD from skew-t log-p diagrams are typically estimated from LCL to the top of the 210	

TWI, which based on Cao et al. (2007) is ~300 m higher than TWI base. 211	



	

 212	

3. Analysis Results 213	

 3.1 Surface Variables 214	

 3.1.1 Temperature 215	

 Monthly averaged 2-m surface temperatures are shown in Fig. 2a.  Maximum 216	

temperatures are seen in August (10° C) while the minimum averages temperature is 217	

found in February (0.1° C).  Substantial warming is seen from the period analyzed by 218	

Couto da Silva (2006).  She found the maximum temperatures occurred in September 219	

(4.5° C) and a minimum in February (-0.4° C).  Modest warming is seen in November, 220	

January, and February, while December is projected to be slightly colder. Projected 221	

summer temperatures have more than doubled, leading to a larger annual temperature 222	

range on the summit.   223	

The representativeness of the model topography height comes into question when 224	

dealing with sharp topographic features such as mountain summits.  Representative errors 225	

are common in numerical weather prediction models over complex terrain (Jimenez and 226	

Dudhia 2012).  This is caused by smoothing of orography to match the grid resolution of 227	

the underlying model. For CCSM the grid resolution is 150 km.  Under such a model just 228	

a few grid points represent the Island of Hawai‘i so the general shape of the island is 229	

represented as a circular cone. In the case of WRF the grid-resolution reaches 1 km and 230	

the summit area is represented by a handful of grid points.  The island shape is well 231	

represented in WRF as are Maunaloa and Maunakea, however, the model summit is 232	

depicted at an elevation of 4006.5 m while the actual elevation of the CFHT station is at 233	

4204 m.  A simple temperature correction is applied to the mean values following 234	

Sheridan et al. (2010) 235	

 (4) 

where  is the model height error, and  represents the environmental 236	

lapse rate. The elevation corrected temperatures are shown in Fig. 2a using the standard 237	



	

dry atmospheric lapse rate of 9.8 K km-1.  A reduction of 1.93° C is seen across the board.  238	

This results in colder mean temperatures from November to February compared to 239	

historical values, but still results in substantial warming from and May to September and 240	

a larger annual range of mean temperatures. It is worth noting that this temperature 241	

reduction represents an upper bound.  Lapse rates diagnosed from the daily Hilo 242	

radiosondes suggest that the lapse rate at this altitude is close to the moist adiabatic rate a 243	

majority of the time. The dry adiabatic and moist adiabatic lapse rates are close at this 244	

altitude but the moist adiabatic lapse rate will be smaller, which results in a smaller 245	

temperature correction.   246	

 The daily mean temperatures reflect the annual amplitude of the uncorrected 247	

temperatures in Fig. 2a, however, the separation between the mean maximum and mean 248	

minimum daily temperatures is reduced (Fig. 3a) compared to data from Couto da Silva 249	

(c.f. Fig. 9). This suggests the projections are not producing a realistic diurnal signal in 250	

the temperature field on a day-to-day basis. These values hug the daily mean much of the 251	

year with the lowest range in January (1-2° C) and the maximum range in August (3- 252	

5 ° C). Couto da Silva found mean temperature diurnal temperature ranges of 4-7° C (c.f. 253	

Fig. 10). The greatest absolute amplitudes are found in the winter months (Dec.-Feb.) and 254	

the smallest amplitude is in September, similar to Couto da Silva (c.f. Fig. 9).  Compared 255	

to historical data, the months from April to November are warmer on average and in the 256	

minimum temperatures but the absolute maximum temperatures predicted from October 257	

to May are cooler than historically observed.   258	

 3.1.2 Pressure 259	

 Monthly average surface pressures are shown in Fig. 2b.  Maximum pressure (644 260	

hPa) is found in July while a minimum is found in December (632 hPa).  The model 261	

depicts a larger annual pressure range (~ 10 hPa) than has been seen historically (~3 hPa).  262	

Surface pressures are also substantially higher than observations (> 30 hPa).  Again, this 263	

is a result of the underrepresented height of the Maunakea summit by the weather and 264	



	

climate models.  To correct the pressure field for elevation, a model level closer to 265	

4204 m was chosen to represent surface pressures. The height corrected (z-corrected) 266	

field indicates a 1-2 hPa lower average surface pressure near the summit elevation. 267	

 3.1.3 Moisture 268	

 Monthly average 2 m relative humidity (RH) is shown in Fig. 2c.  Maximum RH 269	

is found during December to January (~ 60%) while a minimum is found in July to 270	

August (~40%).  This represents a doubled range of RH values compared to Couto da 271	

Silva (2006), who found values between 30-40% with no clear annual pattern.  When 272	

these values are height corrected, they fall between 20-35% RH with a bimodal 273	

distribution.  The primary peak is in October and the secondary peak is in June.  274	

Monthly mean dewpoint temperatures showed a clear annual cycle similar to that 275	

of temperature with a minimum in February and a maximum in August (Fig. 2d).  Mean 276	

dewpoints are relatively steady from June to October (~ -4° C) and from December to 277	

April (~ -8° C).  A similar pattern is seen in the historical data at UKIRT, although 278	

dewpoints are 10° C colder.  Elevation corrected dewpoints do not change the monthly 279	

mean trend as only a few values change dramatically.  Daily uncorrected values are 280	

shown in Fig. 3b to show the variability about the mean and reveal the diurnal range 281	

(between mean minimum and mean maximum) to be around 5° C.  This range is lower 282	

than historical values of 6-8° C.  Monthly mean mixing ratio trends are similar to those of 283	

dewpoint temperatures (Fig. 2e).  This compares well with historical values although the 284	

projected values are greater by at least 1 g kg-1.  When the values are corrected for 285	

elevation they become closer to values reported by Couto da Silva (2006) at UKIRT (1.5-286	

3.5 g kg-1) and show a slight reduction over historical values.  Although the opposite sign 287	

from RH, these trends are consistent as they are relative to air temperature.   288	

3.1.4 Wind  289	

 Projected monthly mean wind speeds show a semi-annual trend with maxima in 290	

February and August and minima in June and October (Fig. 2f).  This is in contrast to the 291	



	

historical data that shows a single maximum in January and minimum in September.  292	

Wind speeds in the projected data are generally 3-6 m/s while historical data was between 293	

4-10 m/s.  Historical wind speeds at UKIRT were between 2-7 m/s, showing that there 294	

are great differences in wind speeds over a relatively short distance (~900 m) due to 295	

complex orography at the summit. When the wind speeds are corrected for station 296	

elevation the projections match historical observations from CFHT more closely but a 297	

semi-annual trend is still apparent. 298	

Wind rose plots are used to assess the model projections of wind speed and 299	

direction and compare them with historical data.  Differences between elevation corrected 300	

and uncorrected wind speeds follow those trends seen in Fig. 2f and show no clear 301	

differences in wind rose plots. For brevity, only corrected wind speeds are discussed in 302	

this section.  Figure 4a represents all one-hour wind speed and direction projections for 303	

CFHT.  Winds are most frequently projected from the E and W, respectively, with most 304	

cases having winds below 10 m/s.  These wind directions compare well with historical 305	

data that also showed winds to be most frequent from the east and west, respectively, 306	

although a significant percentage of the historical data had winds ≥ 11 m/s.  Higher wind 307	

speeds were more common at CFHT than UKIRT, especially from the east, which is a 308	

result of local terrain influences.  A wind rose for just January data shows predominantly 309	

west winds are anticipated (Fig. 4b), with higher frequency of winds over 10 m/s.  310	

Projected winds show slightly more spread in the direction off of true west but overall 311	

show similar patterns to historical data at CFHT.  The pattern for May winds is similar to 312	

January with more spread and tends to miss the persistent east winds seen in the historical 313	

data at CFHT, and is a better match to observations at UKIRT (Fig. 4c).  Wind 314	

projections in September show very persistent E winds as well but miss the secondary 315	

peak in westerly winds seen in the historical CFHT data (Fig. 4d). 316	

3.2 Precipitation and Precipitable Water 317	



	

Precipitation events are important for the alpine ecosystem, summit accessibility, 318	

and astronomical operations.  Water availability in the alpine zone impacts the flora and 319	

fauna in that zone.  Snowfall events can close the summit to traffic and require plowing 320	

the access road.  Precipitation events mean that the summit region is in or below the 321	

clouds, which results in poor visibility for astronomical observations. Precipitable water 322	

(PW) is also important for astronomical operations as it impacts the quality of seeing and 323	

infrared observations (Cherubini et al. 2008). For the purpose of this paper, PW is 324	

defined as the depth in mm if all water molecules within a column of air above the 325	

surface to the top of the atmosphere were condensed as liquid on the ground. 326	

Precipitation analysis was done for rain and snow at CFHT for the period 2050-327	

2059.  Hourly accumulated rain (mm) and snow equivalent water (SWE) content (mm) 328	

values were output by WRF and used to calculate monthly hours of precipitation, days of 329	

precipitation, and accumulated totals for each precipitation type.  A threshold value of 0.1 330	

mm was used as a cut-off for observed rain and snow hours.  Periods with less than 0.1 331	

mm of precipitation are counted as ‘Trace’ precipitation.  Even though trace precipitation 332	

does not count towards accumulation, all forecasts for rain or snow are a proxy for cloudy 333	

conditions over the summit.  There does not exist a long record (> 10 years) of 334	

precipitation at the summit of Maunakea, however, three short-term measurement sites 335	

were established between 2007 and 2010 around the CFHT site (Eaton and Businger, 336	

2014) and Couto da Silva (2006) did perform an analysis for snowfall proxies from 337	

station data.  338	

Figure 5 reveals that liquid precipitation follows an annual cycle with a 339	

wintertime maximum due to synoptic scale disturbances such as cold frontal passages and 340	

Kona Lows, and a summertime minimum.  The number of hours when precipitation is 341	

forecast rises to over 20 hours a month in the winter and falls to less than 10 hours per 342	

month from July through September.  For most months trace precipitation hours are a 343	

fraction of precipitation hours and are typically fewer than 20 hours per month, on 344	



	

average.  The two exceptions are June, where the mean rain and mean trace hours are ~22 345	

hours, and September when mean trace hours are maximum at ~27 hours.  Winter months 346	

have more days with rain forecasted (3-4) than summer months (0-1).  Trace days were 347	

not calculated as they typically correspond to rain days, with the exception being July. 348	

The accumulated precipitation maximum is in January (111 mm or 4 inches) and the 349	

minimum from July through September with 2 mm or less of forecasted rain. 350	

Due to the high elevation of Maunakea, snow can fall year round, however 351	

synoptic scale disturbances are needed to create these conditions and these typically 352	

occur during winter months.  Hours when snow is forecast are on average over 40 hours a 353	

month from October through June and near zero from July to August, similar to rain (not 354	

shown).  As with rain, days with snow forecasted are higher during colder months with 355	

an average over 2.5 days per month from November to April and are near zero from June 356	

to September (not shown). Figure 6 displays the monthly mean accumulated snowfall as 357	

SWE (mm).  The maximum is found in January at close to 34 mm and no snowfall is 358	

forecast between June and November.  Monthly snowfall in May is dominated by one 359	

month of high snowfall for the period with all other months recording less than 1 mm or 360	

nothing. This monthly value represents an outlier event.  The right panel of Fig. 6 361	

displays this data as average snow depth (in).  362	

Mean monthly total (liquid + solid) precipitation recorded at three sites 363	

surrounding CFHT between 2007 and 2010 shows a wintertime maximum and 364	

summertime minimum in precipitation (figure 7).  Projected total precipitation is equal to 365	

or greater than observations between January and June, as well as in October.  Observed 366	

precipitation in July and August is significantly greater than projections, while November 367	

and December observed precipitation is more than double projections. The cumulative 368	

effect is a doubling of annual precipitation in projections. 369	

The annual cycle of precipitable water shows a bimodal structure that is a 370	

combination of mean rainfall and snowfall (Fig. 8). There is an absolute maximum in 371	



	

August and a secondary maximum in January.  The absolute minimum is found in April 372	

and the secondary minimum is in October.   The diurnal cycle of PW can be assessed 373	

through the range of predicted values in Fig. 9.  Mean PW values are higher from June to 374	

October and show a larger diurnal range over this period as well.  Higher absolute 375	

minimum values over this period also result in the higher monthly mean values seen in 376	

Fig. 8.  Absolute maximum values are generally lower than 1.0 inch, but two strong 377	

precipitation events in July and January result in values of 1.73 and 1.18 inches, 378	

respectively.  Projected monthly mean PW values are greater than the operational PW 379	

retrievals by Antonelli et al. (2017) by as much as 20% 380	

(http://mkwc.ifa.hawaii.edu/satellite/polar/). 381	

3.3 Tradewind inversion height (TWI), lifted condensation level 382	

(LCL), and tradewind cloud depth (TWCD) 383	

The TWI height is an important parameter that caps the marine boundary layer.  384	

The TWI impacts cloud development, precipitation, and modulates surface temperature 385	

and moisture in montane ecosystems.  Because rising air is the predominant means by 386	

which clouds form, cloud development is capped at the stable TWI level.  As a result, 387	

relatively thin clouds produce less precipitation when the TWI is present.  Climate 388	

changes resulting in either more frequent or lower altitude TWI will cause a reduction in 389	

rainfall in the montane cloud forests, as well as causing drier conditions in the alpine 390	

zones above.  391	

Another important constraint on precipitation is the depth of the cloud.  If the 392	

TWI limits cloud top, the lifted condensation level (LCL) determines cloud base.  The 393	

LCL is determined by the difference between the sea level air temperature and sea level 394	

dewpoint temperature, which in turn is controlled by the SST.  As the SST rises, both the 395	

air temperature and dew-point temperature will rise in concert, resulting in little change 396	

in the relative humidity.  However, if the island air temperature rises faster than the SSTs, 397	

then the relative humidity could decrease, which would lead to an increase in the height 398	



	

of LCL.  In combination, a lower TWI and a higher LCL would squeeze the vertical 399	

extent of the montane forest. 400	

 Figure 10a shows the mean TWI height in August to be near 1400 m above 401	

ground level (AGL).  The height decreases at higher elevations until it reaches 0 m AGL 402	

between 1000 and 1500 m elevation where the TWI resides.  Beyond this elevation the 403	

TWI height jumps up and increases with elevation, however, this area is mostly above the 404	

TWI inversion that caps the marine boundary layer.  The TWI on the leeward side of the 405	

island is around 1200 m AGL. Overall, the TWI is at roughly 1200-1400 m above mean 406	

sea level (MSL). The mean LCL height during August is between 200 m and 400 m AGL 407	

(Fig. 10b). There is little difference in LCL height over land and water but above 1500 m 408	

elevation the LCL height increases with height because the region is above the TWI.  The 409	

mean TWI and LCL levels result in a mean tradewind cloud depth (TWCD) of around 410	

1000 m over the ocean that increases in depth over the windward coast but then decreases 411	

with elevation up to the 1000-1500 m region to zero depth (Fig. 10c).  The leeward 412	

TWCD is between 600-800 m. 413	

  The mean TWI height pattern in February is very similar to the August pattern 414	

(Fig. 10d).  Maximum TWI heights are around 1400 m over the ocean and decrease to 415	

zero over land to between 1000-1500 m elevation.  There is an inflection point in the 416	

calculated TWI height at a surface elevation of 1500 m above which the TWI heights 417	

increase.  This suggests that surface elevations above 1500 m are above the TWI.  There 418	

is no difference in TWI height from windward to leeward sides of the island as there was 419	

in August. Mean LCL height in February shows more noise than in August, but with 420	

heights over the ocean generally between 200-600 m AGL (Fig. 10e).  The LCL values 421	

show similar variability over land near the coasts but increase at elevations greater than 422	

500 m.  Strong anomalies are seen over the ocean hugging the coastline. This is an 423	

artifact of the miss-match between the global model land surface scheme and WRF land 424	

surface scheme. This was not eliminated with our choice of downscaled WRF integration 425	



	

method and should therefore be ignored.  Although there is no inflection point in the LCL 426	

values as there was in the August data, LCL values above 600 m should be considered to 427	

be above the TWI inversion.  As a result of the high LCL values the mean TWCD’s 428	

during February are zero over elevations above 1000 m (Fig. 10f).  Over the ocean, mean 429	

TWCD values range from 800-1000 m. Mean TWCD near the coastline is also 1000 m 430	

and then decreases with height following the to zero at near the 1000 m topography 431	

contour.  The TWCD gradient over land is tightly coupled with the topography gradients. 432	

 The new TWI characteristics vary greatly from those reported by Cao et al. 433	

(2007).  They found the mean TWI base at Hilo to be around 2200 m, decreasing during 434	

boreal winter and increasing during the summer. The projected TWI base is found to be 435	

nearly 1000 m lower.  The projected LCL in summer suggests a height near 200 m and a 436	

deeper TWCD on the windward coast than in the lee of the island.  In the winter, the LCL 437	

is found between 400-600 m but the TWCD is just as deep.  The TWI heights are 438	

generally between 1200-1400 m over the ocean throughout the year, with lower inversion 439	

heights more apparent on the leeward side during August when more persistent 440	

tradewinds are present.  This would suggest a ‘wet get wetter’ scenario for the windward 441	

coast and a ‘dry get dryer’ scenario for the leeward coast.  This analysis echoes that of 442	

Zhang et al. (2016b).  This would also suggest that summer rainfall would increase more 443	

than winter precipitation on the windward coast. 444	

 445	

4. Summary  446	

 A climate downscaling experiment was conducted over the Island of Hawai‘i 447	

using the Community Atmospheric Model (CAM) and Weather Research and Forecasting 448	

Model (WRF).  The purpose of the experiment was to determine what changes to the 449	

mountain climate of Maunakea could be expected based on the IPCC A1 climate-forcing 450	

scenario.   451	



	

The results of the experiment showed biases in the surface variables as the result 452	

of overly smoothed terrain near the Maunakea summit in the WRF model.  The model 453	

depicts the mountain as being only 4006.5 m instead of 4204 m.  This discrepancy results 454	

in low biases for wind speeds and high biases for temperatures, relative humidity, and 455	

pressure.  Elevation corrected data remove these biases to reveal projections for a warmer 456	

summit during the boreal summer and lower surface pressures throughout the year.  The 457	

difference between non-corrected and elevation-corrected temperature, RH, and wind 458	

speed data accounts for nearly all the RMS error found by Cherubini et al. (2008) in 459	

present day simulations suggesting that the elevation-corrected values have very low bias.  460	

No discernable trends were seen in the moisture or wind fields.   461	

 Estimates of precipitable water (PW) and precipitation suggest a slightly wetter 462	

summit environment in the future.  Maximum precipitation will fall in the winter months 463	

due to synoptic disturbances impacting the region.  Projected annual precipitation 464	

suggests a doubling of summit precipitation with most of that falling between November 465	

and April.  Although most precipitation will fall in the winter, maximum PW values will 466	

peak during the summer due to the warmer atmosphere.  Compared to recent observations 467	

by Antonelli et al. (2017) projected monthly mean PW values are as much as 20% 468	

greater.  It should be noted however that the retrievals are limited by cloud cover so this 469	

estimate is likely lower given that predicted PW values included cloud liquid water while 470	

retrievals did not.    471	

Annual total rainfall and snowfall (not shown) for the projected period suggests 472	

that the results may have been biased high due to more frequent El Nino events in the 473	

CAM3 forcing data (Collins et al., 2006a).  A total of three El Nino years with total 474	

annual rainfall (snowfall) > 40 (80) mm appear to skew the precipitation data high while 475	

the mean rainfall (snowfall) for the non-El Nino years is 17 mm (25 mm). 476	

 Drastic reductions were seen in the projected values for the tradewind inversion 477	

(TWI) and slight reductions were seen in lifted cloud layer (LCL) heights.  In summer, 478	



	

the LCL is lower and tradewind cloud depth (TWCD) is thinner on the lee of the island.  479	

In the winter, the LCL is higher by an average of 200 m and as a result the TWCD is 480	

deeper.  Little variation is seen in the height of the TWI, with heights generally between 481	

1200-1400 m over the ocean in February and August.  The TWI heights downwind of 482	

Hawai‘i are at most 100-200 m lower in August, which suggest more rain on the 483	

windward mountain slopes. This is in stark contrast to the TWI heights between 2000-484	

2500 m reported by Cao et al. (2007).  It is unclear what proportion of this reduction in 485	

TWI is the result of biases in CAM3 and WRF, which demands investigation.  Further 486	

estimation of TWI using the method of Guo et al. (2011) should be completed to 487	

investigate potential bias in the TWI method. 488	

 These changes to the climate on the summit of Maunakea will adversely impact 489	

astronomy interests.  Increased PW values in the summer will reduce seeing and IR 490	

imaging quality.  Increased summit temperatures from May through September will also 491	

increase turbulence via buoyancy and reduce seeing and IR image quality.  Although no 492	

comparison with historical rainfall data has been made, rainfall does appear higher than 493	

one would expect on the summit, especially in winter months.  Taking rain and snow 494	

hours as proxies for cloudiness at the summit would imply a reduction in hours available 495	

for quality astronomical observations as well. 496	

 This study was the first to consider changes to tropical montane climate zones as a 497	

result of global warming.  Results suggest significant warming in line with IPRC 498	

modeling studies (Zhang et al., 2016a, b) and IPCC predictions (IPCC, 2000).  Results 499	

also suggest a wetter and cloudier summit region, although this appears to be skewed by 500	

more frequent El Nino years, which is unrealistic.  501	

Further investigations with a climate model that correctly simulates the 502	

periodicity of ENSO are recommended.  Improvements in the dynamical downscaling are 503	

also recommended including: spinning up the WRF land surface model for at least one 504	

year prior to initialization; and longer WRF integrations to include at least 24-hours of 505	



	

model spin-up.  Resulting analysis should also be extended to additional sites on the 506	

mountain slopes of Maunakea and Maunaloa. 507	

Acknowledgements	508	

	 The	authors	would	like	to	acknowledge	support	from	the	Office	of	Maunakea	509	

Management	and	the	National	Science	Foundation	(ICER-1343761).	Computing	510	

resources	were	provided	by	NCAR's	Computational	and	Information	Systems	511	

Laboratory	on	Yellowstone.512	



	

References		513	

Antonelli, P., H. E. Revercomb, G. Guiliani, T. Cherubini, S. Businger, R. Lyman, S. 514	

Tjernkes, R. Stuhlmann, and J.-L. Moncet, 2017, Regional retrieval processor for 515	

direct broadcast high-resolution infrared data, J. Appl. Meteor. Climatol., 56, 516	

1681-1705, https://doi.org/10.1175/JAMC-D-16-0144.1. 517	

Businger, S., R. McLaren, R. Ogasawara, D. Simons, and R.J. Wainscoat, 2001: 518	

Starcasting. Bull. Amer. Met. Soc., 83, 858–871. 519	

Caruso, S. and S. Businger, 2006: Synoptic climatology of subtropical cyclogenesis. 520	

Wea. Forecast., 20, 193–205. 521	

Cao, G., T.W. Giambelluca, D. Stevens, and T. Schroeder, 2007: Inversion variability in 522	

the Hawaiian trade wind regime. J. Climate, 20, 1145–1160. 523	

Cherubini, T., S. Businger, C. Velden, and R. Ogasawara, 2006:  Assimilation of satellite 524	

derived winds in mesoscale forecasts over Hawaii. Mon. Wea. Rev., 134, 2009-525	

2020. 526	

Cherubini, T., S. Businger, and R. Lyman, 2008:  Modeling Optical Turbulence and 527	

Seeing over Mauna Kea. J. Appl. Meteorol., 47, 1140–1155. 528	

Chu, P.-S., 1995, Hawaii rainfall anomalies and El Nino, J. Climate,  8, 1697-1703. 529	

Chu, P.-S. and H. Chen, 2005, Interannual and interdecadal rainfall variations in the 530	

Hawaiian Islands, . Climate, 18, 4796-4813. 531	

Chu, P.-S. and J. X. Wang, 1997, Tropcial cyclone occurrences in the vicinity of Hawaii: 532	

Are the differences between El Nino and non-El Nino years significant? J. 533	

Climate, 10, 2683-2689. 534	

Collins, W. D., C. M. Bitz, M. L. Blackmon, G. B. Bonan, C. S. Bretherton, J. A. Carton, 535	

P. Chang, S. C. Doney, J. J. Hack, T. B. Henderson, J. T. Kiehl, W. G. Large, D. S. 536	

McKenna, B. D. Santer, and R. D. Smith, 2006a, The Community Climate System 537	

Model version 3 (CCSM3), J. Climate, 19, 2122-2143. 538	



	

Collins, W. D., P. J. Rasch, B. A. Bonville, J. J. Hack, J. R. McCaa, D. L. Williamson, 539	

and B. P. Briegleb, 2006b, The formulation and atmospheric simulation of the 540	

Community Atmosphere Model version 3 (CAM3), J. Climate, 19, 2144-2161. 541	

Couto da Silva, S., 2006: Climatological analysis of meteorological observations at the 542	

summit of Mauna Kea. 543	

http://mkwc.ifa.hawaii.edu/archive/publications/journals/index.cgi 544	

Deser, C., A. Capotondi, R. Saravanan, and A. Phillips, 2006, Tropical Pacific and 545	

Atlantic variability in CCSM3. J. Climate, 19, 2451–2481. 546	

Done, J. M., G. Holland, C. L. Bruyere, L. R. Leung, and A. Suzuki-Parker, 2013, 547	

Modeling high-impact weather and climate: Lessons from a tropical cyclone 548	

perspective. Climatic Change, 129, 381-395, doi:10.1007/s10584-013-0954-6. 549	

Eaton, L. A. and S. Businger, 2014, Using a snow drift model to simulate eolian drift and 550	

snowfall on the summit of Mauna Kea, Hawaii, Arctic, Antarctic, and Alpine 551	

Research, 46, 719-734, doi: http://dx.doi.org/10.1657.1938-4246-46.4.719. 552	

Giambelluca, T.W., Diaz, H.F., and M. S. A. Luke, 2008, Secular temperature changes in 553	

Hawai‘i. Geophys. Res. Lett. 35, L12702, doi:10.1029/2008GL034377. 554	

Guo, P., Y.-H. Kuo, S. V. Sokolovsky, and D. H. Lenschow, 2011, Estimating 555	

atmospheric boundary layer depth using COSMIC radio occultation data, J. 556	

Atmos. Sci., 68, 1703-1713, doi: 10.1175/2011JAS3612.1. 557	

IPCC, 2000: Emissions Scenarios. Cambridge University Press, 570 pp. 558	

Jimenez, P.A. and J. Dudhia, 2012: Improving the representation of resolved and 559	

unresolved topographic effects on surface wind in the WRF model. J. Appl. 560	

Meteorol. Climatol., 51, 300–316, doi: 10.1175/JAMC-D-11-084.1 561	

Klemp, J.B., W.C. Skamarock, and J. Dudhia, 2007: Conservative split-explicit time 562	

integration methods for the compressible nonhydrostatic equations. Mon. Wea. 563	

Rev., 135, 2897–2913. 564	



	

Loope, L.L. and T. W. Giambelluca, 1998, Vulnerability of island tropical montane 565	
cloud forests to climate change, with special reference to East Maui, Hawai‘i. 566	
Climatic Change 39, 503-517. 567	

Mora, C.A., G. Frazier, R.J. Longman, R.S. Dacks, M.M. Walton, E.J. Tong, J.J. 568	

Sanchez, L.R. Kaiser, Y.O. Stender, J.M. Anderson, C.M. Ambrosino, I. 569	

Fernandez-Silva, L.M. Giuseffi, and T.W. Giambelluca, 2013: The projected 570	

timing of climate departure from recent variability. Nature, 502, 183–187, 571	

doi:10.1038/nature12540 572	

Morrison, I. and S. Businger, 2001: The synoptic structure and evolution of a Kona low. 573	

Wea. Forecast., 16, 81–98. 574	

O’Conner, C. F., P.-S. Chu, P.-C. Hsu, and K. Kodama, 2015, Variability of Hawaiian 575	

winter rainfall during La Nina events since 1956, J. Climate, 28, 7809-7823. 576	

Sheridan, P., S. Smith, A. Brown, and S. Vosper, 2010: A simple height-based correction 577	

for temperature downscaling in complex terrain. Meteorol. Appl., 17, 329–339, 578	

doi:10.1002/met.177. 579	

Smith, R. D., and P. R. Gent, 2002: Reference manual for the Parallel Ocean Program 580	

(POP), ocean component of the Community Climate System Model (CCSM2.0 581	

and 3.0). Tech. Rep. LA-UR-02-2484, Los Alamos National Laboratory. 582	

[Available online at http://www.ccsm.ucar.edu/models/ ccsm3.0/pop.] 583	

Zhang, C., Y. Wang, K. Hamilton, and A. Lauer, 2016a, Dynamical downscaling of the 584	

climate for the Hawaiian Islands. Part I: Present day. J. Climate, 29, 3027–2048, 585	

doi:10.1175/JCLI-D-15-0432.1. 586	

Zhang, C., Y. Wang, K. Hamilton, and A. Lauer, 2016b, Dynamical downscaling of the 587	

climate for the Hawaiian Islands. Part II: Projection for the late twenty-first 588	

century. J. Climate, 29, 8333–8354, doi:10.1175/JCLI-D-16-0038.1. 589	

 590	

 591	

 592	



	

Tables 593	

Table	1:	Evaluation	of	MKWC	MM5	model	at	Maunakea	summit	in	2006.	Root	mean	square	error	(RMS)	594	

and	correlation	coefficients	(COR)	between	hourly	averaged	model	output	and	observations.	All	values	595	

from	Cherubini	et	al.	(2008).		596	

		 RMS	 COR	
Temperature	(°C)	 1.8	 0.85	

RH	(%)	 20	 0.68	
Wind	Speed	

(mph)	 7	 0.63	
 597	

 598	

	599	

Figures	600	

 

  601	
Figure 1: Schematic i l lustration of the impact of changing tradewind inversion and rising lif ted 602	
condensation level on the montane cloud depth, which may lead to drier summit region with less 603	
bug fall  (courtesy of T. Giambelluca). 604	
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	605	

Figure	2:		Monthly	mean	(a)	surface	temperature	(°C),	(b)	surface	pressure	(hPa),	(c)	Relative	humidity,	606	

(d)	dewpoint	temperature,	(e),	mixing	ratio	(g/kg),	and	(f)	wind	speed	(m/s)	at	CFHT	based	on	607	

downscaled	climate	forecasts	over	the	period	2050-2059	and	historical	observations	from	CFHT	and	608	

UKIRT	for	the	period	1994-2006.	609	
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	610	

Figure	3:	(a)	Daily	mean	(black),	mean	daily	maximum	(red	dotted),	absolute	daily	maximum	(red	solid),	611	

mean	daily	minimum	(blue	dotted)	and	absolute	daily	minimum		(a)	temperature	(red	solid)		and	(b)	612	

dewpoint	temperature	for	the	period	2050-2059	at	CFHT.		613	
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	614	

Figure	4:	Wind	rose	plots	for	(a)	all	wind	speed	and	direction	forecasts	at	CFHT	for	the	period	2050-615	

2059,	(b)	January	only,	(c)	May	only,	and	(d)	September	only.	616	
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Figure	5:	(a)	Mean	hours	per	month	that	rain	was	forecast	at	CFHT	for	the	period	2050-2059.	Trace	618	

means	that	less	than	0.1	mm	of	precipitation	was	predicted.	(b)	Mean	days	per	month	that	rain	was	619	

forecast	at	CFHT	for	the	period	2050-2059.	(c)	Monthly	mean	rain	accumulation	(mm)	forecast	at	CFHT	620	

for	the	period	2050-2059.	621	



	

		622	

Figure	6:	(left)	Monthly	mean	snow	water	equivalent	(SWE)	accumulation	(mm)	forecast	at	CFHT	for	the	623	

period	2050-2059.	(right)	Monthly	mean	snow	depth	(in)	estimated	from	SWE	by	assuming	the	standard	624	

10:1	ratio.	625	

	626	

Figure	7:	Mean	monthly	precipitation	from	stations	Hau;oki,	Wekiu,	and	Kea	for	the	period	July	2007	–	627	

July	2010	(blue)	and	total	projected	precipitation	from	2050-2059	(red).		628	



	

	629	

Figure	8:	Monthly	mean	precipitable	water	(in)	at	CFHT	for	the	period	2050-2059.	630	



	

	631	

Figure	9:	Daily	mean	(black),	mean	daily	maximum	(red	dotted),	absolute	daily	maximum	(red	solid),	632	

mean	daily	minimum	(blue	dotted)	and	absolute	daily	minimum	precipitable	water	(in)	(red	solid)	for	633	

the	period	2050=2059	at	CFHT.	634	
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	635	

Figure	10:	(a)	Mean	August	tradewind	inversion	(TWI)	height	(m)	above	ground	level	(AGL)	for	the,(b)	636	

mean	August	lifted	condensation	level	(LCL)	height	(m	AGL),	(c)	mean	August	tradewind	cloud	layer	637	

depth	(m),	(d)	mean	February	tradewind	inversion	(TWI)	height	(m	AGL),	(e)	mean	February	lifted	638	

condensation	level	(LCL)	height	(m	AGL),	and	(f)	mean	February	tradewind	cloud	layer	depth	(m)	for	the	639	

period	2050-2059.	Heavy	black	line	denotes	the	coastline	and	thin	black	lines	are	elevation	contours	640	

every	500	m.		641	


