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ABSTRACT 

 

WRF MOISTURE SCHEMES UTILIZING THE  

LEWICE ICING SIMULATION SOFTWARE 

by 

Dana C. Strom 

Plymouth State University, May, 2012 

 

 The ability for meteorologists to predict icing events is severely limited due to the 

complexity of the phenomena, which is unfortunate given the potential for vast economic 

impact as a result of ice accretion on air planes, electrical wires and other manmade 

structures. The goal of this study is to utilize a mathematical model that can consistently 

and accurately predict low level icing intensity in cold, alpine environments at any time 

based upon Global Forecast System (GFS) initialization. This was achieved by linking the 

Advanced Research Weather Research and Forecasting (WRF) model and the NASA 

developed the LEWis ICE (LEWICE) ice accretion software to produce a mathematical 

forecast for ice events, specifically in the White Mountain Range in New Hampshire. 

Initialized with the GFS forecast data, the Advanced Research WRF (ARW) is used to 

calculate a 12-hour forecast and export the results to the LEWICE. The LEWICE software 

utilizes the ambient temperature, wind speed, outside pressure, and liquid water content 

from the ARW forecast at the 0, 3, 6, 9, 12 hour time steps after forecast initialization, and 

calculates icing intensity over the 45 minutes after the start of the hour assuming constant 

meteorological conditions. The theoretical ice would be accreted onto a cylindrical object 

within LEWICE to mimic the in situ measurements from three ice detectors on three 
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mountains in the White Mountain Region of New Hampshire. The three ice detectors will 

continually record ice accretion data through the 2011-2012 winter. These data will be 

compared directly to the output of the ARW/LEWICE linked model to determine accuracy 

of the model. Also, sensitivity testing will be performed on the moisture microphysics 

schemes to determine whether one microphysics scheme performed better in resolving the 

icing conditions.  

 This study concluded that the microphysics scheme used made little difference in 

the amount of ice accreted on the cylinder over the 45 minute accretion period over any of 

the icing scenarios examined. The differences between the six schemes were on average, 

less than 5% for any given time step. In terms of the amount of ice accreted, the model did 

predict the ice accretion when ice was recorded on Mount Washington. Although not 

entirely accurate, the amount of ice was generally the same being well within the same 

order of magnitude. This preliminary success with the first attempt at a mathematical icing 

model bodes well for the future of ice accretion models and their abilities to accurately 

predict icing scenarios. 
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CHAPTER 1 

 

1. Introduction and background 

a. Meteorological parameters for ice accretion 

 The accretion of ice on structures has been harmful and destructive to human 

activities in cold regions due to the increased load and stress. Aircraft Icing has long been 

an aviation hazard and icing events at the surface are almost always associated with 

extensive damages to trees, telephone poles with accompanying downed power lines, and 

other structures, all of which result in large economic impacts. The objective of this study 

is to improve the accuracy and consistency of low-level icing forecasts in rugged terrain, 

using the White Mountains Region in New Hampshire as the study area. The 

meteorological parameters that are conducive to icing and the results of sensitivity testing 

varying the moisture physics packages in the Weather Research and Forecast (WRF) 

Advanced Research WRF (ARW) model, which appear to be optimal for predicting icing 

conditions in rugged alpine environments, will be discussed.  

1) METEOROLOGICAL PARAMETERS 

First, the meteorological parameters that lead to icing must be found, and what 

combinations of those parameters are more favorable towards ice formation. Data 

consisting of the frequency and type of ice deposition must be collected in order to be able 

to discern what type of ice occurs in conditions of different air temperatures, wind speeds, 

and intensity of precipitation. These data have been collected for several locations 

(Lenhard 1955; Sadowski 1965) in order to estimate the rate of ice accretion. 
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Unfortunately, little quantitative information regarding the deposition of ice as dependent 

on these variables came from these studies (Ahti and Makkonen 1982). 

 Ahti and Makkonen (1982) performed three experiments: The first experiment 

aimed to find a connection between the amount of precipitation and the amount of 

accreted ice. The second experiment tried to find a dependence of the rate of rime 

deposition on their instruments based upon air temperature, and wind speed.  The third 

experiment attempted to find the atmospheric conditions that lead rime icing to change to 

glaze.  

The first experiment showed that the majority of cases with major icing occurred 

on days with little or no precipitation (Figure 1). This observation has been verified by 

multiple sources: Waibel (1956), Rink (1938), Sadowski (1965), and Lomilina (1977).  

 

Figure1. The amount of precipitation (top) and rime ice (bottom) at Värriö from Ahti 

(1976) 
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 The second experiment tried to find a connection between the rate of rime 

deposition and the air temperature. It is theorized that air temperature has an impact on the 

rate of rime accretion due to the possible dependence of air temperature on liquid water 

content (LWC). However, no relationship between air temperature and rate of rime 

formation was found. This was also in agreement with Waibel (1956) and Rink (1938). 

 The third experiment attempted to connect rime ice formation and wind speed, 

where ice is accreted on a vertical surface on which supercooled water droplets strike the 

surface and freeze on contact. Ahti and Makkonen (1982) showed that icing events usually 

occur in non-precipitation events, coupled with the fact that vertical velocities within 

clouds is significantly less than that in the horizontal flow, we can assume that the motion 

of the supercooled water droplets is purely horizontal. With all of this information, one 

can determine that the intensity of rime formation on a measurement cylinder is a function 

of the collection efficiency (which is dependent on droplet size distribution, the 

dimensions of the icing structure and wind speed), LWC of the air, and the wind speed. 

The ice accretion intensity is plotted against wind speed in Figure 2. 
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Figure 2. The intensity of rime formation versus wind speed at Pyhätunturi from Ahti and 

Makkonen (1982). 

 

 Next, if we can connect air temperature to type of ice formation, one can see the 

dependence of ice type on temperature. It can be infered from Figure 3 that the type of ice 

formed depends on the combination of air temperature and wind speed. This relationship 

depicted in Figure 3 is not a linear one, and therefore the intensity is more than likely not 

solely dependent on these two variables, however, a clear relation between the two is 

present.  
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Figure 3. Observations of soft rime (   ), hard rime (x) and glaze(o) in different air 

temperatures and wind speeds at according to observations (Kuroiwa 1965) . The plot 

depicts the conditions that separate soft and hard rime growth (dashed lines), and the line 

separating the wet-growth and the dry-growth (solid line) processes for an instrument 5 

cm in diameter, water droplet size of 30μm, and LWC W = 0.2gm
-3

. From Makkonen 

(1981).  

 Figure 4 estimates ice accretion intensity for the whole range of atmospheric 

conditions and is based on an established icing intensity formula for dry growth, wet 

growth, and critical wind conditions for icing. The value of 0.3 g m
-3

 for LWC can be 

considered a practical upper limit in supercooled fogs near the ground (e.g, Kumai, 1973; 

Pinnick et al., 1978). 
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Figure 4. Ice accretion intensities in the stagnation region of a 5cm diameter cylinder as a 

function of air temperature for various values of the wind speed ν. LWC is 0.3 gm
-3

, 

droplet diameter is 30μm. (Makkonen, 1981) 

Up to this point, it can be concluded that rate of ice accretion is not very dependent 

on precipitation or air temperature. Temperature does, however, have an impact on the 

type of ice that is deposited: glaze ice is formed at temperatures closer to freezing, where 

as rime forms more commonly farther away from freezing. Furthermore, one can treat 

rime as an independent variable in the hydrological balance due to the lack of correlation 

between ice accretion intensity and amount of precipitation. The important meteorological 

variables that impact the rate of accretion of ice are wind speed, LWC, and droplet size 

spectrum. Air temperature must be conducive to icing, but it itself does not alter the 

intensity of ice growth (Figure 4). The dependence of mean wind speed on intensity of 

rime formation is indisputable. The reason why the dependence is not better defined is 

probably due to the fact of the varying LWC and droplet size distributions. The reason 

why the droplet size spectrum is important has to do with inertia of the impingement water 

droplets which is described in the next section. 
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2) AIRFLOW AROUND A CYLINDER  

One of the necessary parameters, if icing will occur, is collision efficiency, 

whether or not the supercooled droplet will collide with the cylindrical object or go around 

with the general air flow. Figure 5 shows the trajectories of larger and smaller supercooled 

water droplets around a cylindrical object. The bigger droplets which have higher inertia 

will be more likely to collide with the object  due to their reluctance to change trajectory, 

whereas the smaller water droplets will be more likely to follow the airflow around the 

cylinder as a result of their lower inertia. The likelihood of a collision is dependent on 

both the droplet size and the wind speed. The icing program utilized will have these flow 

trajectories integrated into it, based on the wind speed and droplet size spectrum, and will 

utilize the trajectories when calculating the rate of ice accumulation over the forecast 

period. 

 

Figure 5. Air streams and droplet trajectories around a cylindrical object 

(Makkonen 2000). 
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 b. ARW physics schemes 

 Now that we know the basic meteorological parameters upon which rime icing is 

dependent, the next step is to determine what combination of physics packages within the 

ARW model would improve icing forecasts. We are using ARW version 3.3, which has a 

series of interchangeable physics schemes that cover different physical properties, 

specifically: cloud microphysics; longwave radiation; shortwave radiation; surface layer; 

land surface; urban surface; planetary boundary layer; cumulus parameterization; and 

shallow convection option. Since I am mostly concerned with the icing process, I am 

initially going to focus on the possible microphysics schemes that are optimal for accurate 

ice formation. 

 The impact on the atmospheric water within a 6-class bulk microphysics scheme in 

the WRF model is depicted in Figure 6. It must be noted that every microphysics scheme 

is not the same, and does not treat the phase changes of the bulk variables equally. The 

importance of the microphysics scheme in the amount of water in the atmosphere at any 

time within the model run is greatly impacted by the microphysics scheme in the form of 

cloud water, water vapor, cloud ice, snow, rain, and graupel. In this study, the amount of 

cloud water, water vapor, and cloud ice are the variables with the most impact on the icing 

situations. For this reason, we will be testing the sensitivity of icing cases on the 

microphysics scheme.  
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Figure 6. Schematic diagram of a 6-class bulk microphysics schemes within the WRF 

model.  The arrows represent the autoconversions of the bulk variables from one phase to 

another within the microphysical scheme. (Reisner et al. 1998). 

 The microphysics option within the ARW contains 13 physics schemes that are 

different based on the variables within the scheme and inherently the physics within the 

scheme.  Based on the background information presented earlier, we know that the 

microphysics package should be must at least a 3-class (cloud water, cloud ice, rain) 

scheme. The schemes that meet this criterion are discussed in the following subsections. 

1) WRF SINGLE-MOMENT 3-CLASS (WSM3) 

 The WSM3 is a 3-class (cloud water, cloud ice, rain) model that follows Hong et 

al. (2004) and includes ice sedimentation and other new ice-phase parameterizations. This 

scheme differs from its predecessors when it comes to ice number concentration, which is 



10 
 

not based on ice mass content, but rather on temperature. The WSM3 scheme is a “simple-

ice” scheme which predicts three categories of hydrometers: rain/snow, vapor, and cloud 

water/ice. It follows Dudhia (1989) in assuming the existence of water to be merely 

dependent on temperature. That is to say, cloud water and rain exist when temperatures are 

above freezing, and cloud ice and snow exist when temperatures are below freezing. The 

scheme is computationally efficient, but lacks supercooled water and a gradual melting 

rate. As a result, this scheme does not appear to be a good fit for icing forecasts based on 

the fact that clear and rime-ice accretions usually occur due to the presence of supercooled 

water. (Skamarock et al. 2008). 

2) WRF SINGLE-MOMENT 5-CLASS (WSM5) 

 The WSM5 is similar to the WSM3 simple ice scheme. The major difference is 

that vapor, rain, snow, cloud ice, and cloud water are held in five different arrays, thus 

allowing for the existence of supercooled water and a gradual melting rate of snow that is 

below the freezing level. The WSM5 scheme treats ice and water saturation processes 

separately, as to make the proper saturation adjustments. The scheme is efficient for in 

intermediate grids between the mesoscale and cloud-resolving grids. (Skamarock et al. 

2008). 

3) WRF SINGLE-MOMENT 6-CLASS (WSM6) 

 The WSM6 is similar to both the WSM3 and WSM5 but adds graupel and its 

associated processes. One major difference in this scheme is how it deals with mixed-

phase particle fall speeds for snow and graupel particles. It assigns a single fallspeed to 

both snow and graupel that is weighted by the mixing ratios. The new fallspeed is then 
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applied to both sedimentation and accretion processes which were introduced in Dudhia et 

al. (2008). The WSM3, WSM5, and WSM6 don’t differ much on courser mesoscale grids. 

Where they differ is with cloud-resolving grids, with WSM6 being the best for cloud-

resolving grids based on its efficiency and theoretical backgrounds (Hong and Lim 2006).  

4) WRF DUAL MOMENT 5-CLASS (WDM5)  

 WDM5 is essentially the same as the WSM5 with the same variables: vapor, rain, 

snow, cloud ice, and cloud water. The major difference is the double-moment (calculates 

mixing ratios and number concentrations) for warm rain processes. It also includes 

prognostic cloud condensation nuclei (CCN). (Skamarock et al. 2008). 

5) WRF DUAL MOMENT 6-CLASS (WDM6)  

 The WDM6 is to the WSM6 as the WDM5 is to the WSM5. The WDM6 again has 

the same 6 water species (vapor, cloud droplets, cloud ice, rain, snow, and graupel). The 

difference is that there are number concentrations for cloud and rainwater in the WDM6 as 

well as a prognostic CCN number concentration. The benefits offered includes variability 

in the raindrop size distribution by predicting the number concentrations of clouds and 

rain, coupled with the explicit CCN distribution, at reasonable computational cost. (Lim 

and Hong 2010). 

6) GODDARD 6-CLASS 

 Goddard Cumulus Ensemble Model scheme is a one-moment bulk microphysics 

scheme mainly based on Lin et al. (1983) with additional processes from Rutledge and 

Hobbs (1984), but with some modifications. Like the Morrison et al. (2008) 2-moment 
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scheme, there is an option to choose between hail or graupel as the third class of ice 

(McCumber et al. 1991). Because of the difference between densities and the particle size 

distributions of hail and graupel, they affect the microphysical-dynamical-radiative 

processes and the formation of the anvil-stratiform region from Skamarock et al. (2008). 

New saturations techniques that follow Tao et al. (2003) were also added to ensure that 

super-saturation conditions cannot exist at a grid point that is clear, and sub-saturation 

conditions cannot exist at a grid point that is cloudy.  

All microphysical processes are now treated equally by calculating processes that 

do not involve melting, evaporation, or sublimation based on one thermodynamic state. 

This scheme also ensures that the water budget will be balanced in the microphysical 

calculations. This is done by making sure that the sum of all sink processes associated 

with one species of water does not exceed its mass.  

 Lastly, the scheme has another microphysics option, which is to have only cloud 

ice and snow. It is the same as the two-ice (2ICE) scheme. This two-ice scheme could be 

applied for winter and frontal convection (Skamarock et al. 2008). 

7) NEW THOMPSON ET AL.  

 The New Thompson scheme (Thompson et al. 2008) is a new bulk microphysical 

parameterization (BMP) package that incorporates many improvements to computer 

coding as well as physical processes. It also utilizes look-up tables like what is done in 

sophisticated spectral and bin schemes. The scheme also treats snow size distribution 

differently than other BMPs, having it depend on both ice water content and temperature. 

It then expresses the snow size distribution as a sum of exponential and gamma 
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distributions. Like the Stony Brook University scheme (discussed later), snow is treated as 

non-spherical with a bulk density that is inversely proportional to diameter supported by 

observations and that contradicts nearly all other BMPs that assume spherical snow with a 

constant density (Skamarock et al. 2008). 

 Compared to the Old Thompson scheme (Thompson et al. 2004), the New 

Thompson scheme (Thompson et al. 2008) contains some updates and new features which 

are summarized by Skamarock et al. (2008) as follows: 

 “generalized gamma distribution shape for each hydrometeor species, 

 non-spherical, variable density snow, and size distribution matching observations, 

 y-intercept of rain depends on rain mixing ratio and whether apparent source is 

melted 

ice, 

  y-intercept of graupel depends on graupel mixing ratio, 

  a more accurate saturation adjustment scheme, 

  variable gamma distribution shape parameter for cloud water droplets based on 

observations, 

  look-up table for freezing of water drops, 

  look-up table for transferring cloud ice into snow category, 

  improved vapor deposition/sublimation and evaporation, 

  variable collection efficiency for rain, snow, and graupel collecting cloud droplets, 

 improved rain collecting snow and graupel.” 

 

8) MILBRANDT-YAU 2-MOMENT 

 The Milbrandt-Yau 2-moment scheme (Milibrandt and Yau 2005a) is a 6-class 

scheme, with a hydrometeor spectrum containing cloud vapor, rain, ice, snow, graupel, 

and hail. Part I of their paper shows how the relative dispersion of the hydrometeor size 

spectrum influences sedimentation and instantaneous growth rates in bulk microphysics 

schemes. This scheme differs from other bulk microphysics schemes because of its 

treatment of the spectral shape parameter α. The scheme allows it to vary diagnostically as 
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a function of the mean-mass diameter. The size-sorting mechanism, which exists when 

there are different fall velocities, are applied to advect the different predicted moment. The 

study showed that α played a major role in determining the rate of size sorting, which 

vastly varied between the one-moment, two-moment, three-moment methods, as well as 

an analytic bin model. (Skamarock et al. 2008). 

9) MORRISON ET AL. 2-MOMENT 

 The Morrison et al. (2008) scheme follows the two-moment bulk microphysics 

scheme of Morrison et al. (2005) and Morrison and Pinto (2006). It is a 10-class scheme 

with 10 total variables: vapor, cloud droplets, cloud ice, rain, snow, and graupel/hail, 

number concentrations and mixing ratios of cloud ice, rain, snow, and graupel/hail, and 

mixing ratios of cloud droplets and water vapor. The user can choose whether to have or 

not to have graupel in the model. Because this is a two-moment (i.e. both number 

concentration and mixing ratio) scheme, it allows the user to treat particle size 

distributions more than in the single-moment schemes. Particle size distributions have a 

large impact on the microphysical process rates as well as cloud and precipitation 

evolution, which makes it vital for those calculations. The Morrison et al. (2008)             

2-moment scheme also includes several ice, mixed-phase, and liquid processes. 

(Skamarock et al. 2008). 

10) STONYBROOK UNIVERSITY  

 The Stonybrook University scheme is new in ARW-WRF V3.3. The scheme is 5-

class (vapor, rain, snow, cloud ice, and cloud water). Up to this point, all of the previous 

models treat both graupel and snow as spherical particle with constant density, with the 
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fallspeed velocity changing dramatically from snow to graupel, which neglects partially 

rimed particles. The Stonybrook scheme incorporates the intensity of rime ice accretion 

into the scheme that changes the fall rates based on the different densities of the rimed 

particle. Preliminary tests conducted by Lin and Colle (2011) show that the new scheme 

reduces the snow amounts aloft as compared to other WRF physics schemes, which 

compares more favorable to observations, especially within weather events that have 

significant riming aloft.  Tests also show a reduced snow depositional growth rate as well 

as more efficient fallout due to the contributions of riming to the reduction of ice water 

content aloft in the new scheme, with a larger impact from the partially rimed snow and 

fallout (Lin and Colle 2011). 

c. Previous modeling efforts 

 Efforts to conduct sensitivity testing of the microphysics schemes on atmospheric 

icing have been limited. One such effort in Farzaneh (2008) tested the sensitivity on a high 

resolution WRF model of two microphysics schemes, WSM6 and New Thompson 

schemes. Two mountain sites were used in the study. The WRF model used in the second 

of the two mountains (Mt. Gamlemsveten in Norway, 62.58°N, 61.32°E) was triple-

nested, with a grid spacing of 0.825 km in the most interior grid. The study concluded that 

the models alone will not be able to produce accurate icing forecasts, although adding 

reasonable reliability for operational and statistical purposes. Secondly, it concluded that it 

was necessary to decrease the grid spacing in order to resolve the orographic effects on the 

meteorological variables in highly complex terrain. This study will not be able to achieve 

that grid spacing set in the study in Farzaneh (2008). 
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d. Ice accumulation calculation using LEWICE software 

 A tested and verified program developed and used by the NASA Glenn Research 

Center to simulate icing is LEWis ICE accretion program (LEWICE). The version utilized 

was LEWICE version 3.2.2. The LEWICE program is an ice accretion prediction code 

that calculates the shape of ice accretion on a geometric pattern calculated by a time 

stepping procedure. The model, first developed by Messinger (1953), is used to calculate 

the ice growth rate at each point on the specified geometric pattern. If specifying a time 

increment, the ice thickness over that time frame can be calculated, due to the ice 

wrapping capabilities of the model, that is, the shape of the geometric pattern and resulting 

flow regimes (Doughlas Hess-Smith 2-D panel code) change with the accretion of ice 

upon the geometric pattern.  

The program takes geometric data input as well as meteorological data input to 

simulate the ice accretion on the geometric pattern denoted by the input file (.inp) 

dependent on the meteorological input data specified by the text file (.xyd). The input file, 

the geometry file, and descriptions of the variables that were altered to conclude this study 

are available in Appendix A. 

The software has four major modules: 1) the flow field calculation, 2) particle 

trajectory calculation, 3) thermodynamic and ice growth calculations, and 4. modification 

of current geometry as a result of the newly accreted ice. Initially, the droplet 

impingement and flow field characteristics are determined for the clean geometric shape. 

The thermodynamic model is then used to calculate the ice growth rate on each segment of 

the clean geometric surface. Next, the ice growth accreted on each segment is added to the 
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coordinates of the clean geometry. These processes are continued until the number of time 

steps has been reached (Wright 2008). 

e. Intent of this research 

 The need to compare the effects of the microphysics schemes on an icing scenario 

is necessary for the most accurate icing forecast. This will be done by simulating the same 

icing situation using each microphysics scheme in the ARW and comparing results to the 

empirical data that have been collected over the time period. The mesoscale nature of the 

model makes it better at resolving the complex terrain more effectively than larger 

models, which should lead a more accurate icing forecast. Accuracy will be calculated 

comparing in situ ice accretion data to the output of the linked WRF/LEWICE model. The 

successful completion and implementation of this model could improve the abilities of 

meteorologists to create accurate icing forecasts. 

 The WRF model ran over the domain to produce a 12-hour forecast for the region. 

The WRF output, collected every three hours, is in NetCDF file format, and is interpreted 

by NCL to properly format the input file for LEWICE. LEWICE then runs for 45 minutes 

given the initial conditions from the WRF output, and simulates ice accretion on a 

cylindrical body at the geographical location of the ice detectors. All of the resultant 

figures depicting LEWICE in the scope of this work take place over the first 45 minutes 

after initialization.  
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CHAPTER 2 

2. Data and methodology 

  The goal of this work is to produce a functional mesoscale computer model that 

will accurately predict ice accretion over the White Mountain Region using the ARW. The 

icing observations (time and amount) will be archived from ice detectors deployed on 

Mount Washington Observatory (MWO), Mount Washington Cog Railroad (4500 ft. 

elevation), and Cannon Mountain (Figure 7). 

 

Figure 7. Location of the three ice detectors in the White Mountain Region. 

 

The validation process comes from a series of specialized ice detectors that will 

archive time and the magnitude of accreted ice during the icing event. The output from the 

ARW model will be forwarded to the post processing tool, National Center for 
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Atmospheric Research (NCAR) Command Language (NCL)  (Section 2.c), where the 

meteorological data will be extracted, and, ultimately, icing results will be displayed over 

a domain containing the three ice detector sites. The final result will be a chart displaying 

the domain with icing intensity over the region. 

Three case studies were examined to determine the accuracy of the icing model. To 

figure out which microphysics scheme best represents the accreted ice data produced by 

our ice detectors, the accuracy of how much ice has formed over the time period. 

LEWICE ran for 45 minutes after initialization, which is the most time validated by the 

NASA Glenn Research Center. This will also allow enough time for any differences in the 

physics packages to become apparent. The differences between the schemes was then 

calculated. 

a. Data collection 

Surface observations were archived, including wind and icing variability from 

MWO remote sites, as well as other areas in the White Mountains. The ice-load values 

measured by these ice sensors will be directly compared with the generated ice output 

from the variables within WRF after applying the LEWICE software. The sites had an ice 

detector provided by U.S. Army Cold Regions Research and Engineering Laboratory 

(CRREL), which will provide additional ice accretion data. The surface observations will 

be collected and archived whenever a measurable icing event occurs in the White 

Mountains.  

The multiple MWO instruments will provide near continuous temperature and 

humidity readings. The seven stations presently positioned along the Mount Washington 
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Auto Road between approximately 2,000 to 6,000 feet at 1,000 feet increments will give 

the approximate vertical temperature/humidity profile at any time which will help analyze 

the environment along the mountain sides and within the valleys as it pertains to stability.  

We have 3 specialized ice detectors at our disposal: 

  The summit of Mount Washington and the summit of Mount Mansfield are 

equipped with Goodrich Rosemount model 872B12 ice detectors. This consists of 

three parts; a 14.5-cm long by 8.1-cm-wide by 6.4-cm-diameter stainless steel box, 

a 6.4-cm-diameter hemisphere, and a .6-cm-diameter by 2.8-cm-long nickel-plated 

ice-sensing probe. The hemisphere sits on top of the box, and the sensing probe 

extends from the top of the hemisphere (Goodrich 872B12). The ice-sensing probe 

operates by magnetically oscillating the axial length at a rate of 39,860 kHz for the 

de-icing cycle.  

There is another ice detector on the Mount Washington Cog Railway at 

4500 ft., a Goodrich model 0871LH1 ice detector. The ice detector contains a 7.35 

cm square plate which mounts a 7.28-cm-diamter housing unit that contains the 

electronics for the .6-cm-diameter by 2.54-cm long nickel alloy tube which 

operates by magnetically expanding and contracting under the varying magnetic 

field (Goodrich 871LH1). This oscillation is calibrated to 39,860 kHz. 

The last ice detector is on Cannon Mountain, Goodrich Rosemount model 

0872F1. The ice sensor is a .6-cm-diamter by 2.54-cm long metal probe with a de-

icing cycle calibrated to 40,000 KHz. The deicing mode of this system is a thermal 
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deicing heater located within the probe and the strut beneath the probe. (Goodrich 

0872F1) 

As ice accretes on the ice detector, it starts measuring the amount of ice accreted 

over time. After the specified amount of ice is accreted on the ice detector (it is different 

for each ice detector, see above), an electric heater turns on and the ice is melted off as to 

not affect future accretion measurements. Ice amount measurements are then archived 

along with the surface observations. The accumulated ice archived from the ice detectors 

will be used to determine the accuracy of the ARW/LEWICE models.  

b. ARW physics set up and configurations 

 The following subsections are brief discussions of the different physics schemes 

within the ARW, which will be utilized for testing.  

1) MICROPHYSICS (MP_PHYSICS) 

 The microphysics packages discussed in chapter 1 are all available in ARW 

Version 3. The method to substitute between each scheme within the ARW is done by 

simply adjusting the subsequent number in the “mp_physics =” line in the WRF 

namelist.input file for the respected schemes: WSM6, WDM6, Goddard, Morrison, 

Milbrandt-Yau, and Stonybrook University 

2) SURFACE LAYER (SF_SFCLAY_PHYSICS) 

 The surface layer schemes deals with the calculation of heat and moisture fluxes 

by the land-surface model, and uses the surface stress calculated in the planetary boundary 

layer scheme in by calculating the fractional velocities and exchange coefficients. Due to 
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the fact that the surface layer scheme and the planetary boundary layer scheme 

communicate with each other, the Eta similarity theory surface layer scheme will be used. 

(Skamarock et al. 2008). 

3) LAND SURFACE MODEL (SF_SURFACE_PHYSICS) 

 The Land Surface Model (LSM) takes information in from the physics schemes; 

precipitation forcing from the microphysics and convective schemes, atmospheric 

information from the surface layer scheme, radiative forcing from the radiation scheme. 

The LSM calculates heat and moisture fluxes over land and water surfaces. These fluxes 

are used within the Planetary Boundary Layer (PBL) scheme within the vertical transport 

as a lower boundary condition. LSMs calculate the effects of vegetation, root, and canopy 

as well as surface snow-cover prediction. After completion, the LSM updates several 

surface variables including top layer temperature, soil temperature profile (down through 

the layers), soil moisture profile, snow cover, and sometimes canopy properties. LSMs 

assume there are no horizontal motions of the fluxes, so the scheme can be treated as a 

one-dimensional vertical column for each grid point. (Skamarock et al. 2008). 

The Noah LSM will be used to simulate the interaction of heat and moisture within 

the mesoscale model. The Noah LSM is a 4-layer soil temperature and moisture model 

developed by National Centers for Environmental Prediction (NCEP) and NCAR. One can 

choose a layer thickness of 10, 30, 60, and 100 cm from the top of the surface layer down. 

The model takes into account evapotranspiration, root zone, soil drainage, and runoff all 

while taking into consideration vegetation categories, monthly vegetation fraction, and 

soil texture. Sensible and latent heat fluxes are provided to the boundary-layer scheme. 
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The Noah LSM also predicts snow cover effects, as well as soil ice. Initializing the Noah 

LSM takes some additional data: Soil temperature, soil moisture, and snow liquid 

equivalent. These variables are obtained from Grib files which are derived from other 

observations including rainfall, radiation, surface temperature, humidity and wind. 

(Skamarock et al. 2008). 

4) CUMULUS PARAMETERIZATION(CU_PHYSICS) 

 The cumulus parameterization schemes deal with the sub-grid effects of 

convective and/or shallow clouds. The scheme attempts to interpolate the sub-grid vertical 

fluxes resulting from updrafts and downdrafts. Like the LSM discussed previously, the 

cumulus parameterization scheme works in vertical columns, providing vertical heating 

and moisturizing profiles. It also provides surface rainfall and the information regarding 

convection. The cumulus parameterization is theoretically only valid for domains with 

grid sizes greater than 10 km. We will be using the Kain-Fritsch (Kain 2004, Kain and 

Fritsch 1993, Kain and Fritsch 1990) scheme for the parent domain and no cumulus 

parameterization for the nested domain. (Skamarock et al. 2008). 

5) PLANETARY BOUNDARY LAYER(BL_PBL_PHYSICS) 

 The Planetary Boundary Layer (PBL) scheme computes sub-grid scale vertical 

fluxes as a result of eddy transports, not just the boundary layer, but the vertical column at 

each grid point. The surface fluxes are supplied by the LSM, which it uses to compute flux 

profiles and atmospheric tendencies of temperature, moisture, and horizontal momentum 

within the entire atmospheric column. The PBL schemes assume that there is a succinct 

separation between the scales of the sub-grid and resolved eddies. We will be using the 
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Mellor-Yamada-Janjic (Mellor and Yamada 1982) (Eta operational scheme) PBL scheme. 

This scheme is a one-dimensional prognostic turbulent kinetic energy scheme with local 

vertical mixing. (Skamarock et al. 2008). 

6) RADIATION SCHEMES (RA_LW_PHYSICS / RA_SW_PHYSICS) 

 The radiation schemes provide the atmospheric warming and cooling due to 

radiation three variables; shortwave radiation for the ground heat budget, surface 

downward longwave radiation, and radiative flux divergence. The shortwave radiation 

deals with absorption, reflection, and scattering of shortwave radiation at the surface and 

throughout the atmosphere. Longwave radiation includes the radiative fluxes that include 

absorption and emission of thermal and infrared radiation. The Rapid Radiative Transfer 

Model (RRTM) scheme for the longwave radiation and the Goddard (Chou and Suarez 

1994) shortwave radiation scheme will both be used for both domains. (Skamarock et al. 

2008). 

c. Post processing  

Post-processing will be done using NCAR Command Language (NCL). NCL is an 

interpreted language designed for scientific data analysis and visualization. Conveniently, 

ARW data can be directly imported into the program where it can be processed. The 

necessary data input to the LEWICE program (Appendix A) will be extracted and 

manipulated from the WRF output by NCL.  

LEWICE is running on the WRF grid, the blue dots in Figure 8, which represents 

the LEWICE domain nested inside of the parent WRF domain. 
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Figure 8. Points at which the ice load were calculated. Every other point from   i,j 

= 54,51 to 70,63 will be examined (for visual effect only, not actual points).  

 

d. Choosing icing events 

 Icing cases were determined by cross examining the raw METAR data from the 

Mount Washington manual weather observations with the Icing Potential product 

produced by NASA Langley Cloud and Radiation Research within their GOES East Cloud 

Products. The specific dates are determined by the Mount Washington METAR 

observations (Appendix B). The “F” indicates that freezing fog did occur over that 

observation. The only cases that were considered relevant were cases of daytime icing 

(between 12 and 00 UTC).  

  The three cases chosen were; December 31
st
, 2011, January 17

th
, 2012, and 

January 24
th

, 2012. The three sets of METARs (Table B1, B2, B3) from 12 – 0 UTC were 
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then cross referenced with the Icing Potential products produced by NASA Langley 

(Figure 9, 10, 11). The color scale on the right depicts probability of icing. On all three 

days, ice was reported in the Mount Washington manual observations and the NASA 

Langley product showed either a medium or high probability for icing within domain. The 

GFS initialization data on these dates were used to run the mesoscale model, due to its 

more accurate forecast performance as shown by Mallia (2012). 

 

 

Figure 9. NASA Langley product of Icing Potential on December 31
st
, 2011. (NASA 

Langley web reference 2012). 
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Figure 10. NASA Langley product of Icing Potential for January 17
th

, 2012. (NASA 

Langley web reference 2012). 

 

 

Figure 11. NASA Langley product of Icing Potential for January 24
th

, 2012. (NASA 

Langley web reference 2012). 

 

e. Data manipulation and processing 

 As stated previously, NCL was used to extract the necessary data needed to 

LEWICE program. The variables extracted by NCL directly from the WRF were: wind 
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speed (m/s), relative humidity, and mixing ratio. The last two variables necessary for the 

running of the LEWICE program were calculated by NCL: static temperature, Ts and 

LWC (Appendix A, Section C.2.v. and Appendix A, Section C.2.iv. respectively). NCL 

then outputted that information at each grid point. The newly formed text file was 

modified by a PERL script to create a text file equivalent to the case6.inp file mentioned 

earlier, except it replaced the meteorological information with the newly acquired 

meteorological information. LEWICE was then run on each grid point, creating output 

files for each grid point. One of the LEWICE output files, thick.dat, contains a plethora of 

information, including the area of the accreted ice on the object in square inches. This 

information was extracted using a PERL script and multiplied by the height of the ice 

probe (1.1 in.) and the density of rime ice to retrieve ice load in grams on the specific 

geometric pattern of the ice probe at that specific location. The density of rime ice is 

highly variable and depends on the temperature of formation. Since the icing formation 

will take place in temperature regimes between −2 and −8 °C, which is the range at which 

hard rime ice forms. Hard rime has a density between 600-900 kg/m
3
 (Farzaneh 2008), 

and mean rime density is around 0.75 g/cm
3
 or 12.295 g/in

3
. The resultant ice load is then 

imported into NCL which plots the data on a Lambert Equal Area map over the White 

Mountain Range.  
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CHAPTER 3 

 

 

3. Results 

 

 The ARW was run six times for each case study, exchanging each of the 

microphysics schemes in each of the three cases, so that the model was run a total of 18 

times. The LEWICE program then runs on each point extracted from the ARW output 

from the inner domain file for each of the schemes. The ice loads calculated by LEWICE 

were then imported to NCL where the ice load map was produced. The resulting ice load 

map was computed for each scheme, time step, and pressure level. Shown in Figure 13, 

15, 17, 19, and 21 are comparisons of each microphysics scheme throughout the 

1/17/2012 case study at 850 hPa. A high resolution terrain map for spatial reference is 

provided below. Figures 14, 16, 18, 20, and 22 depict percent difference between an 

arbitrarily chosen microphysics scheme (Goddard scheme was chosen) and the rest of the 

microphysics schemes for each time step to analyze how the schemes compare with each 

other. 

 The Goddard scheme was chosen merely to have a base “truth” to which the 

microphysics schemes were compared to. No qualities of the Goddard scheme lead to the 

choosing of this as the “truth” over the other schemes.  
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Figure 12. High resolution terrain map for analysis of the icing maps in Figures 13-17. 

 

 
 

Figure 13. Comparison of the microphysics schemes behavior on ice load over the domain 

on January 17
th

, 2012 at 850 hPa over the first 45 minutes after 12 UTC. (a) Goddard, (b) 

Milbrandt-Yau, (c) Morrison, (d) Stonybrook, (e) WDM6, and (f) WSM6. 
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Figure 14 supports the notion that minute differences between the WRF moisture 

packages make little difference the final outcome. When examining how the schemes 

compare to themselves after the first time step reveals the not-surprising occurrence of 

similar icing amounts. In fact, the schemes should not have a wide variance of ice 

accretion due to the short forecast time, which allows less time for truncation errors and 

scheme formulation to make significant difference. When compared to the Goddard 

moisture scheme, Stonybrook, WDM6 and WSM6 showed no differences within the entire 

domain. Only the comparison between Goddard with Milbrandt-Yau and Morrison 

showed slight variances within the icing load over the domain. The comparison with 

Stonybrook, WDM6 and WSM6 showed no variation with the Goddard microphysics 

scheme.  
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Figure 14. Percent differences between the Goddard moisture scheme and the (a) 

Milibrandt-Yau, (b) Morrison, (c) Stonybrook, (d) WDM6, and (e) WSM6 schemes on 

January, 17
th

, 2012 at 850 hPa at 12 UTC.  

 

   



33 
 

 
 

Figure 15. Comparison of the microphysics schemes behavior on ice load over the domain 

on January 17
th

, 2012 at 850 hPa over the first 45 minutes after 15 UTC. (a) Goddard, (b) 

Milbrandt-Yau, (c) Morrison, (d) Stonybrook, (e) WDM6, and (f) WSM6. 

 

Figure 16 depicts a more expected result, with differences averaging 3% with only 

slight variances between all of the schemes. There are some notable maxima; the northeast 

corner of the domain in the comparison between Goddard and Stonybrook, and the 

upwind side of the White Mountain range within the WDM6 and WSM6 comparisons. 

The similarity between the WDM6 and WSM6 comparisons shows that they do have the 

same base physics, but the dual-moment qualities of WDM6 do make some minor 

quantitative differences when compared to WSM6. Also noteworthy is how consistent the 

Milbrandt-Yau, Morrison, and Stonybrook schemes are with the Goddard scheme with 
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differences averaging near 2% throughout the domain. 

 

 
 

Figure 16. Percent differences between the Goddard moisture scheme and the (a) 

Milibrandt-Yau, (b) Morrison, (c) Stonybrook, (d) WDM6, and (e) WSM6 schemes on 

January, 17
th

, 2012 at 850 hPa at 15 UTC.  
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Figure 17. Comparison of the microphysics schemes behavior on ice load over the domain 

on January 17
th

, 2012 at 850 hPa over the first 45 minutes after 18 UTC. (a) Goddard, (b) 

Milbrandt-Yau, (c) Morrison, (d) Stonybrook, (e) WDM6, and (f) WSM6. 

 

 

From figure 18, the similarities between the Goddard, Milbrandt-Yau, Morrison, 

and Stonybrook microphysics schemes continues at 18 UTC with differences slightly 

higher than before, averaging around 3% between the schemes. The Milbrandt-Yau, 

Morrison, and Stonybrook schemes do have similar results, but are not as consistent as in 

the previous time steps. Differences  range slightly higher when comparing Goddard and 

WDM6/WSM6 with differences averaging around 4%. Again, these differencess overall 

depict that the microphysical schemes are acceptable with their fluctuation in the rate of 
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ice accretion  

 

 
 

Figure 18. Percent differences between the Goddard moisture scheme and the (a) 

Milibrandt-Yau, (b) Morrison, (c) Stonybrook, (d) WDM6, and (e) WSM6 schemes on 

January, 17
th

, 2012 at 850 hPa at 18 UTC.  
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Figure 19. Comparison of the microphysics schemes behavior on ice load over the domain 

on January 17
th

, 2012 at 850 hPa over the first 45 minutes after 21 UTC. (a) Goddard, (b) 

Milbrandt-Yau, (c) Morrison, (d) Stonybrook, (e) WDM6, and (f) WSM6. 

 

 

The consistency between Goddard, Milbrandt-Yau, Morrison, and Stonybrook is 

much less prevalent in Figure 20 than in the previous three time steps. Also not as 

prominent are the similarities between WDM6 and WSM6. Where WDM6 and WSM6 

have similar areas of maxima/minima, the overall general pattern of the two comparisons 

are much different than the previous time steps. This time step is the most inconsistent in 

terms of the agreement between the schemes, however, the maximum difference between 

all of the schemes is 9%, with an average of around 4%, which is not significant enough to 
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state that the choice of microphysics scheme used for analysis will make a noteworthy 

difference. 

 

 
 

Figure 20. Percent differences between the Goddard moisture scheme and the (a) 

Milibrandt-Yau, (b) Morrison, (c) Stonybrook, (d) WDM6, and (e) WSM6 schemes on 

January, 17
th

, 2012 at 850 hPa at 21 UTC.  
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Figure 21. Comparison of the microphysics schemes behavior on ice load over the domain 

on January 18
th

, 2012 at 850 hPa over the first 45 minutes after 00 UTC. (a) Goddard, (b) 

Milbrandt-Yau, (c) Morrison, (d) Stonybrook, (e) WDM6, and (f) WSM6. 

 

 

 One of the major points to take away from Figure 22 is the incredible 

inconsistency within the maxima of the comparisons. Most alarming is the difference 

between WDM6 and WSM6, microphysics schemes that have been more or less similar 

throughout the forecast thus far. WSM6 all but completely agrees with the Goddard 

microphysics scheme, whereas WDM6 is depicting a few maxima not very evident in any 

of the other schemes. This being the 12
th

 hour of the forecast, it’s not surprising that it is 

the most inconsistent. The handling of the moisture and other microphysical properties 
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within the model has clearly had an effect on the rate of ice accretion over the 12-hour 

forecast time, as well as wind speed and temperature. Each microphysics scheme contains 

their own sources of error. These errors compound over the forecasting period, albeit 

small, but enough to make a slight difference within the icing rates within the 

microphysics schemes. Despite the differences, the errors between the schemes peak out at 

9%, but average near 3%. These errors occurring this far into the model run is 

encouraging, and leads to the fact that the microphysics package does not significantly 

affect the amount of ice accreted in the region over a 12-hour forecast.  

 

 

 

 

 

 



41 
 

 
 

Figure 22. Percent differences between the Goddard moisture scheme and the (a) 

Milibrandt-Yau, (b) Morrison, (c) Stonybrook, (d) WDM6, and (e) WSM6 schemes on 

January, 18
th

, 2012 at 850 hPa at 00 UTC.  

 

 Figures 13-22 show that the microphysics schemes, as anticipated, do have slight 

differences, but are quite similar. Where the main differences lie between the 

microphysics schemes are predominantly down-wind of large mountains, which leads to 

the conclusion that the orographic effects are treated differently enough between the six 

microphysics schemes to cause minor changes within the ice field. This is prevalent 

visually in the ice load comparison shown Figure 17. 
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Figure 23. The difference between the ice loads predicted by Milbrandt-Yau and WDM6 

microphysics scheme during the January 17
th

 icing event, at 18 UTC.  

  

 Visually, the Milbrandt-Yau and WDM6 ice load maps are relatively different in 

Figure 17. Although when the actual difference is computed, shown in Figure 23, they 

appear much the same. The greatest difference is near the western part of the domain, 

where the orographic affects matter very little. There are some interesting aspects to make 

note of, one of which are the two local maximum on the up-wind and down-wind side of 

Mount Washington. Note, the prevailing wind in this event is Southwesterly. These two 

local maxima in difference between the two schemes insinuate that there are slight 

differences in the way the microphysics schemes handle complex terrain. However, 

quantitatively, the maximum difference between the two schemes is between 0.125-0.15 g 

of ice, located on the western edge of the map, which equates to a difference below 10%. 

The majority of the domain corresponds to the 0.05-0.075g difference between the two 

schemes, which equates to an approximate difference no more than 5%. These differences 

can be attributed to the slight differences within the microphysics schemes, but will not 

cause noticeable differences within the icing model to be anything but negligible. Another 

comparison for ice loads from two other microphysics schemes is shown in Figure 24.  
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Figure 24. The difference between the ice loads predicted by WSM6 and WDM6 

microphysics scheme during the January 17
th

 icing event, at 18 UTC. 

 

 The major differences between WSM6 and WDM6 are more localized whereas the 

Milbrandt-Yau and WSM6 comparison in Figure 23 was more widespread in its large 

differences. In Figure 24, the major differences are on the up-wind side of Mount 

Washington. Qualitatively, the difference between the two schemes does not exceed 0.3 

grams of ice, which for this time step, equates to a maximum difference that does not 

exceed 9%. The majority of the domain has a difference of below 0.05 grams of ice 

between the two microphysics schemes, a difference of approximately 2%.  

 While examining the comparisons between the microphysics schemes of the most 

visually different time steps, it should be noted that the greatest difference is no more than 

9%. The differences between the microphysics schemes are low enough to conclude that 

the microphysics schemes are consistent enough that the microphysics scheme used to 

assess the icing events does not seem to matter for short term forecasts.   

For each of the time steps, each microphysics scheme produced similar looking ice 

fields, with variances ranging about 9% at a maximum, the maximum occurring between 
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WDM6 and WSM6 in Figure 24. 9% is not a significant difference when discussing ice 

loads of under 3g of accumulation. The 0.27g maximum difference between schemes is 

not enough to warrant special consideration when choosing a microphysics package. To 

see how the variables (temperature, moisture, and wind speed) affect the amount of 

accreted ice, we are going to compare them for the aforementioned figure. The circled area 

in each panel of Figure 25 is not the maximum difference, but one of the areas greatly 

affected by orographic effects. 

 

Figure 25. Comparison of the winds, temperature, and mixing ratio between WDM6 (left) 

and WSM6 (right). 
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Figure 25 must be examined for the major differences between the variables 

calculated by WDM6 and WSM6 within the circled region. In Chapter 1, it was concluded 

that the temperature has no affect on the rate of ice accretion, so only the wind and 

moisture fields were examined.   

It should be noted that the mixing ratio fields are almost identical, which means the 

wind field is the key to the difference in rate of ice accretion. When the wind field within 

the circled region in Figure 25 is examined, it must be noted that the field looks identical, 

which is due to NCL rounding the winds to the nearest 5kt when plotting. The raw mixing 

ratio data were computed and compared in Figure 26 for the forecast valid for 00 UTC, 

January 18, 2012. 

 

Figure 26. Raw mixing ratio data for WDM6 (left) and WSM6 (right) for the model 

forecast valid for 00 UTC on January 18
th

 within the middle row of relative mixing ratio 

within the circled area. 
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 When the raw wind data in Figure 27 were examined, it is apparent that the winds 

forecasted by WDM6 were slightly weaker than the WSM6, which accounts or the higher 

values within the circled region in Figure 25. The largest difference is about 1 kt. This 

extra wind speed for WSM6 accounts for the small difference in rate of ice accretion 

between the two schemes for the forecast valid for 00 UTC on January 18, 2012. 

 

Figure 27. Raw model wind data for WDM6 (left) and WSM6 (right) for the model 

forecast valid for 00 UTC on January 18
th

 within the middle row of wind barbs within the 

circled area. 

  

Gridded ice accretion data were utilized to create a time series graph comparing 

how each microphysics scheme performed at each ice detector site. The latitude and 

longitude at each detector site was compared to the latitude and longitude at each i, j point 

within the model. The grid point nearest the ice detector site was used as the ice load for 
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that site. The resultant graphs (Figures 28-30) show the ice load calculated by each 

microphysics scheme at each time, at a specific ice detector site and are analyzed in the 

following section. 

 
 

Figure 28. Ice load in grams at each time step within the model for each microphysics 

scheme on 12/31/2011 at the Cog Railway site, at 850 hPa.  

 

 

 

 
 

Figure 29. Ice load in grams at each time step within the model for each microphysics 

scheme on 1/17/2012 at the Cannon Mountain site at 850 hPa.  

0 

0.5 

1 

1.5 

2 

2.5 

12z 15z 18z 21z 00z 

G
ra

m
s 

Time 

Cog Railway 850 hPa   
12/31/11 

Goddard 

Mil-Yau 

Morrison 

Stonybrook 

WDM6 

WSM6 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

12z 15z 18z 21z 00z 

G
ra

m
s 

Time 

Cannon Mountain 850 hPa   
1/17/12 

Goddard 

Mil-Yau 

Morrison 

Stonybrook 

WDM6 

WSM6 



48 
 

 

 
 

Figure 30. Ice load in grams at each time step within the model for each microphysics 

scheme on 1/24/2012 at the Mount Washington Summit site at 850 hPa.  

 

 When comparing the schemes from each Figure 28, 29, and 30, it is apparent that 

there are some minor variances between the schemes, but the amount of ice accreted 

varied little more than 5% despite the pressure level, time step, and ice detector location. 

There are some surprising aspects to these model runs. In Figure 28, the different model 

runs start to vary on the second time step and end up converging and agreeing towards the 

end of the simulation. This is opposite from what would happen in a typical model, if the 

microphysics schemes significantly impacted the forecast. The LEWICE output stays 

more or less constant within a few percent difference during each time step. These 

consistencies support the idea that the microphysics scheme chosen for analysis makes no 

significant difference in the amount of ice accreted on the ice detectors.  

 

 

 

 

 

 

0 

0.5 

1 

1.5 

2 

12z 15z 18z 21z 00z 

G
ra

m
s 

Time 

Mount Washington Summit 850 hPa   
1/24/12 

Goddard 

Mil-Yau 

Morrison 

Stonybrook 

WDM6 

WSM6 



49 
 

CHAPTER 4 

 

 

4. Discussion 

  

 One of the goals of the National Aeronautics and Space Administration (NASA) 

Experimental Program to Stimulate Competitive Research (EPSCoR) Icing Assessment in 

Cold and Alpine Environments project is to develop a working model to accurately predict 

icing events in intensity and timing within the White Mountain Range in New Hampshire. 

To realize this, the ARW was utilized to generate meteorological parameters to be used in 

conjunction with the LEWICE program to determine the amount of ice accreted onto a 

cylindrical geometric shape to be verified by on-site ice detectors. Since the quality of the 

ice forecast depends on the quality of the meteorological parameters given to the LEWICE 

program, this study attempts to determine the sensitivity of ice load predictions to some of 

the possible moisture-related microphysics schemes, which can be used within the ARW 

to ensure the accuracy of the Plymouth State University (PSU) ARW.  

The microphysical schemes, in these three case studies varied little when 

discussing ice load total throughout each time period. Differences varied only between 2% 

and 5% (seen in some examples Figs. 28-30) for the majority of time steps. There were 

only a few instances throughout all of the cases where the discrepancies between the 

schemes were as high as 16.9%, though these occurrences were rare. However, for the 

majority of times within the simulations, the differences between the ice loads computed 

by the microphysics schemes are negligible. Therefore, in these icing cases, the choice of 

the microphysics scheme appears to make no significant difference in the outcome of the 

ice load.  

 A possible explanation rides in the fact that the LEWICE icing algorithm input 
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between each scheme varied between the values of five meteorological parameters; wind 

velocity, LWC, static temperature, pressure, and relative humidity. Between the 

microphysics schemes, the major culprit of differences between the icing values may be 

explained by slight variations in LWC, wind speed, static temperature, and relative 

humidity. The three case studies presented were chosen due to their near-100% chance of 

ice formation throughout the forecast period. In the LEWICE program, relative humidity 

is, at best, a secondary effect on the ice accretion process (Wright 2008). It can be 

concluded that slight differences in the relative humidity spectrum within the model 

probably did not contribute significantly to the minor differences in the ice load. It can 

then be noted that the slight differences can be mostly attributed to differences in LWC, 

wind velocity, and static temperature.  

 To determine the accuracy of this ice accretion model, the in situ ice data must be 

compared to the outputs of the model. The data gathered by the ice detectors at the 

Cannon Mountain and the Cog Railway site were determined to be suspect and therefore, 

only the Mountain Washington Summit data was used for comparison. The icing data 

collected by the ice detector were given in heating cycles per hour which are then 

converted to icing rate in cm per hour, that is, cm of water collected after melting of the 

ice that was accreted  on the ice detector. The icing case that will be examined is the 

January 1/17-1/18 event.  

 Note that the ice load in Figure 30 is the amount of ice accumulated over the 45 

minutes after the time of initiation of the program. Table 1 must be transformed to reflect 

45 minutes of icing time to easily compare the two sets of data. A constant icing rate 

throughout the time period was assumed (shown in Table 2). 
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Table 1. Icing rate in cm/hr recorded by the ice detector on the Mount Washington 

Summit site during the 1/17-1/18 event. 

 

Date/Time Icing Rate - cm/hr 

01/17/12 12:00:00 2.346666667 

01/17/12 13:00:00 3.987692308 

01/17/12 14:00:00 3.987692308 

01/17/12 15:00:00 2.597647059 

01/17/12 16:00:00 2.880000000 

01/17/12 17:00:00 2.346666667 

01/17/12 18:00:00 3.987692308 

01/17/12 19:00:00 5.061818182 

01/17/12 20:00:00 2.597647059 

01/17/12 21:00:00 3.987692308 

01/17/12 22:00:00 3.987692308 

01/17/12 23:00:00 1.920000000 

01/18/12 00:00:00 1.737142857 

 

  

Table 2. Comparison of the icing rate over 45 minutes to the in situ data collected by the 

ice detector over 45 minutes during the 1/17/12 icing event. 

 

Time Model Detector 

12:00 UTC 0.772440 1.320000 

15:00 UTC 0.764073 1.461176 

18:00 UTC 1.291196 2.243077 

21:00 UTC 2.152950 2.243077 

00:00 UTC 2.784401 0.977143 

 

 When comparing the icing rates of this event, we need to take into consideration 

total rate as well as general trends within the data sets. In terms of absolute accuracy, the 

model fails to correctly predict exactly how much ice will accrete over time. There are a 

couple of reasons why the accuracy of the model could be low; the icing model didn’t take 

into consideration the fact that the ice detector melts the ice after a certain amount has 

been accreted onto the detector. The fact that the probe in the model simulation was 

covered in a layer of ice that was conducive for the air flow (Figure 31) could be one 
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reason why we consistently see lower values of accreted ice in the model simulation. The 

more streamline nature of the new ice-probe system allowed for the more effective 

movement of air, and therefore impingement water droplets, around the probe, causing 

less water droplets to strike the probe, and therefore the icing rate drops as more ice is 

accreted on the probe.  

 

Figure 31. Ice load in grams at each time step within the model for each microphysics 

scheme on 1/17/2012 at Mount Washington Summit site at 850 hPa. 

 

When examining Figure 32, one thing in particular should be noted: the continuity 

between the shapes of the ice in the two different cases. In fact, all of the ice accretion 

shapes predicted by LEWICE were that of a constant protruding curve out from the 

windward side of the simulated ice detector 
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Figure 32. Shapes of the accreted ice predicted by the model simulation at the Mount 

Washing Summit during icing cases, January 17
th

 (top) and December 31
st
 (bottom). 

 

. A few factors for this may have been the relatively slow wind speeds, or the 

ambient temperature not allowing for instant rime ice formation. The ambient temperature 

was not consistent through the forecast, but stayed generally, but not exclusively, around   

-3C and winds around 15 m/s. Cross referencing that with Figure 3 indicates that the 

majority of the icing cases produced should be anywhere between glaze ice or hard rime, 
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which indicates a slower freezing time than if rime icing were occur. Thus, the general 

shape produced by each of the LEWICE data points and time steps does support the 

formation of a slower-freezing ice such as glaze.  

Furthermore, Figure 32 includes two different time steps from two different icing 

cases which depict vastly different amounts of ice accreted on the ice detector. Both 

images in Figure 32 are from the December 31
st
 icing event on Mount Washington They 

show how variable the icing events are, which bodes well for the real-world application of 

this linked model. Due to the variable nature of the atmosphere, it is important that the 

model can handle these highly variable situations, and the model appears to be able to 

resolve the meteorological variables well enough to forecast for highly variable situations.  

If one looks at the trend of the icing scenario, the icing model does not reflect the 

trend of the real time icing rate. The trend that was depicted in the model run was one of 

an increasing ice rate throughout the time period, whereas the in situ data depicts a quasi-

static state for the first half of the icing event with a maximum near 19:00 UTC which 

quickly drops off towards the end of the time period. This pattern could be due to the 

problems mentioned above. 
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CHAPTER 5 

 

 

5. Summary and future work 

 

a. Summary 

  

 The goal of this work was to investigate whether a qualitative numerical model 

that can accurately predict ice accretion on objects. This was done by coupling the WRF 

model, a mesoscale forecasting model used for meteorological research and which is also 

the core of the North American Model (NAM) forecasting model, and the LEWICE 

accretion model developed by NASA Glenn Research Center, which calculates the shape 

and amount of ice accretion on a geometric pattern by using a time stepping procedure. 

This work focused specifically on complex terrain, which was simulated by using the 

White Mountains in New Hampshire, USA. This area was used due to its complex terrain, 

accessibility, and vast meteorological network.  

The WRF model was initialized with GFS data due to its more accurate 

performance over the NAM initialization data (Mallia 2012), especially in handling 

moisture. The icing dates, being run by the WRF model, were determined by cross 

examining Mount Washington summit METARs as well as a probabilistic icing product 

produced by NASA Langley (NASA Langley Cloud and Radiation Research, 2012). The 

dates chosen were December 31
st
, 2011, January 17

th
, 2012, and January 24

th
, 2012.  

The model performed a 12-hour forecast on each of the forecast dates for the 

Northeast USA using six different microphysics schemes to test the sensitivity of the 

accretion model to each of these schemes and to see whether it has an effect on the amount 

of ice accreted on the object. The grid spacing used in the WRF model was 12 km over the 

outer domain, and 4 km in the inner domain. The inner domain was utilized to better 
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resolve the complex terrain and the inherent orographic effects, which would lead to a 

more accurate forecast. After the 12-hour forecast, the WRF output file was modified and 

converted to be accepted by the ice accretion model, which simulated the ice accreted on a 

cylindrical object for 45 minutes after the forecast time using the meteorological 

parameters as constant over the 45 minutes of ice accretion. The resultant ice rates were 

then compared to in situ ice accretion data gathered from ice detectors placed on Cannon 

Mountain, Mount Washington Summit, and the Mount Washington Cog Railway site. 

These three ice detectors were used during the winter of 2011-2012 and continually 

gathered icing rates and archive them for later analysis. Due to equipment issues that 

impacted the quality of the data retrieved, only the Mount Washington Summit ice 

detector data were used for analysis. The analysis was done by directly comparing the 

icing rate calculated by the LEWICE model with the icing rate measured by the ice 

detector. 

 Comparing the icing rates produced by the six different microphysics schemes 

revealed that the microphysics schemes make almost no impact on icing rate over the time 

period for any of the icing events. The time steps contained differences between 2-5% 

excluding one outlier of ~16% difference in icing rate over the 45 minutes. Also examined 

was the rate of ice accretion computed by the linked model as compared to the in situ ice 

detector data. The accreted ice amounts ranged from 4% to approximately 60%. Where 

these errors were significant, the fact that the linked model forecasted ice accretion was on 

the same order of magnitude as the in situ ice report bodes well for the potential of this 

model. Some inaccuracies were observed, most notably the fact that the LEWICE model 

did not take into consideration the melting cycle of the detector, which could cause the 
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icing rates to be different than reported by the model. More work should be done to 

develop this model further if it will be used for operational use, which is discussed in the 

next section.  

b. Future work 

 

One part of that model that could be refined is the amount of times LEWICE is run 

for a certain icing event. Instead of running LEWICE every hour, the ARW model should 

output as often as it can be while still being time efficient for the slight increase in 

accuracy. The current version of the linked model outputs ARW files every hour, which 

then allows for 45 minutes of icing time with the constant meteorological variables. The 

LEWICE as currently run should receive updated meteorological variables at least every 

half hour to accommodate the quickly changing weather conditions of the White 

Mountains.  

Perhaps most importantly, the WRF model should contain one more inner domain 

with grid spacing of 1.33 km. This would better resolve the topography and be able to 

better capture the wind, temperature, and RH regimes over and around the mountains, 

leading to more accurate forecasts. Furthermore, the output of the WRF should be changed 

to output every 45 minutes, the largest verified ice duration time of the LEWICE program. 

Dierer  et al. (2009) stated that through their simulations, there are indications that to 

accurately simulate icing within complex terrain, a grid size of a few hundred meters was 

needed in order to resolve the orographic and meteorological conditions that are necessary 

to simulate an icing event. This was done for one of their icing sites (Guetsch, in the inner-

Alps, elevation approximately 2300 m). However, the 3.2 km grid size simulation was 

sufficient to accurately predict the ice load for the Schwyberg site (elevation 
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approximately 855 m). The elevation of the Mount Washington site is approximately 1900 

meters. However, the simulation in this assessment underestimates the height of Mount 

Washington (approximately 1200 m) due to the grid spacing. It is plausible that the 

mountains, and associated orographic lift and meteorological conditions, necessary for 

accurately simulating the events, are not being resolved. This claim was also supported by 

the work done in Farzaneh (2008). 

At this time, work is being done to couple the WRF model with an upgraded LSM 

physics scheme. As stated previously, the LSM calculates heat and moisture fluxes over 

land and water sources. The FAAST model (Frankenstein 2011), developed by CRREL, is 

a LSM specifically crafted for use in complex terrain. The terrain within the White 

Mountains could greatly affect the heat and moisture fluxes, which could have a major 

effect on the ice load total.  

Cases in which there is not a 100% chance of icing throughout the time period 

should also be examined to calculate which scheme more accurately predicts the relative 

humidity and cloud cover. Pockets of dry air that could be resolved in some schemes, but 

not others, could drastically alter the amount of accreted ice over the time period. 

Furthermore, early onset or late withdrawal of clouds could greatly affect the amount of 

ice resolved by LEWICE. Therefore, timing is another aspect of icing events that can be 

compared with respect to the microphysics schemes. The activation of the de-icing cycle 

within the LEWICE model for the ice detectors should be implemented to increase the 

accuracy of the ice reading for the reasons in the previous chapter. 

Furthermore, if more accuracy is achieved, the geometric pattern within the 

LEWICE program can be altered to reflect any shape, like that of an airplane wing, to 



59 
 

replicate how much ice would on the wing of an aircraft. The variable VINF (velocity) 

would have to be altered to reflect that of the flight speed of the aircraft in relation to the 

wind regime. Secondly, the geometric figure that must be used is the case3.xyd file which 

depicts an airplane wing.  If done, an accurate icing model for in-flight aircraft could be 

computed using the WRF model to avoid icing scenarios with aircraft.  

The LEWICE program is a helpful tool that, with some more testing, could be the 

next big step in the task of making accurate quantitative assessments of icing scenarios. 

The proper implementation of this program could serve well in many fields of study, 

including the renewable energy movement for safe implementation of wind turbines in 

alpine regions. Of course, LEWICE has more implication than only renewable energy, 

including aircraft safety in potential icing conditions for aviation as well as military use. 

The meteorological community is in need of an accurate ice detection system to aid in 

forecasts, and the LEWICE ice accretion software linked with the ARW forecasting model 

appears to be a viable tool to help fill the need for an ice accretion model that is better than 

our current methods for forecasting ice. 
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APPENDIX A 

LEWICE 

a. Geometry file (case6.xyd) 

 The file that was used is a pre-programmed scenario that comes with the LEWICE 

program is case6.xyd, a geometry file that simulates the cylinder with radius 1, shown in 

Figure A1. 

 

Figure A1. Cylinder specified Case6.xyd geometry file in LEWICE (Wright 2008)  

Case6.xyd is a text file that when inputted into the LEWICE program, will 

simulate icing on a cylindrical shape. The diameter of the cylinder is not specified in this 

in the geometry file, but in the case6.inp input file. Case6.xyd can be found in Table A1. 
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Table A1. Text file (case6.xyd) that describes the cylinder that were used to ice upon, 

supplied by the LEWICE program.   

1.00000 0.00000 

0.99810 -0.04358 

0.99240 -0.08683 

0.98295 -0.12941 

0.96985 -0.17102 

0.95315 -0.21131 

0.93300 -0.25001 

0.90960 -0.28679 

0.88300 -0.32140 

0.85355 -0.35355 

0.82140 -0.38303 

0.78680 -0.40958 

0.75000 -0.43302 

0.71130 -0.45316 

0.67100 -0.46985 

0.62940 -0.48296 

0.58680 -0.49241 

0.54360 -0.49810 

0.50000 -0.50000 

0.45643 -0.49810 

0.41318 -0.49241 

0.37060 -0.48297 

0.32899 -0.46985 

0.28870 -0.45316 

0.25000 -0.43301 

0.21322 -0.40958 

0.17861 -0.38302 

0.14645 -0.35356 

0.11698 -0.32139 

0.09043 -0.28679 

0.06699 -0.25000 

0.04685 -0.21131 

0.03015 -0.17101 

0.01704 -0.12942 

0.00760 -0.08682 

0.00190 -0.04358 

0.00000 0.00000 

0.00190 0.04358 

0.00760 0.08682 

0.01704 0.12942 

0.03015 0.17101 

0.04685 0.21131 

0.06699 0.25000 

0.09043 0.28679 

0.11698 0.32139 

0.14645 0.35356 

0.17861 0.38302 

0.21322 0.40958 

0.25000 0.43301 

0.28870 0.45316 

0.32899 0.46985 

0.37060 0.48297 

0.41318 0.49241 

0.45643 0.49810 

0.50000 0.50000 

0.54360 0.49810 

0.58680 0.49241 

0.62940 0.48296 

0.67100 0.46985 

0.71130 0.45316 

0.75000 0.43302 

0.78680 0.40958 

0.82140 0.38303 

0.85355 0.35355 

0.88300 0.32140 

0.90960 0.28679 

0.93300 0.25001 

0.95315 0.21131 

0.96985 0.17102 

0.98295 0.12941 

0.99240 0.08683 

0.99810 0.04358 

1.00000 0.00000 
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b. Input file (case6.inp) 

 The LEWICE program also needs an input file that specifies the meteorological 

inputs that are used in the program to simulate icing on the geometric pattern established 

in the geometry file. The case6.inp is presented in Table A2. The variables within the 

case6.inp file were changed to include the meteorological information at each grid point 

from the numerical model output.   

Table A2. Experimental case6.inp file that supplies LEWICE with its meteorological 

variables, supplied by the LEWICE software. 

&LEW20 

ITIMFL = 0 

TSTOP = 2700. 

IBOD   = 1 

IFLO   = 15 

DSMN   = 0.0008 

NPL    = 24 

RHOP   = 1000. 

IGRID = 0 

IBOE   = 0 

IDEICE = 0 

&END 

&DIST 

FLWC = 1.0 

DPD = 20. 

&END 

&ICE1 

CHORD = 0.1524 

AOA = 0.0 

VINF = 90 

LWC    = 0.540 

TINF   = 268.30 

PINF   = 100000.00 

RH     = 100.0 

&END 

&LPRNT 

FPRT   = 1 

HPRT   = 1 

BPRT   = 1 

EPRT   = 0 

MPRT   = 0 

TPRT   = 0 

IDBF   = 1 

&END 

&RDATA 

&END 

&BOOT 

&END 
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c. Variables within LEWICE model 

 The following information in this section comes from the LEWICE user manual 

(Wright 2008). 

 1) LEWICE NAMELIST 

The variables within the meteorological input (case 6.inp) file will be examined in the 

following subsections. 

(i)  ITIMFL 

 The variable ITIMFL has two possible values, 0 or 1. If ITIMFL = 0, the number 

of times steps over which icing will occur is set by the user in the IFLO variable. If 

ITIMFL = 1, the number of iterations will be calculated based on the accumulation 

parameter. The current value is set to 0, set to the number of iterations in the variable 

IFLO (discussed later).  

(ii) TSTART 

 TSTART is the initial time of the start of the LEWICE icing simulation in seconds. 

The current value is set to 0, which also enables some initial estimates to be made on the 

transient behavior, which effects are usually small. A variable TSTART can allow the 

bypass of these transient behaviors. The maximum value of TSTART is 2700s (45 

minutes). We will be using the default value of 0. 
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(iii) TSTOP 

 TSTOP is the stop time of the icing simulation in seconds. The default value is 

60s, and the maximum verified value for TSTOP is 2700s (45 minutes). A value of 

TSTOP = 2700 will be used.  

(iv) IBOD 

 IBOD is the number of bodies being simulated. IBOD must be  0 but   . Since 

we will be looking at once icing detector at a time, we will be using IBOD = 1. 

(v) IFLO 

 IFLO is the number of time steps to be used in the simulation. The default value is 

1, but the value will be determined by the number of minutes the icing lasts for or 15, 

whichever is lower. Therefore, the value of 15 will be used.  

(vi) DSMN 

 DSMN is the minimum size of the non-dimensionalized control volumes. It 

determines the size of the ice particles that impact the object. DSMN can have a value as 

low as          and as high as           DSMN also indirectly impacts the number of 

panels produced for the flow solution. A value that is too large in comparison to the icing 

detector will result in quantitative differences due to the coarse resolution. Therefore, a 

value of                 which is on the smallest end of the spectrum will be used in 

the icing simulation due to the small size of the icing detector. 
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(vii) NPL 

 NLP is the number of possible particle trajectories which are used in the collection 

efficiency distribution. The value of NPL may be between 10 and 50. The default value of 

24 will be used. 

(viii) RHOP 

 RHOP is the density of water particles. The default value of 1000 
  

  
 will be used. 

(ix) SLD 

 SLD is a flag that triggers physical models and correlations for large supercooled 

water droplets. If SLD = 0, the same models that were used in the previous version of 

LEWICE will be used. If SLD = 1, larger droplets are allowed to break up before contact 

and splash on contact, which changes the pattern of icing. A value of SLD = 0 will be used 

in this assessment.  

(x) IGRID 

 IGRID is a flag that allows the flow solver to be replaced with a grid solution. If 

IGRID = 0, the flow solution will be used. If IGRID = 1, the user must supply “XY.PLT” 

and “Q.PLT” files which specify the grid solution. We will be using the default value of 0, 

to allow the flow solution to be used. 

(xi) IDEICE 

 IDEICE is a flag that allows the deicing function of machines to be used. The 

deicing feature of this program is not going to be used therefore, IDEICE = 0  
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(xii) ICP 

 ICP is a flag that allows surface pressure coefficients that are used in the potential 

flow module to be used from another program specified in the rflow.inp file. If ICP = 0, 

the surface pressure coefficients will be determined directly from the potential flow 

solution. If ICP = 1, the panel solution will be used. The default value of ICP = 0 will be 

used.  

(xiii) IBETA 

 IBETA is a flag that allows collection efficiencies to be used from an outside 

program as opposed to the particle trajectory module. If IBETA = 0, the collection 

efficiencies will be determined from the particle trajectory module. If IBETA = 1, the 

collection efficiencies will be read in from the “rbeta.inp” file. The default value of 

IBETA = 0 will be used. 

(ixv) IHTC 

 IHTC is a flag that allows convective heat transfer coefficients to be used from 

another program as opposed to the integral boundary layer. If IHTC = 0, convective heat 

transfer coefficients are determined directly from the integral boundary layer. If IHTC = 1, 

the convective heat transfer coefficients are read in from the “rhtc.inp” input file. The 

default value of IHTC = 0 will be used.  

(xv) IQEX 

 IQEX is a flag which allows external heat fluxes to be used in place of the integral 

boundary layer. If IQEX = 0, convective heat transfer coefficients are determined from the 
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integral boundary layer. If IQEX = 1, the file “qextin.inp” will be used to specify the heat 

fluxes. We will be using the default value IQEX = 0. 

(xvi) IBOOT 

 IBOOT is a flag which activates a simplistic model of a mechanical boot process. 

It is also used to model mechanical de-icing processes. If IBOOT = 0, there will be no 

mechanical de-icing. If IBOOT = 1, ice will accumulate within the XBOOTUP and 

XBOOTLOW which are the upper and lower boot limits for the body. XBOOTUP and 

XBOOTLOW are x-distance, normalized by chord (discussed later), from the leading 

edge. XBOOTUP and XBOOTLOW are percentages, and must be a value between 0 and 

1. Since we will be not using the de-icing process, a value of IBOOT = 0 will be used. 

2) DIST NAMELIST 

 The DIST namelist defines the particles size and distribution. LEWICE can handle 

up to 10 drop size distributions.  

(i) FLWC 

 FLWC is the volume fraction of the total LWC in each water droplet size. For this 

work, we will assume that there is a unified droplet size, and therefore a constant volume 

fraction, FLWC = 1, will be used.  

(ii) DPD 

 DPD is the size of the water droplets in microns. As stated, we will be assuming 

uniform droplet size, and thus will be using the median volume droplet (MVD). LEWICE 
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has only validated values of MVD between 15 and 270 microns. A common MVD for fog 

is approximately 20 microns, therefore, DPD = 20 will be used.  

3) ICEI NAMELIST 

 The ICEI namelist provides LEWICE with the meteorological and flight 

conditions of the simulation. 

(i) CHORD 

 CHORD, in this simulation, is the cylinder’s diameter in meters. The icing 

detectors used in the study have a diameter of CHORD = 0.0254 m, which is out of the 

validation range. 

(ii) AOA 

 AOA is the angle of the object to the flow in degrees. Being that our object is a 

cylinder, the value of AOA = 0 will be used.  

(iii) VINF 

 VINF is the ambient velocity of the air in m/s. The value used will be directly 

inputted from the ARW-WRF as the wind speed at the ice detector.  

(iv) LWC  

 LWC is the liquid water content of the air in g/m
3
. The validated values for LWC 

are 0.31 to 1.8 g/m
3
. The value used will be calculated using the fact that liquid water can 

be obtained by multiplying the water vapor mixing ratio (WRF variable QVAPOR) by the 

density of air and then by 1000, to achieve the appropriate units. This assumes that all the 
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water vapor in the cloud is liquid. This is the only way to achieve liquid water from the 

WRF model. This will skew the amount of water available for icing, and will cause ice 

load values to be higher than calculated by the model.  

(v) TINF 

 TINF is the ambient static temperature in Kelvin. Warning messages will be 

generated if TINF < 240 K or TINF > 273.15 K. TINF is calculated by using the following 

equation: 

      
  
 

   
 

where;  

TS = static temperature, K 

TO = temperature, K 

   = wind velocity, m/s 

cp = specific heat of air, J/kg * K 

(vi) PINF 

 PINF is the ambient pressure in Pascals (N/m
2
). The default value is PINF = 

100000. The ambient pressure will be directly inputted from the ARW-WRF output. 
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(vii) RH 

 RH is the relative humidity in percent. The default value is 100% because icing 

only occurs during conditions of 100% RH. However, in the simulations, there may not be 

100% RH, therefore, the RH will be imported from the ARW-WRF model. 

(viii) GRAV 

 GRAV is the acceleration due to gravity. Default value is 9.8 m/s
2
. The value of 

gravity does not change by a noticeable amount between the surface and the summit of 

Mount Washington (the test’s highest elevation). Therefore, we will used the default 

variable of    GRAV = 9.8 m/s
2
. 

(ix) SREF 

 SREF is the wrap distance that all output files will be referenced to. If SREF = 0, 

the wrap distance values will be referenced to the last time step’s ice thickness. If       

SREF = 1, the wrap distances will be referenced to the leading edge of the geometric 

figure. If SREF = 2, the wrap distance will be referenced to the lower surface trailing 

edge. The default value of SREF = 0 will be used, which will compound the ice onto the 

already accreted ice.  
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APPENDIX B 

Mount Washington METARs 

Table B1. METAR observation taken at Mount Washington (KMWN) on the 31
st
 of 

December, 2011. 

ID TIME T TD RH DIR SPD VIS CIL COV WX 

Icing 
Remarks 

Ice Detector 
Reading (g 

of water/hr) 

KMWN 1150 25 25 100 170 36 0 0 X -SG DRSN 
NIL 1.570909 

KMWN 1247 25 25 100 170 42 0 0 X 

-SG DRSN 

FZFG 

NIL 1.28 

KMWN 1354 27 27 100 190 28 0 0 X 
-SN DRSN 

FZFG 
NIL 1.570909 

KMWN 1451 27 27 100 210 19 0 1 X DRSN FZFG 
NIL 1.033846 

KMWN 1553 27 27 100 210 20 0 0 X No comments 
VRY LGT 

ICG 
1.737143 

KMWN 1649 28 28 100 220 27 0 0 X FZFG 
NIL 3.2 

KMWN 1751 28 28 100 230 26 0 0 X FZFG 
NIL 3.987692 

KMWN 1853 28 28 100 250 29 0 0 X FZFG 
NIL 1.92 

KMWN 1952 28 28 100 250 29 0 0 X FZFG 
NIL 2.597647 

KMWN 2056 27 27 100 280 31 0 0 X No comments 
NIL 4.48 

KMWN 2158 25 25 100 280 33 0 0 X FZFG 

VRY LGT 

ICG AND 

GICG 

5.061818 

KMWN 2350 21 21 100 240 30 0 1 X FZFG 
NIL 9.051429 

 

Table B2. METAR observation taken at Mount Washington (KMWN) on the 17
th

 of January, 2012.  

          

ID TIME T TD RH DIR SPD VIS CIL COV WX 

Icing 

Remarks 

Ice Detector 

Reading(g of 

water/hr) 

KMWN 1151 21 21 100 270 31 0 1 X FZFG NIL 2.346667 

KMWN 1253 23 23 100 250 34 0 1 X FZFG NIL 3.987692 

KMWN 1354 21 21 100 260 33 0 1 X FZFG NIL 3.987692 

KMWN 1453 25 25 100 250 30 0 1 X FZFG NIL 2.597647 

KMWN 1557 23 23 100 250 33 0 1 X FZFG NIL 2.88 

KMWN 1652 23 23 100 240 37 0 1 X FZFG NIL 2.346667 

KMWN 1753 27 27 100 240 36 0 1 X FZFG NIL 3.987692 

KMWN 1851 27 27 100 230 32 0 0 X FZFG NIL 5.061818 

KMWN 1949 28 28 100 220 33 0 0 X No comments NIL 2.597647 

KMWN 2052 28 28 100 210 31 0 0 X -SN FZFG NIL 3.987692 

KMWN 2149 27 27 100 190 37 0 0 X No comments NIL 3.987692 

KMWN 2255 25 25 100 200 33 0 0 X 

-SN BLSN 

FZFG 

NIL 1.92 

KMWN 2350 12 0 56 240 50 110 40 OVC 

-SNPL BLSN 

FZFG 

NIL 1.737143 
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Table B3. METAR observation taken at Mount Washington (KMWN) on the 24
th

 of 

January, 2012. 

ID TIME T TD RH DIR SPD VIS CIL COV WX 

Icing remarks Ice Detector 

Reading (g 
of water/hr) 

KMWN 1147 28 28 100 240 42 0 0 X FZFG 

RMK VRY 

LGT GICG 

1.737143 

KMWN 1249 27 27 100 260 56 0 0 X No comment 
NIL 5.76 

KMWN 1354 27 27 100 260 53 0 0 X FZFG 
NIL 5.061818 

KMWN 1456 27 27 100 260 48 0 0 X FZFG 
NIL 7.68 

KMWN 1559 25 25 100 260 44 0 0 X FZFG 
NIL 5.76 

KMWN 1652 25 25 100 260 46 0 0 X FZFG 
NIL 10.88 

KMWN 1751 23 23 100 260 50 0 0 X FZFG 
NIL 9.051429 

KMWN 1849 23 23 100 270 46 0 0 X No comment 
NIL 10.88 

KMWN 1953 21 21 100 260 53 0 0 X FZFG 
NIL 10.88 

KMWN 2047 18 18 100 270 51 0 0 X No comment 
NIL 13.44 

KMWN 2148 18 18 100 270 52 0 0 X No comment 
NIL 10.88 

KMWN 2254 16 16 100 260 56 0 0 X FZFG 
NIL 9.051429 

KMWN 2352 28 28 100 180 47 0 0 X FZFG 
NIL 9.051429 
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