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ABSTRACT 

 

Coupling Fast All-season Soil Strength Land Surface Model with Weather Research and 

Forecasting Model to Assess Low-Level Icing in Complex Terrain 

 

by 

 

Taleena R. Sines 

 
Plymouth State University, May, 2013 

 

 Icing poses as a severe hazard to aircraft safety with financial resources and even 

human lives hanging in the balance when the decision to ground a flight must be made. 

When analyzing the effects of ice on aviation, a chief cause for danger is the disruption of 

smooth airflow, which increases the drag force on the aircraft therefore decreasing its 

ability to create lift. The Weather Research and Forecast (WRF) model Advanced 

Research WRF (WRF-ARW) is a collaboratively created, flexible model designed to run 

on distributed computing systems for a variety of applications including forecasting 

research, parameterization research, and real-time numerical weather prediction. Land-

surface models, one of the physics options available in the WRF-ARW, output surface 

heat and moisture flux given radiation, precipitation, and surface properties such as soil 

type. They are a critical component of forecast models because they serve as a link 

between water sources and the atmosphere through surface and groundwater. The Fast 

All-Season Soil STrength (FASST) land-surface model was developed by the U.S. Army 

ERDC-CRREL in Hanover, New Hampshire. Originally, FASST was intended for the 

military purpose of providing information to mobility and sensor performance 

algorithms, but has since been utilized in civilian applications and research. Designed to 
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use both meteorological and terrain data, the model calculates heat and moisture within 

the surface layer as well as the exchange of these parameters between the soil, surface 

elements (such as snow and vegetation), and atmosphere.  

 Focusing on the Presidential Mountain Range of New Hampshire under the 

NASA Experimental Program to Stimulate Competitive Research (EPSCoR) Icing 

Assessments in Cold and Alpine Environments project, one of the main goals is to create 

a customized, high resolution model to predict and assess ice accretion in complex 

terrain. The purpose of this research is to couple the FASST land-surface model with the 

WRF to improve icing forecasts in complex terrain. Coupling FASST with the WRF-

ARW may improve icing forecasts because of its sophisticated approach to handling 

processes such as meltwater, freezing, thawing, and others that would affect the water 

and energy budget and in turn affect icing forecasts. 

 Several transformations had to take place in order for the FASST land-surface 

model and WRF-ARW to work together as fully coupled models. Changes had to be 

made to the WRF-ARW build mechanisms (Chapter 1, section a) so that FASST would 

be recognized as a new option that could be chosen through the namelist and compiled 

with other modules. Similarly, FASST had to be altered to no longer read meteorological 

data from a file, but accept input from WRF-ARW at each time step in a way that did not 

alter the integrity or run-time processes of the model.  

 Several icing events were available to test the newly coupled model as well as the 

performance of other available land-surface models from the WRF-ARW. A variation of 

event intensities and durations from these events were chosen to give a broader view of 

the land-surface models‟ abilities to accurately predict icing in complex terrain. Non-
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icing events were also used in testing to ensure the land-surface models were not 

predicting ice in the events where none occurred. Four locations were chosen across the 

modeled domain: Mount Washington (NH), Plymouth (NH), Waterville (ME), and 

Bennington (VT) to evaluate the 2m temperature results that the WRF-ARW produced 

using the FASST, Noah, RUC (Rapid Update Cycle), and Thermal Diffusion land-surface 

models.  

 When compared to the other land-surface models and observations FASST 

showed a warm bias in several regions. As the forecasts progressed, FASST appeared to 

attempt to correct this bias and performed similarly to the other land-surface models and 

at times better than these land-surface models in areas of the domain not affected by this 

bias. To correct this warm bias, future investigation should be conducted into the 

reasoning behind this warm bias, including but not limited to: FASST operation and 

elevation modeling, WRF-ARW variables and forecasting methods, as well as allowing 

for spin-up prior to forecast times. Following the correction to the warm bias, FASST can 

be parallelized to allow for operational forecast performance and included in the WRF-

ARW forecasting suite for future software releases.  
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CHAPTER 1 

 

1. Introduction and background 

 Icing poses a severe hazard to aircraft safety with financial resources and even 

human lives hanging in the balance when the decision to ground a flight must be made. 

Ground icing reduces traction for aircraft lifting and takeoffs, causing 12% of weather-

based accidents from 1990-2000 (Fig. 1). 

 

 
Figure 9. Aircraft Icing Accident Statistics for 1990-2000 from AOPA Air Safety 

Foundation (2011) 

 

Ice accretion not only occurs on the ground and major aircraft components such 

as propellers, windshield, and wings, but also occurs on antennas, vents, intakes, and 

cowlings. When analyzing the effects of ice on aviation, a chief cause for danger is the 

disruption of smooth airflow, which increases the drag force on the aircraft therefore 

decreasing its ability to create lift (Fig. 2) (AOPA Air Safety Foundation 2011) (Perry 

2012). 
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Figure 10. Effects on Aircraft Forces from Icing (2012) 

 

Three main types of structural icing include rime, clear, and a mixture of both 

(Fig. 3). Rime icing, formed by supercooled droplets instantly freezing on a surface, 

increases drag and decreases the lift functionality of the airfoils due to its irregular, 

jagged edges (Icing 2012). Studies have shown that rime icing as thin/rough as a piece of 

sandpaper has the potential to decrease lift by 30% and increase drag by up to 40%, with 

these values becoming even more extreme in heavier icing conditions (AOPA Air Safety 

Foundation, 2011). Clear icing is formed when droplets have time to spread on the 

structure before freezing, creating a clear and smooth surface that is tedious to remove 

(Icing 2012). Mixed icing, as the name implies, involves droplets mixed with snow or 

other ice particles freezing as a rough surface on a structure (Icing 2012). 
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Figure 11. Main Types (clear, rime, and mixed) of Structural Icing from Icing (2012) 

 

 Forecasting conditions where ice may pose these types of hazards is a crucial 

element in assuring safety as well as aiding research efforts. Complex terrain, in 

particular, poses difficulty in creating accurate and robust forecasts, because of the many 

processes occurring between the land and atmosphere in the unique alpine environment. 

 

a. The WRF-ARW model 

 The Weather Research and Forecast (WRF) model Advanced Research WRF 

(WRF-ARW) is a collaboratively created, flexible model designed to run on distributed 

computing systems for a variety of applications including forecasting research, 

parameterization research, and real-time numerical weather prediction. Major programs 

in the model include the WRF pre-processing system (WPS), ARW solver, and post-

processing and visualization tools (Fig. 4). The WPS defines simulation domains and 
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interpolates meteorological data to this domain as well as interpolates land terrain data. 

Initialization of simulations is accomplished by the ARW solver and its forecast output 

can be visualized in post-processing by using a variety of tools and programs according 

to the user‟s requirements (WRF-ARW User‟s Guide 2012).  For the purpose of this 

research, changes had to be made to the build mechanism and software in order to couple 

it with the FASST land-surface model, which alters the physics in the WRF-ARW. 

 

 
Figure 12. WRF Model Flow Chart (WRF-ARW User's Guide 2012) 

 

1) BUILD MECHANISMS 

Two important components to building the WRF-ARW model are its makefiles 

and registry. Makefiles are called recursively through the ./compile command to build 

routines included in the model. During compilation, source files written in FORTRAN 

are converted to object files that are added to the main library. Relevant to this project 
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was the Makefile included in the /phys directory. The Registry file is located in the 

/Registry directory and contains variables included in physics packages as well as 

declarations of physics schemes that can be chosen in the namelist file upon running the 

model. This namelist file contains specifications for simulations that the user edits in 

order to run their specific case such as date, duration of simulation, and physics options. 

The Registry is designed to serve as a high-level access point for users to change how the 

model is structured since a large number of lines of WRF code are generated from this 

file and included into the model using the C pre-processor (CPP) and FORTRAN 

compiler (Fig. 5) (WRF-ARW User‟s Guide 2012). An example of a package declaration 

inside the directory is shown below. 

 

#<Table><PackageName><NMLAssociated><Variables> 

packagekesslerschememp_physics==1       - moist:qv,qc,qr 

 

 

Figure 13. WRF Registry Mechanics (WRF-ARW User's Guide 2012) 
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 2) WRF PHYSICS 

 The physics packages available in WRF are accessed through physics drivers 

which call solver routines based on options chosen by the user in the namelist file. 

Physics initialization occurs before the first time step, after which meteorological 

variables can be passed to physics packages through the driver for that particular 

category. The physics categories in WRF include cloud microphysics, cumulus 

parameterization, surface and planetary boundary layers, land-surface model, and 

radiation. 

 (i) Cloud Microphysics 

 The WRF-ARW microphysics is the only physics process completed at the end of 

a time step. This is done in order to preserve saturation conditions. Table 1 shows the 

available microphysics schemes, a short description of each, and if they include ice-phase 

and/or mixed-phase processes. Mixed-phase processes involve interactions between ice 

and water such as riming resulting in graupel or hail (Skamarock et al. 2008) 

 

Table 1. WRF-ARW Microphysics Options (Skamarock et al. 2008) 
Scheme Description Ice-Phase 

Processes 

Mixed-Phase 

Processes 

Kessler Simple warm cloud scheme that includes water vapor, cloud water, 

and rain 

N N 

Purdue Lin Includes water vapor, cloud water, rain, cloud ice, snow, and graupel Y Y 

WRF Single-

Moment 3 

(WSM3) 

Simple ice scheme that predicts vapor, cloud water/ice, and 
rain/snow 

Y N 

WSM5 Similar to WSM but vapor, rain, snow, cloud ice, and cloud water 

held in 5 different arrays (allows supercooled water and meltwater to 
fall below melting layer) 

Y N 

WSM6 Extends WSM 5 to include graupel and mixed-phase processes Y Y 

Eta GCP Predicts changes in water vapor, cloud water, rain, cloud ice, and 

snow/graupel/sleet precipitation 

Y Y 

Thompson Allows for size distributions of snow based on ice water content and 

temperature 

Y Y 

Goddard Includes the ability to choose graupel or hail as third ice class, 
ensures supersaturation/sub-saturation cannot exist in clear/cloudy 

conditions, microphysical processes based on thermodynamic state 

when allowed, and maintains water budget 

Y Y 

Morrison  

2-Moment 

Includes vapor, cloud droplets, cloud ice, rain, snow, and graupel/hail Y Y 
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 (ii) Cumulus parameterization 

 The cumulus parameterization schemes use vertical moistening and heating 

profiles in order to account for the effects of convective and/or shallow clouds. All 

schemes provide information for convective rainfall, but it depends on the particular 

scheme if other data such as cloud and/or precipitation tendencies are included (Table 2) 

(Skamarock et al. 2008). 

 

Table 2. WRF-ARW Cumulus Parameterization Schemes (Skamarock et al. 2008) 

Scheme Description 

Kain-Fritsch Simple cloud model with moist updrafts/downdrafts and the 

effects of detrainment, entrainment, and simple microphysics 

Betts-Miller-Janjic Deep convection profiles and relaxation time are variable and 

dependent on cloud efficiency, non-dimensional parameter 

describes convective regime, and cloud efficiency dependent 

on entropy change, precipitation, and mean cloud 

temperature 

Grell-Devenyi Ensemble Ensemble cumulus scheme in which multiple schemes and 

variants are run within each grid box and results are averaged 

Grell-3 Similar to Grell-Devenyi, but allows subsidence effects to be 

spread to neighboring grid columns and does not include 

quasi-equilibrium approach among ensemble members 

 

 (iii) Surface layer and planetary boundary layer 

 Surface layer schemes calculate friction velocities and exchange coefficients so 

that the land surface models can calculate surface heat and moisture fluxes (Table 3). 

Planetary boundary layer  (PBL) schemes calculate vertical sub-grid-scale fluxes due to 

eddy transports in the entire atmospheric column. Surface fluxes used for these schemes 

come from the surface and land-surface models (Table 4) (Skamarock et al. 2008). 
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Table 3. WRF-ARW Surface Layer Schemes (Skamarock et al. 2008) 

Scheme Description 

Similarity Theory (MM5) Computes exchange coefficients for heat, moisture, and 

momentum 

Similarity Theory (Eta) Includes roughness and surface flux computations 

Similarity Theory (PX) Allows parameterizations of viscous sub-layer to account 

for differences in diffusivity of heat, water vapor, and trace 

chemical species 

 

Table 4. WRF-ARW Planetary Boundary Layer Options (Skamarock et al. 2008) 

Scheme Description 

Medium Range 

Forecast Model  

Employs counter-gradient flux for heat and moisture in unstable 

conditions 

Yonsei 

University PBL 

Also uses counter-gradient terms to represent fluxes; Adds an explicit 

treatment of the entrainment layer at the PBL top 

Mellor-

Yamada-Janjic 

Imposes upper limit on the master length scale which depends on TKE 

diffusion scheme, buoyancy, and shear 

Asymmetrical 

Convective 

Model version 

2 

Simple model that can simulate rapid upward transport in buoyant 

plumes and local shear induced by turbulent diffusion 

 

 

 (iv) Land-surface models 

 Given that the purpose of this project is to couple the WRF-ARW with a new 

land-surface model (LSM), this physics component requires the most consideration. 

Land-surface models output surface heat and moisture flux given radiation, precipitation, 

and surface properties such as soil type. More information on general land-surface models is 

provided in Chapter 1, section b. These outputs provide lower-boundary conditions for use 

in the planetary boundary layer schemes. Land-surface models are meant to update 

surface variables such as soil temperature and moisture profiles, snow cover properties, 

and low vegetation and canopy properties. All of these are often handled differently in 

each scheme because of the sophistication of dealing with multiple layers and their heat 
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and  moisture fluxes (Table 5) (Skamarock et al. 2008). The models used for comparison 

in Chapter 3 include the 5-Layer Thermal Diffusion, Noah, and RUC schemes. 

 

Table 5. WRF-ARW Land-Surface Models (Skamarock et al. 2008) 

Scheme Vegetation 

Processes 

Soil Variables (Layers) Snow Scheme 

5-Layer Thermal 

Diffusion 

N Temperature (5) None 

Noah LSM Y Temperature, water + ice, water 

(4) 

1-layer, fractional 

Rapid Update 

Cycle (RUC) 

Model LSM 

Y Temperature, ice, water + ice 

(6) 

Multi-layer 

Pleim-Xiu LSM Y Temperature, moisture (2) Input only 

 

 The Noah land-surface model, set as the default LSM when installing the WRF-

ARW and used operationally, has four key inputs: land-use and vegetation type,  soil 

texture, slope, and secondary parameters that can be specified as functions of these 

parameters. Four fixed soil layers are used when running the model with 10, 30, 60, and 

100 cm thickness. Soil moisture is represented by volume within each of these layers and, 

in addition, can be supercooled. As seen in Table 5, the Noah land-surface model can 

represent one layer of snow, represented through snowpack water equivalent content and 

snowpack depth and accounts for vegetation as well as dew/frost interactions in the 

canopy and intercepted precipitation (Chen 2007). 

 The thermal diffusion scheme represents soil temperature through five layers with 

1, 2, 4, 8, and 16 cm thickness. Temperatures represented below these layers are fixed at 

a diurnal average. While the model accounts for radiation and sensible and latent heat 

flux, it does not account for moisture. For this reason, it also does not include a snow 
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scheme, but allows for a snow cover flag to later account for the effects of snow-cover 

without directly calculating its properties (Chen and Dudhia 2000).   

 The RUC land-surface model contains six soil layers with thin top layers like the 

5-Layer Thermal Diffusion scheme. The RUC land-surface model, unlike Noah, utilizes a 

2-layer snow model rather than a bulk snow layer approach which alters the treatment of 

mixed-phase precipitation. Snow density changes are calculated based on snow depth, 

temperature, and compaction parameter. In addition, the snow can be melted from the top 

and bottom of the snow pack. This model, like Noah, accounts for vegetation as well as 

canopy processes (Smirnova et al. 2011). 

 

(v) Radiation 

 These schemes provide information about atmospheric heating due to radiative 

flux divergence and downward longwave and shortwave radiation. Longwave radiation is 

determined by the infrared radiation absorbed by gases and earth‟s surface and the 

amount emitted based on emissivity and temperature. Shortwave radiation includes solar 

absorption, reflection due to the earth‟s reflectivity, and atmospheric scattering. The 

model along with the vertical thickness of model layers affect how gases affecting the 

atmosphere are represented (Table 6) (Skamarock et al. 2008). 

 

Table 6. WRF-ARW Radiation Schemes (Skamarock et al. 2008) 
Scheme Longwave/S

hortwave 

Spectral 

Bands 

CO2, O3, clouds 

Rapid Radiative Transfer Longwave LW 16 CO2, O3, clouds 

Eta Geophysical Fluid Dynamics Laboratory 

Longwave 

LW 14 CO2, O3, clouds 

CAM Longwave LW 2 CO2, O3, clouds 

Eta Geophysical Fluid Dynamics Laboratory 

Shortwave 

SW 12 CO2, O3, clouds 

Mesoscale Model 5 (MM5) Shortwave SW 1 Clouds 

Goddard Shortwave SW 11 CO2, O3, clouds 

CAM Shortwave SW 19 CO2, O3, clouds 
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b. Land-surface modeling 

 Land-surface models are a critical component of forecast models because they 

serve as a link between water sources and the atmosphere through surface and 

groundwater. Atmospheric and hydrological models can interact via land-surface models 

because of this link. These models have developed through their history to become more 

sophisticated, from ignoring soil/vegetation effects to considering many different layers 

of soil and how processes at the surface interact with those layers below (David 2006). 

 

1) LAND-SURFACE MODEL CONSIDERATIONS 

 Land Surface models handle atmospheric and land interactions in different ways. 

For example, in the simpler models soil moisture is considered homogeneous with no 

vertical movement while more sophisticated models take internal melting and freezing 

into account. This is an important consideration because the amount of fluid penetrating 

the soil layer will influence soil  moisture as well as runoff and ponding. Runoff is 

considered when precipitation intensity overcomes the ability of soil to absord it as well 

as precipitation over soil that is already saturated. Snow often proves to have the largest 

variability and effects such variables as surface albedo, radiation balance, sublimation 

processes, and runoff. For simplicity models may not include sub-grid scale variability, 

horizontal grid interactions, heterogeneous vegetation, canopy drip and interception, 

along with many other processes depending on model development (David 2006). The 

following land-surface model types are considered because of their relevance to this 

research due to their existence in the WRF-ARW suite. 
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 2) BUCKET MODEL 

 As the name infers, this type of model treats the ground as a bucket collecting 

precipitation that falls from the atmosphere. The simplest type of model, it does not take 

into account vegetation or groundwater. The bucket model, therefore, typically has the 

largest amount of liquid available for evaporation out of all other models. It does take 

into account that certain soil/ground types have different water holding capacities and 

that any liquid that crosses this boundary is treated as runoff (Fig. 6) (David 2006). The 

5-Layer Thermal Diffusion Scheme (Chapter 1, Section a) can be considered this 

classification of land-surface model because of its inclusion of multiple soil layers and 

minimal vegetation considerations. 

 

  

 
Figure 14. Bucket Model depicting evaporation, precipitation, and runoff processes  

(David 2006) 

 

 3) BIOSPHERE ATMOSPHERE TRANSFER SCHEME (BATS) 
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 This scheme does not take groundwater into account, but does consider vegetation 

effects (assumes that it is porous and uniform). It accepts shortwave and longwave 

radiation, precipitation, water vapor mixing ratio, and wind velocity as model inputs. 

Shortwave and longwave radiation at the surface is modified based on the leaf area index 

to determine the amount that can pass through the canopy. Soil properties are handled 

through three adjacent soil layers: the upper layer, root zone, and total active layer (Fig. 

7) (David 2006). Prognostic variables in this model include leaf temperature, surface and 

subsurface soil/snow temperatures, surface soil water, root zone soil moisture, total soil 

water, snow cover in terms of liquid water content, and canopy water storage (Yang 

2003).  

 

 

Figure 15. The above and below surface interface vertical layers used in the BATS  

Model (David 2006) 

 

 4) THE SIMPLE BIOSPHERE (SIB) MODEL 

Unlike the BATS model, this scheme attempts to model the vegetation by 

calculating its radiation heat absorption/storage with two layers. The top layer represents 

trees and shrubs while the lower layer represents grasses. Soil is modeled in three levels: 

upper thin soil layer, root zone and recharge zone (Fig. 8). Snow, however, is crudely 
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modeled and its temperature is not taken into account (Yang 2003). Both the Noah and RUC 

land-surface models can be considered spin-offs of the SiB model because of their 

considerations for both soil layer properties as well as vegetation and canopy processes. 

 

 
Figure 16. The above and below surface interface vertical layers used in the SiB  

Model (David 2006) 

 

c. FASST land-surface model 

 The Fast All-season Soil STrength (FASST) land-surface model was developed 

by the U.S. Army Corps of Engineers ERDC-CRREL (Engineer Research and 

Development Center-Cold Regions Research and Engineering Laboratory) in Hanover, 

New Hampshire. Originally, FASST was intended for military purposes, providing 

information to mobility and sensor performance algorithms, but has since been utilized in 

civilian applications and research (Frankenstein, Sawyer, and Koeberle 2008b). Designed 

to use both meteorological and terrain data, the model calculates heat and moisture within 

the surface layer as well as the exchange of these parameters between the soil, surface 

elements (such as snow and vegetation), and atmosphere (Fig. 9) (Frankenstein, Sawyer, 

and Koeberle 2008b). 
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Figure 9. FASST Water and Energy Balance 

(https://webcam.crrel.usace.army.mil/FASST/) 

 

 Intended for a large range of users, FASST accepts the meteorological input listed 

in Table 7, along with the assumption made within the model if any of them are not 

available. Air temperature is an important meteorological variable that, noticeably, does 

not have any assumptions made. Air temperature is the only variable absolutely needed as 

input for the model to function, however, as many of the listed variables as possible 

should be included to obtain the most accuracy.  
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Table 7. Meteorological Variables Utilized by FASST (Frankenstein 2011) 
Variable Name Units Missing Input Assumptions 

Year   

Day of the year   

Hour of the day    

Minute of the hour   

Air pressure mb 1000 mbar 

Air temperature  K  

Relative humidity % 60 % 

Wind speed m/s 1.2 m/s 

Wind direction degrees from north (+ is 

clockwise) 

0.0 degrees 

Precipitation rate mm/hr 0.0 mm/hr 

Precipitation type SEDRIS Enumeration 1 (none) 

Precipitation rate 2 (snow only)  mm/hr 0.0 mm/hr 

Precipitation type 2  SEDRIS Enumeration 1 (none) 

Low cloud amount 0-1 0.5 tenths if no precipitation 

1.0 tenths if precipitation 

Low cloud height  km Model calculates based on season 

and latitude 

Low cloud type  SEDRIS Enumeration  6 (stratus nebulosus or stratus 

fractus) 

Middle cloud amount 0-1 0.0 tenths if no precipitation 

1.0 tenths if precipitation 

Middle cloud height  km Model calculates based on season 

and latitude 

Middle cloud type  SEDRIS Enumeration  3 (altocumulus translucidus, 1 

level) 

High cloud amount 0-1 0.0 tenths if no precipitation 

1.0 tenths if precipitation 

High cloud height  km Model calculates based on season 

and latitude 

High cloud type  SEDRIS Enumeration  5 (cirrus and/or cirrostratus < 45° 

above the horizon) if high cloud 

amount < 0.4, otherwise 7 

(cirrostratus, full cover) 

Total incoming solar radiation 

(direct + diffuse) 

W/m
2 

Model will calculate 

Direct solar radiation W/m
2
 Model will calculate 

Diffuse solar radiation W/m
2
 Model will calculate 

Upwelling solar radiation W/m
2
 Model will calculate 

Incoming infrared radiation W/m
2
 Model will calculate 

Emitted infrared radiation W/m
2
 Model will calculate 

Solar zenith angle degrees Model will calculate 

Solar azimuth angle  degrees Model will calculate 

Snow depth m Model will calculate 

Soil surface temperature K Model will calculate 
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 The FASST program is primarily written in FORTRAN95 and is divided into nine 

modules designed to read in meteorological and control (soil and foliage) information to  

calculate new soil/ground properties (Fig. 10) (Frankenstein and Koenig 2004b). As 

discussed in Chapter 2, Data and Methodology, FASST is intended to read a 

meteorological file for weather input, but for the purposes of this project was altered to 

accept input from the WRF-ARW. The remainder of this section will focus on the 

modules included in FASST. Detailed equations used in each of these modules are 

available in Frankenstein and Koenig (2004a, 2004b) and Frankenstein (2008b). 

 

Figure 10. FASST Program Flowchart (Frankenstein 2011) 
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 1) SOLAR RADIATION MODEL 

 Total solar radiation (or shortwave radiation) consists of two parts: direct and 

diffuse. The magnitude of each component is dependent on cloud cover. If radiation has 

to travel through deep cloud layers, direct radiation will decrease, while diffuse radiation 

will increase until a certain threshold is passed, after which it will decrease. The FASST 

solar radiation model was developed by Shapiro to determine downwelling solar 

irradiance (Frankenstein and Koenig 2004a); this determines the amount of solar energy 

that can be absorbed by the ground based on cloudiness and angle at which radiation is 

being received. The FASST model also determines the amount of solar irradiance 

reflected due to albedo based on ground type and conditions. Output from this model 

includes surface downwelling, reflected, and net solar flux (W/m
2
) (Frankenstein and 

Koenig 2004a). 

 

 2) INFRARED RADIATION MODEL 

 Net infrared radiation measurements (upwelling + downwelling) are not readily 

available and must be calculated according to cloud conditions and surface optical and 

physical properties. A majority of the downwelling component is located in the lower 

part of the atmosphere where there are higher values of relative humidity. FASST accepts 

cloud conditions and amounts as well as cloud type and surface category to calculate this 

component of infrared radiation. FASST‟s calculations of upwelling infrared radiation, 

which consists of emitted and reflected downwelling IR, takes into account air 

temperature, relative humidity, surface temperature, cloud conditions and types, as well 

as cloud base heights. The infrared radiation model outputs downwelling, upwelling, and 
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net infrared radiation in W/m
2
, similarly to the solar radiation model (Frankenstein and 

Koenig 2004a). 

 3) SOIL TEMPERATURE MODEL 

 FASST determines soil moisture based on soil temperature of the previous time 

step, soil moisture, and surface forcing (which is a function of time, wind, relative 

humidity, precipitation, air temperature, and cloud conditions). This model utilizes 

incoming radiation, heat absorbed and emitted by the surface based on its moisture 

profile, sensible and latent heat fluxes, as well as the interaction between the atmosphere 

and ground when cooling or heating snow or rain that has accumulated. Surface 

properties must be taken into account such as albedo, emissivity, and thermal 

conductivity and diffusivity (dependent on soil moisture and temperature). These 

properties are determined by soil type according to the Unified Soil Classification System 

(USCS) (Fig. 11). FASST uses this classification because of the soil strength model. 

Other land-surface models typically use the USDA/triangle classification (Frankenstein 

and Koenig 2004a, 2008b). 
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Figure 11. Unified Soil Classification System (Virginia Department of Transportation 

2003) 

 

 4) SOIL MOISTURE AND STRENGTH MODEL 

 The purpose of this model is to calculate the changes in the state of soil moisture 

with time. In order to determine these changes, the precipitation, evaporation, and 

condensation rates have to be taken into account. The latter two are dependent on the 

moisture difference between the air and surface. The USCS classification is based upon 

soil properties such as conductivity, residual water content, maximum water content, and 

pressure head (based on pore distribution). Soil strength, which is dependent on soil 

moisture and type, indicates the soil's ability to withstand stresses applied to it. This gives 
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a measurement of trafficability based on vehicle type.  

 

 5) GROUND STATE MODEL 

 The purpose of this component (which is contained in the soil temperature 

module) is to perform calculations of ground freezing and thawing to determine ground 

conditions and how they are changing with each time step. This is done by calculating the 

energy needed to change the ground state (freeze or thaw) and comparing it to the actual 

energy available. If partial freezing or thawing is occurring, the energy applied to that 

process is subtracted from the remaining amount of energy (Frankenstein and Koenig 

2004a, 2008b). 

 

6) SNOW AND MELTWATER OUTFLOW MODEL 

 Snow accretion and depletion are especially important to land-surface modeling 

for cold and alpine environments. FASST considers snow accretion through two possible 

input scenarios: there is precipitation in the form of snow or there is rainfall with 

temperatures below freezing. Snow is considered to be melting when there is sufficient 

energy to allow for this process. The meltwater portion of this model is concerned with 

snowmelt flowing through capillaries of the remaining snowpack due to the effects of 

gravity and permeability. Permeability, or porosity, of the snow is considered to be 

dependent on grain size and snow density. Temperature, wind speed, net solar and 

infrared radiation, precipitation amount/type are inputs to the model to calculate and 

output snow depth and meltwater volume (Frankenstein and Koenig 2004a). 
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7) ICE THICKNESS MODEL 

 Arguably the most important component of FASST to this project is the ability to 

predict ice accretion on/near the ground. The model considers ice to be forming when the 

ground temperature is below freezing and there is rain-type precipitation. The ice surface 

is only considered to grow when there is no snow; otherwise precipitation is assumed to 

penetrate the existing snowpack. Like FASST‟s snow model, energy is a determining 

factor for ice to be melting/decaying in this model (Frankenstein and Koenig 2004a). 

 

 8) FASST OUTPUT 

 At each time step, FASST outputs meteorological and soil profile data. 

Meteorological data include variables in Table 7 with the following additional calculated 

variables: 

 Soil Surface Moisture (% vol, % mass) 

 Surface Rating Cone Index 

 Freeze/Thaw Depth (m) 

 State of the Surface (frozen/thawed/unfrozen) 

 Visibility (km) 

 Aerosol Type (0=unknown, 1=none, 2=mist, 3=dust, 4=smoke, 5=haze, 

6=ocean spray, 7=sand, 8=volcanic ash, 9=other) 

 Snow Density (kg/m
3
) 

 Slippery Indicator for Mobility (0=not slippery, 1=wet, 2=ice, 3=snow) 

           (Frankenstein and Koenig 2004a) 

FASST is designed to write these outputs into files, but as seen in Chapter 3, Data and 

methodology, WRF had to accept some of these variables to update model data for future 

time steps rather than have FASST write these outputs to file. 
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d. Plymouth State University (PSU) WRF-ARW Efforts 

 Focusing on the Presidential Mountain Range of New Hampshire under the 

NASA Experimental Program to Stimulate Competitive Research (EPSCoR) Icing 

Assessments in Cold and Alpine Environments project, one of the main goals is to create 

a customized, high resolution model to predict and assess ice accretion in complex terrain 

(Koermer 2011). Derek V. Mallia installed the Advanced Research WRF (WRF-ARW) 

onto the Plymouth State University (PSU) „snow‟ cluster computer system and tested its 

sensitivity to input from the North American Model (NAM) and Global Forecasting 

System (GFS). He concluded that the WRF-ARW was a sound model running with 

similar results from both NAM- and GFS-initialized runs (Mallia 2011).  

Dana Strom continued this project by including the NASA Glenn Research Center 

(GRC) LEWis ICE accretion program (LEWICE) algorithm and performing sensitivity 

tests to compare the WRF-ARW‟s available microphysics packages. He found that they 

yielded similar results in predicting ice load throughout three icing cases in the 

Presidential Mountain Range (Strom 2012).  

The purpose of this research is to couple the FASST land-surface model with the 

WRF to improve icing forecasts in complex terrain. Coupling FASST with the WRF-

ARW may improve icing forecasts because of its sophisticated approach to handling 

processes such as meltwater, freezing, thawing, and others that would affect the water 

and energy budget and in turn affect icing forecasts. 
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CHAPTER 2 

 

2. Considerations, methodologies, and configuration/validation 

 When deciding how to perform the task of making two models work together, 

there are many factors to consider such as how intricately you want the models to work 

together, the structure of both models, and finally how to proceed with coupling the 

models. The purpose of this research is to fully couple the FASST land-surface model so 

that it can treated as another land-surface modeling option when running the WRF-ARW. 

With this intricate, full coupling in mind as the final goal, the structures of both the WRF-

ARW and FASST land-surface model had to be considered. 

 

a. WRF-ARW structure and configuration 

 When calling a land-surface model as well as other physics components, a driver 

program passes meteorological variables to the scheme based on the option chosen in the 

namelist file. These variables are passed through subroutines that will later be used by the 

chosen land-surface model scheme. The surface driver (/phys/module_surface_driver.F) 

is the primary driver used for calling land-surface models as well as urban schemes.  

 

b. FASST structure 

 Originally intended to serve as a stand-alone model, FASST is designed to read 

meteorological variables from a file whose name is specified in the main input file. This 

input file also specifies other variables such as whether the model is running over a grid 

or at a single point, output file names, vegetation type, initial snow/ice thickness, surface 



25 

 

roughness length, number of soil layers, and soil type (Fig. 12). While reading in 

meteorological data, FASST assigns values to an array where columns are reserved for 

specific variable. For example,met(i, ip_ap) and met(i, ip_rh) are reserved for air pressure 

and relative humidity, respectively, and "i" is the time step. Missing values are either 

calculated (incoming solar and infrared energy) or assigned a default (wind, relative 

humidity). This array is used is initialize the surface condition. These values are specified 

in Table 7. Finally, the altered array is passed through the main function for calculating 

values through the supporting models (Chapter 1, section c). 

 

 
Figure 12. FASST Input File 
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 Several transformations had to take place in order for FASST and the WRF-ARW 

to work together as fully coupled models. Changes had to be made to the WRF-ARW 

build mechanisms (Chapter 1, section a) so that FASST would be recognized as a new 

option that could be chosen through the namelist and compiled with other modules. 

Similarly, FASST had to be altered to no longer read meteorological data from a file, but 

accept input from WRF-ARW at each time step in a way that did not alter the integrity or 

run-time processes of the model.  

 

c. Adding FASST to WRF registry and build mechanisms 

 Before making changes to FASST, it had to be compiled with other WRF-ARW 

modules and included in the physics calling procedure. 

 

1) EDITING MODULES AND MAKEFILE 

  FASST and its critical components were transformed to .F (FORTRAN77) files 

from the original .F95 (FORTRAN 95) files. This was done through a simple re-naming 

of the files which then had to be added to the /phys directory Makefile where the 

dependencies between FASST modules also had to be specified (Fig. 13). Upon first 

compiling after adding these files to the Makefile, errors indicated that there were some 

FASST variables that conflicted with those defined in WRF-ARW. These included 

ALBEDO, DELTAT, and SLOPE, which were changed to ALBED0, DELTAT0, and 

SL0PE, respectively, in all FASST modules and subroutines.  

 

MODULES = \ 

fasst_global.o \ 

fasst_main.o \ 
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module_canopy.o \ 

module_lowveg.o \ 

module_snow.o \ 

faast_functions.o \ 

flow_param.o \ 

icethick.o \ 

albedo_emis.o \ 

initprofile.o \ 

initsurface.o \ 

initwater.o \ 

missing_met.o \ 

module_radiation.o \ 

module_zerovars.o \ 

new_profile.o \ 

open_water.o \ 

read_complex.o \ 

read_old_data.o \ 

sflux.o \ 

smooth.o \ 

soil_moisture.o \ 

soil_strength.o \ 

soil_tmp.o \ 

sp_humid.o \ 

sub_divide.o \ 

surfenergy.o \ 

th_param.o \ 

US_soil_tools.o \ 

write_outputs.o \ 

module_sf_fasst.o \ 

# DEPENDENCIES : 

module_sf_fasst.o: ../share/module_model_constants.o \ 

faast_global.o \ 

module_zerovars.o 

faast_main.o: fasst_global.o \ 

module_canopy.o \ 

module_lowveg.o \ 

module_snow.o 

 

faast_functions: fasst_global.o 

module_canopy.o: fasst_global.o 

module_lowveg.o:fasst_global.o 

module_snow.o:fasst_global.o 

flow_param.o: fasst_global.o 

icethick.o: fasst_global.o 
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albedo_emis.o: fasst_global.o 

initprofile.o: fasst_global.o 

initsurface.o: fasst_global.o \ 

module_canopy.o \ 

module_lowveg.o 

missing_met.o: fasst_global.o \ 

module_radiation.o 

module_radiation.o: fasst_global.o 

new_profile.o: fasst_global.o 

open_water.o: fasst_global.o \ 

module_canopy.o \ 

module_lowveg.o \ 

module_snow.o 

read_complex.o: fasst_global.o \ 

module_sf_fasst.o 

read_old_data.o: fasst_global.o 

sflux.o: fasst_global.o 

smooth.o: fasst_global.o 

soil_moisture.o: fasst_global.o 

soil_strength.o: fasst_global.o 

soil_tmp.o: fasst_global.o 

sp_humid.o: fasst_global.o 

sub_divide.o: fasst_global.o 

surfenergy.o: fasst_global.o \ 

module_lowveg.o 

th_param.o: fasst_global.o 

US_soil_tools.o: fasst_global.o 

write_outputs.o: fasst_global.o   

 

module_surface_driver.o: \ 

  module_sf_fasst.o \ 

Figure 13. FASST dependencies in /phys/Makefile 

 

 

2) INCLUDING FASST IN WRF-ARW PHYSICS CALLING PROCEDURE 

The next step taken in integrating FASST into the WRF-ARW physics was to add 

a new land-surface scheme to the Registry which allows it to be chosen in the namelist at 

runtime. To accomplish this, FASST was added as a new package to the Registry, given 

the name “FASSTSCHEME”, and a namelist option of 13. From this point onward, 

WRF-ARW can recognize the new land-surface model as “FASSTSCHEME” and the 
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user can choose sf_surface_physics option 13 to use FASST for land-surface processes in 

the WRF-ARW model (Fig. 14). 

 

packagefasstscheme(sf_surface_physics==13)-  - 

Figure 14. FASST package addition to Registry/Registry 

 

 After including FASST in the Registry, it also had to be added to the physics 

initialization as well as the surface driver responsible for passing variables to the land-

surface schemes (Fig. 15). Routines were added to both files and included in the FASST 

driver (as seen in Chapter 2, section d). 

 

USE module_sf_fasst 

 

CASE (FASSTSCHEME) 

CALL fasst (wspd, u10, v10, p_phy, t_phy, tmn, gsw, yr, julian_in, rainbl, q2, psfc,& 

                            t2,ims,ime,jms,jme,kms,kme,num_soil_layers,i_start(ij),i_end(ij),& 

                            j_start(ij),j_end(ij),glw,hfx,qfx,lh,albedo,capg,tsk,qsfc,chklowq,& 

               flhc,flqc,xland,snowh,ivgtyp,isltyp,slope,slp_azi,xlat,xlong,z0,z,& 

zs,smois,sst)  

Figure 15. Physics driver FASST case 

 

d. Editing FASST to run with WRF-ARW input 

 After adding FASST to the WRF-ARW structure and editing files for the new 

physics package to be called, the land-surface model had to be altered to accept WRF-

ARW data as input. As discussed in Chapter 1, section c, FASST was designed as a 

stand-alone model to read meteorological input from a file. The main module of concern 

is fasst_driver which controls the operation of the model, including reading input. 

 

1) MODIFYING THE FASST DRIVER TO ACCEPT WRF-ARW INPUT 

 The section of the driver responsible for reading meteorological data from an 

input file was commented out so that data being passed from the WRF-ARW physics 
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driver (Fig. 15) could be assigned. When beginning the coupling, the main goal was to 

run a very simple case through an entire time step. For simplicity, other processes such as 

reading soil and vegetation input were bypassed and re-introduced at a later time. The 

WRF-ARW variables were assigned to FASST‟s meteorological array through a loop 

structured to run over all grid points. For the purpose of being able to run the coupled 

model in parallel, the loop indexing was designed to follow tile indices created by WRF-

ARW when distributed among multiple processors.   

 When assigning FASST‟s meteorological variables, they had to be matched with 

their WRF-ARW counter-part, keeping in mind variable units. In addition, certain 

variables had to be calculated from WRF-ARW input since they are  not readily available 

to be passed through the physics driver (Table 8). 

 

Table 8. FASST and corresponding WRF-ARW variables  

FASST variable WRF-ARW variable 

Temperature T2 

Pressure PSFC 

Wind Speed WSPD 

Wind Direction Calculated 

Precipitation Rate rainbl 

Soil Moisture SMOIS 

Year year 

Day julian_in 

Long Wave Radiation GLW 

Short Wave Radiation GSW 

Soil Temperature t_phy (bottom level) 

Solar Azimuth Angle slp_azi 

 

  After debugging and successfully running through a time step with WRF-ARW 

input, the previously mentioned sections of the FASST driver that read in soil and 

vegetation were re-introduced. At this time, FASST variables and calculations had to be 
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assigned to WRF-ARW output variables (such as heat and moisture fluxes) so that these 

data could be updated based on FASST‟s determined land-atmosphere interactions. 

Debugging was required for an error occurring at the radiation-scheme time step in WRF-

ARW which was remedied by adding calculations of diagnostic variables before and after 

FASST was called by the physics driver (discussed further in Chapter 2, section f) . After 

this addition, the WRF-ARW was able to run through entire forecast periods utilizing 

FASST as its land-surface model option. 

 

 2) WATER AND LAND PROPERTY DISTINGUISHING FOR GRID POINTS  

 After being able to run through multiple time steps, a 3-hour forecast was run to 

catch any initial errors that may be occurring. Hot and cold temperature pools rapidly 

developed in lake and ocean regions. This was remedied by correcting the type of heat 

flux (sensible instead of radiation) to the outgoing WRF-ARW variable. The oceans and 

lakes still showed a slightly warm bias after which it was realized that the water flag 

indicating an open water grid point was not being updated for each grid point during a 

time step (Fig.16). The FASST driver was re-arranged to move water and land properties, 

including soil and vegetation, to the main calculation loop so that each grid point would 

be identified as land or water according to WRF-ARW‟s flag value (XLAND where 1 

indicated land and 2 indicated water). After this change, the same forecast produced 

considerably cooler water areas and allowed the cooler pockets of air seen in the initial 

conditions to remain (Fig.17). It is important to note that FASST was never intended to 

model oceans, but to be used specifically for land. 
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Figure 16. Output from the 3-hour forecast test before land/water distinguishing 
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Figure 17. Output from the 3-hour forecast test after land/water distinguishing 

 

After making the distinction between land/water points, forecasts were run using 

the FASST land-surface model and default Noah land-surface model on the icing data 

November 23-24, 2011 (Chapter 2, Section 3b). The water points utilizing the FASST 

land-surface model were noticeably warmer than those from the Noah model. It was 

determined that the Noah model‟s output of the water points, particularly the oceans, was 

more accurate from looking at buoy data. Considering that the scope of this project 
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focuses on short-term icing forecasts, the oceans would not noticeably change 

temperatures within the time frame of interest so the FASST driver had a case statement 

added to bypass updating the moisture and heat fluxes in the case of a water grid point. 

Running the forecast after this change yielded more similar results in the ocean 

temperatures between the land surface models (Figures 18 and 19). 

 

 
Figure 18. 2m forecast temperatures for (a) FASST and (b) Noah 
 

3) SOIL AND VEGETATION PROPERTIES 

Up to this point, constant/default vegetation and soil types have been used. To 

increase accuracy in portraying the geographical region we are modeling, WRF-ARW 

vegetation and soil types determined by the WRF Preprocessing System (WPS), ivgtyp 

and isltype, respectively, were passed through the driver for FASST usage. Recent 

updates to FASST had been made to allow for different vegetation and soil 

classifications. Parts of these updates were used to convert the incoming WRF-ARW 

vegetation and soil types to those recognized by FASST.  

(a) (b) 
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Incoming WRF-ARW vegetation is based on MODIS classification (Fig.18) and 

was transformed to FASST recognizable types based on an array structure where the 

MODIS-typed vegetations were matched with the closest pre-existing FASST vegetation 

types (Table 9) and assigned to the FASST low vegetation variable, veg_typel. WRF-

ARW vegetation descriptions/variables are found in /run/VEGPARM.TBL. 

An important issue to note is that FASST makes use of high vegetation (canopy) 

types in calculating its energy budget. WRF-ARW, however, does not have a high-

vegetation type variable. Instead, the height of this canopy is indirectly represented in the 

surface roughness (wrfhelp). A test case was run without a canopy to observe the effects 

of not including high vegetation in the model. The surface was considerably warmer. 

With the forested regions of the presidential mountain range realistically containing 

deciduous trees, this canopy category was chosen for the grid to be used by the FASST 

land-surface model.  

 

Table 9. WRF-ARW Vegetation MODIS type and FASST equivalence 

IVGTYP WRF-ARW Vegetation VEG_TYPL FASST Vegetation 

1 Evergreen needle-leaf 3 Evergreen needle-leaf  

2 Evergreen broadleaf 6 Evergreen broadleaf            

3 Deciduous needle-leaf 4 Deciduous needle-leaf          

4 Deciduous broadleaf 5 Deciduous broadleaf            

5 Mixed forests 18 Mixed woodland  

6 Closed shrublands 16 Evergreen shrub  

7 Open shrublands 16 Evergreen shrub  

8 Woody Savannas 18 Mixed woodland  

9 Savannas 7 Tall grass  

10 Grasslands 2 Short grass  

11 Permanent Wetlands 13 Bog/marsh  

12 Croplands 10 Irrigated crop  

13 Urban and built-up 0 None  

14 Cropland/natural vegetation 

mosaic 

1 Crop/mixed farming  

15 Snow and Ice 12 Ice cap/glacier  
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16 Barren or sparsely vegetated 8 Desert  

17 Water 14 Inland Water  

18 Wooded tundra 9 Tundra  

19 Mixed tundra 9 Tundra  

20 Barren tundra 9 Tundra  

 

 Soil, likewise, had to be converted from WRF-ARW integer descriptions found in 

the variable isltyp to those recognized by FASST‟s stype (Table 10). Although FASST‟s 

new update had a complete overhaul to use integer soil types, the part of this update 

containing type conversion was used and a subroutine was added to transform this integer 

to its string equivalent recognized by the version of FASST used in this study. 

 

Table 10. WRF-ARW soil type and FASST equivalence 

ISLTYP WRF-ARW Soil STYPE FASST Soil 

1 Sand 6  Poorly graded sands 

2 Loamy sand 7  Silty sands 

3 Sandy loam 7  Silty sands 

4 Silt loam 9  Inorganic silts and very find sands 

5 Silt 9  Inorganic silts and very find sands 

6 Loam 9  Inorganic silts and very find sands 

7 Sandy clay loam 8  Clayey sands 

8 Silty clay loam 10  Inorganic clays of low to medium 

plasticity 

9 Clay loam 10  Inorganic clays of low to medium 

plasticity 

10 Sandy clay 8 Clayey sands 

11 Silty clay 12 Inorganic silts 

12 Clay 12 Inorganic silts 

13 Organic material 15 Peat and other organic soils 

14 Water 26 Water 

15 Bedrock 25 Bed rock - assumed to be granitic 

16 Other (land-ice)   

17 Playa   

18 Lava   

19 White sand   
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e. Updating soil temperature 

 The first 12-hour forecast run as a comparison against the WRF-ARW's Noah 

land-surface model proved to be vastly different. After comparing both outputs against 

observation for soil temperatures, FASST was found to not be sufficiently updating soil 

temperatures. At first this was thought to be an issue of reading old meteorological and 

soil temperature values for flux equations, but it was later revealed to be the exclusion of 

a function call from the original FASST driver that zeros out variables assigned later in 

the model. After inclusion of this subroutine, FASST output showed soil temperatures 

changing throughout the forecast.  

 

f. Other coupling considerations 

 After successfully running through the first time step, a 3-hour forecast was run to 

determine stability. After approximately 3 minutes of forecast time, the model would 

encounter errors resulting in NaN values despite each individual time step appearing to 

run through FASST without errors until this point. After examining other land-surface 

model call structures to determine if there was a critical piece obviously missing, the only 

significant difference found was the inclusion of diagnostic variable calculations. After 

adding this code to the required positions before and after FASST‟s routine call, the 

model was able to run through the full 3-hour forecast (Fig. 20). 
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  DO j=j_start(ij),j_end(ij) 

     DO i=i_start(ij),i_end(ij) 

!       CQS2 ACCOUNTS FOR MAVAIL FOR SFCDIAGS 2M Q 

CQS2(I,J)= CQS2(I,J)*MAVAIL(I,J) 

     ENDDO 

  ENDDO 

 

FASST CALL 

 

  DO j=j_start(ij),j_end(ij) 

     DO i=i_start(ij),i_end(ij) 

CHKLOWQ(I,J)= 1.0 

TH2(I,J) = T2(I,J)*(1.E5/PSFC(I,J))**RCP 

SFCEVP(I,J)= SFCEVP(I,J) + QFX(I,J)*DTBL 

     ENDDO 

  ENDDO 

 

CALL SFCDIAGS(hfx,qfx,tsk,qsfc,chs2,cqs2,t2,th2,q2,psfc,cp,r_d,& 

rcp,ids,ide, jds,jde, kds,kde,ims,ime,jms,jme,& 

kms,kme,i_start(ij),i_end(ij), j_start(ij),& 

j_end(ij),kts,kte) 

Figure 19. Surface diagnostics applied in surface driver 

 

 

g. WRF-ARW configuration 

 As an earlier goal of the NASA/EPSCoR project, WRF-ARW had been 

configured with nested domains over the forecast area (Mallia 2011). A 3:1 nesting ratio 

is used with apparent domain of 12-km resolution and child domain of 4-km resolution 

centered over the Presidential Mountain Range (Fig. 21). The WPS namelist 

specifications for this domain can be found in Appendix A. 
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Figure 20. Parent (D1) and nested domain (D2) used for the PSU WRF-ARW 

centered over the Presidential Mountain Range with topography height in the 

background. The topography in the parent domain is at 12-km resolution and  

4-km in the nested domain. (Mallia 2011) 

 

h. Validation data and instrumentation  

 With the FASST land-surface model becoming a new option under the WRF-

ARW for surface physics (sf_surface_physics = 13), it has to be tested with observed data 

to compare its performance and ability to forecast low-level icing in complex terrain. As 
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part of the NASA/EPSCoR project, observation stations were placed at critical areas in 

the presidential mountain range (Table 11 and Fig. 22). This instrumentation will provide 

us with observational data to compare to model output in order to assess the newly-

coupled model‟s performance. 

 

Table 21. Station locations, elevation, and map identifier 

Station  Location (lat, lon) Map 

Identifier 

Mt. Washington Cog Site 44.16N, 71.21W 1 

Mt. Mansfield, VT 44.32N, 72.48W 2 

Mt.Washington Summit 44.16N, 71.18W 3 

Cannon Mountain, NH 44.10N, 71.41W 4 

 

 
Figure 21. Instrumentation location (Google maps) 

 

 

 Dates used for verification were determined based on the duration and intensity of 

the icing event (Table 12) (Rathbun 2012). The LEWICE algorithm implemented in a 

2 

1 3 
4 
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previous project (discussed in Chapter 1, section d) will be used to assess WRF-ARW 

output utilizing the FASST land-surface model as well as output utilizing other available 

land-surface models. 

 

Table 12. Icing events and durations (2001-2012) 

Start Time End Time Total Duration (hours) 

07 April 11 UTC 11 April 07 UTC 93 

29 January 21 UTC 02 February 11 UTC 87 

16 February 23 UTC 19 February 12 UTC 62 

28 March 15 UTC 30 March 23 UTC 57 

12 January 11 UTC 14 January 16 UTC 54 

21 October 05 UTC 23 October 07 UTC 51 

12 February 11 UTC 14 February 10 UTC 48 

17 January 03 UTC 19 January 00 UTC 46 

09 December 22 UTC 11 December 15 UTC 42 

24 February 20 UTC 26 February 13 UTC 42 

04 April 23 UTC 06 April 16 UTC 42 

29 October 23 UTC 31 October 15 UTC 41 

08 December 00 UTC 9 December 13 UTC 38 

02 January 00 UTC 03 January 13 UTC 38 

24 January 06 UTC 25 January 19 UTC 38 

16 December 04 UTC 17 December 16 UTC 37 

24 October 23 UTC 26 October 09 UTC 35 

17 November 17 UTC 19 November 03 UTC 35 

07 January 17 UTC 09 January 03 UTC 35 

15 February 00 UTC 16 February 10 UTC 35 

11 November 08 UTC 12 November 16 UTC 33 

04 March 21 UTC 06 March 04 UTC 32 

17 October 22 UTC 19 October 04 UTC 31 

25 December 12 UTC 16 December 17 UTC 30 

28 December 08 UTC 29 December 12 UTC 29 

13 December 15 UTC 14 December 19 UTC 29 

05 January 03 UTC 06 January 05 UTC 27 

03 November 22 UTC 04 November 23 UTC 26 

31 December 10 UTC 01 January 11 UTC 26 

23 November 05 UTC 24 November 05 UTC 25 

06 January 09 UTC 07 January 09 UTC 25 

19 January 22 UTC 20 January 22 UTC 25 

01 March 02 UTC 02 March 01 UTC 24 

26 March 03 UTC 27 March 02 UTC 24 
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CHAPTER 3 

3. Results and discussion 

 Several icing events were available to test the newly coupled model as well as the 

performance of other available land-surface models from the WRF-ARW. A variation of 

event intensities and durations from these events were chosen to give a broader view of 

the land-surface models‟ abilities to accurately predict icing in complex terrain. Non-

icing events were also used in testing to ensure the land-surface models were not 

predicting ice in the events where none occurred (Table 13). 

Table 13. Events used for testing 

Event Start 

Date/Time 

Event End 

Date/Time 

Duration Intensity Forecast Date/Time 

19 Jan/22 

UTC, 2012 

20 Jan/22 

UTC, 2012 

24 hrs Very Light Icing 19 Jan/12 UTC – 20 

Jan/00 UTC, 2012 

23 Nov/05 

UTC, 2011 

24 Nov/05 

UTC, 2011 

24 hrs Very Light Icing 23 Nov/00 UTC – 23 

Nov/06 UTC, 2011 

16 Dec/04 

UTC, 2011 

17 Dec/16 

UTC, 2011 

37 hrs Light/Very Light 

Icing 

15 Dec/18 UTC-16 

Dec/06 UTC, 2011 

18 Jun/12 

UTC, 2012 

19 Jun/00 

UTC, 2012 

N/A No Icing 18 Jun/12 UTC-19 Jun/00 

UTC, 2012 

 

a. January 19 12 UTC – January 20 00 UTC, 2012 

 This icing event was used throughout the majority of the FASST coupling process 

for debugging purposes. As shown in Table 14, the newly coupled land-surface model 

varied in its performance, as did some of the other land-surface models (as is the case for 

other testing dates which we will see later). The initialization temperatures for Plymouth, 

NH (K1P1) were approximately 4.6°C warmer than observed temperatures and 

Bennington, VT temperatures showed the largest difference with a 8.87°C warm bias 

(Fig. 23). 
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Table 14. Actual and forecast 2m temperatures (°C) for January 19, 2012 icing  

event 

 

January 19, 2012

MWN K1P1 Waterville Bennington

ACTUAL -16 -18.5 -18 -20

FASST -16.0306 -13.8572 -21.3102 -11.1331

NOAH -16.0306 -13.8572 -21.3102 -11.1331

Thermal Diffusion -16.0306 -13.8572 -21.3102 -11.1331

RUC -16.0306 -13.8572 -21.3102 -11.1331

MWN K1P1 Waterville Bennington

ACTUAL -18 -12.2 -12 -17.8

FASST 10.67 -11.5237 -17.6106 3.91226

NOAH -10.5539 -10.2558 -12.5829 -5.9812

Thermal Diffusion -11.4315 -11.9773 -13.7788 -7.69107

RUC -11.5624 -10.9708 -14.8303 -7.03427

MWN K1P1 Waterville Bennington

ACTUAL -16 -7 -9 -8.3

FASST -3.67584 -11.4619 -17.264 4.2821

NOAH -6.12122 -7.09 -8.0675 -2.29495

Thermal Diffusion -6.87585 -9.14864 -8.62161 -4.67102

RUC -5.86404 -7.29974 -8.36731 -3.11398

MWN K1P1 Waterville Bennington

ACTUAL -22.9 -4.6 -7 -6.7

FASST 5.35101 -11.4025 -18.4721 -6.44232

NOAH -7.78146 -8.30069 -9.25931 -2.84967

Thermal Diffusion -6.55624 -8.31091 -8.30777 -2.60962

RUC -7.04721 -8.35004 -7.95535 -2.55573

MWN K1P1 Waterville Bennington

ACTUAL -20 -5.3 -11 -6.7

FASST 4.42929 -11.1411 -18.8129 -2.2341

NOAH -8.11649 -8.19983 -12.4283 -2.78091

Thermal Diffusion -7.36905 -7.93607 -10.9738 -2.34802

RUC -9.60843 -8.49368 -12.6997 -3.20129

12z

15z

18z

21z

0z
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Figure 22. Initialization conditions for surface temperature  

(12 UTC January 19, 2012) 

 

 After three hours (Fig. 24) into the forecast, all land-surface models continued to 

show warm bias with FASST showing the largest difference from the observations at 

Mount Washington with temperatures well above 0°C. Bennington, VT also showed 

similar results from the land-surface models in terms of warm bias and FASST showing 

2m temperatures above 0°C. Interestingly, FASST performed similar to the other models 

in forecasting Plymouth, NH and Waterville, ME with the Thermal Diffusion Scheme 

and Noah land-surface models forecasting closest to observations for the respective 

stations. 
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Figure 23. Land-surface model surface temperature forecasts  

(15 UTC January 19, 2012) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion  

 After six hours from initiation at 18 UTC (Fig. 25), FASST continued to have the 

warmest bias for Bennington, VT and Mount Washington, but forecasted temperatures 

colder than observed for Plymouth, NH and Waterville, ME. All land-surface models 

were at least 9°C warmer than Mount Washington's observations with the closest 

temperatures being those from the Thermal Diffusion Model. For Plymouth, Waterville, 

and Bennington the best model performance were from using the Noah (K1P1), and 

Thermal Diffusion Schemes. 

 

(a) (b) 

(c) (d) 
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Figure 24. Land-surface model surface temperature forecasts  

(18 UTC January 19, 2012) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 

 

 At 21 UTC (Fig. 26), the same biases continued, but FASST stuck out as the most 

accurate forecast for Bennington, VT with temperatures only showing a 0.3°C difference 

from observations while the remaining land-surface models gave similar temperatures 

ranging from -2.8°C to -2.55°C when the observed was -6.7°C (and FASST showed  

-6.44°C). 

 

(a) (b) 

(c) (d) 
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Figure 25. Land-surface model surface temperature forecasts  

(21 UTC January 19, 2012) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 

 

 By 00 UTC, when icing was occurring (Fig. 27), all models showed a warm bias 

for Mount Washington (with FASST once again being the warmest at 4.43°C). Thermal 

Diffusion became the most accurate for Plymouth, NH and Waterville, ME with FASST 

showing a cold bias. Finally, for Bennington, VT the RUC showed the closest 2m 

temperatures with FASST performing closely to the other land-surface models. 

 

(a) (b) 

(c) (d) 
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Figure 26. Land-surface model surface temperature forecasts  

(00 UTC January 19, 2012) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 

 

b. December 15 18 UTC – December 16 06 UTC, 2011 

 Initialization temperatures from the GFS were much closer to the observed 

temperatures for Mount Washington than the previous case with the largest difference of  

3.3°C for Bennington, VT (Table 15 and Fig. 28).  

 

 

 

 

(a) (b) 

(c) (d) 
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Table 15. Actual and forecast 2m temperatures (°C) for December 16, 2011 icing  

event 

 

 

December 16, 2011

MWN K1P1 Waterville Bennington

ACTUAL 0 1.5 5 7.2

FASST 1.87234 2.52133 2.16629 3.3905

NOAH 1.87234 2.52133 2.16629 3.3905

Thermal Diffusion 1.87234 2.52133 2.16629 3.3905

RUC 1.87234 2.52133 2.16629 3.3905

MWN K1P1 Waterville Bennington

ACTUAL 0 1.6 7 9.4

FASST 5.89224 5.91 5.22281 5.18219

NOAH 4.63684 3.55389 3.64288 7.1687

Thermal Diffusion 5.09692 4.34824 4.05872 7.16562

RUC 1.87234 2.52133 2.16629 3.3905

MWN K1P1 Waterville Bennington

ACTUAL 0 1.8 8 10

FASST 6.14587 5.85501 5.29498 5.24213

NOAH 5.35181 4.83145 3.75552 7.51965

Thermal Diffusion 5.6286 5.57709 4.38504 7.78101

RUC 2.32028 2.47968 1.78598 6.29953

MWN K1P1 Waterville Bennington

ACTUAL 0 2.1 8 10

FASST 16.3116 5.64255 5.70926 5.74136

NOAH 3.81528 4.06256 3.91107 6.63901

Thermal Diffusion 5.08447 4.98697 4.58398 7.47052

RUC 4.80756 4.43365 3.56 6.79352

MWN K1P1 Waterville Bennington

ACTUAL -1 0.9 8 10

FASST 8.04501 5.86572 5.72992 5.48642

NOAH 3.39001 3.56372 3.97614 6.72919

Thermal Diffusion 3.67636 4.36542 4.79221 7.18448

RUC 4.05219 3.89523 4.13791 6.73318

18z

21z

0z

3z

6z
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Figure 27. Initialization conditions for surface temperature  

(18 UTC December 15, 2011) 

 

 At 21 UTC (Fig. 29), the model 2m temperatures showed little difference with the 

RUC performing best for Mount Washington and Plymouth, NH with the other land-

surface models showing slight warm biases. FASST forecasted the closest temperature of 

5.22°C for Waterville, ME which had an observed temperature of 7°C at 21 UTC. The 

Noah and Thermal Diffusion land-surface models both performed well for Bennington, 

VT, agreeing on values out to the hundredths place with a difference of 2.23°C from 

observed values. 

 



51 

 

 

 
 

 
Figure 28. Land-surface model surface temperature forecasts  

(21 UTC December 15, 2011) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 

 
 

 At 00 UTC (six hours into the forecast, Fig. 30), FASST continued to be the best 

performer for Waterville with a forecasted temperature of 5.29°C compared to the 8°C 

observation. Models once again performed closely to each other with the RUC continuing 

to predict 2m temperatures closest to the observed values for both Mount Washington 

and Plymouth. The Thermal Diffusion scheme began to perform slightly better for 

Bennington and resulted in the best 00 UTC forecast for that area. 

 

(a) (b) 

(c) (d) 
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Figure 29. Land-surface model surface temperature forecasts  

(00 UTC December 16, 2011) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 

 

 

 As seen in the former icing case, at 03 UTC (Fig. 31) FASST showed a spike with 

Mount Washington temperatures (it has also shown the warmest bias for that grid point 

throughout the forecast) with a 16.3°C warm bias, while the other models showed a 

maximum of 5.08°C warm bias with the best performer being the Noah land-surface 

model which was also narrowly the best performer for Plymouth. FASST was once again 

the best performer for Waterville as was the RUC model for Bennington. 

 

(a) (b) 

(c) (d) 
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Figure 30. Land-surface model surface temperature forecasts 

(03 UTC December 16, 2011) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 

 

 

 At the last time step of 06 UTC (Fig. 32), FASST still showed a warm bias for 

Mount Washington, but the gap became much less at a 9.05°C difference compared to the 

16.3°C difference of the previous time step. Noah continued to be the most accurate for 

Mount Washington and Plymouth at this time. FASST also continued to be the best 

performer for Waterville with a 3.73°C difference between forecasted and observed, as 

was the RUC for Bennington with a 3.18°C difference. 

 An important feature to note that is present in all of the forecast maps is the 

development of "hot spots". Although these values did not affect the completion of the 

(a) (b) 

(c) (d) 
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forecast period (the model did not crash due to instability), these values may have 

influenced 2m temperatures values in surrounding grid points, possibly accounting for the 

occasional spike in temperatures we have seen on the forecasts (especially for Mount 

Washington). 

 

 

 

 
Figure 31. Land-surface model surface temperature forecasts  

(06 UTC December 16, 2011) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 
 

 

 

 

(a) (b) 

(c) (d) 
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c. November 23 00 UTC – November 23 06 UTC, 2011 

 

 The initialization values for the November case were 5.89°C warmer than 

observed values for Mount Washington, 1.75°C colder for Plymouth, 2.3°C colder for 

Waterville, and 2.62°C colder for Bennington (Table 16 and Fig. 33). 

Table 16. Actual and forecast 2m temperatures (°C) for November 23, 2011 icing  

event 

 

November 23, 2011

MWN K1P1 Waterville Bennington

ACTUAL -8 0 -2 3.3

FASST -2.11 -1.75 -4.3 0.68

NOAH -2.11 -1.75 -4.3 0.68

Thermal Diffusion -2.11 -1.75 -4.3 0.68

RUC -2.11 -1.75 -4.3 0.68

MWN K1P1 Waterville Bennington

ACTUAL -7 0 -2 3.9

FASST 3.11 0.99 -0.62 1.84

NOAH -0.29 -1.55 -4.08 0.954

Thermal Diffusion -0.5 -1.94 -4.3 1.15

RUC -0.6 -1.84 -4.5 0.73

MWN K1P1 Waterville Bennington

ACTUAL -8 0 -1 2.8

FASST 20.54 0.67 -0.82 2.36

NOAH 0.29 -1.98 -2.81 -0.55

Thermal Diffusion 0.31 -1.59 -3 1.1

RUC 0.06 -1.76 -3.5 -0.06

00z

3z

6z
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Figure 32. Initialization conditions for surface temperature  

(00 UTC November23, 2011) 

 

FASST continued to show a warm bias during this icing case. However, in areas 

not affected by the warm bias, it performed closely to the other land-surface models. At 

three hours after initialization, all land-surface models showed a warm bias for Mount 

Washington with FASST being 10.11°C warmer than observed and the other models 

resulting in similar temperatures with the closest being 6.4°C warmer than observed. 

FASST forecasted the closest temperature to observed values for Plymouth with a 0.99°C 

difference. FASST also performed well with its Waterville and Bennington surface 

temperature forecasts differing from observed values by 1.38°C and 2.06°C, respectively 

(Fig. 34). 
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Figure 33. Land-surface model surface temperature forecasts  

(03 UTC November 23, 2011) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 

 

 

 At 06 UTC, FASST continued to be the best performer for Plymouth, Waterville, 

and Bennington with 0.67°C, 0.18, and 0.44 surface temperature differences, 

respectively. FASST increased its warm bias significantly, however, with a forecast 

almost 30°C above observed values (Fig. 35) for Mount Washington. 

(a) (b) 

(c) (d) 
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Figure 34. Land-surface model surface temperature forecasts  

(03 UTC November 23, 2011) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 

 

d. June 18 12 UTC – June 19 00 UTC, 2012 

This case was chosen for testing because no icing occurred within the domain. The 

initialization temperatures for Mount Washington were very close to observed values, 

however, the surface temperatures for Plymouth, Waterville, and Bennington were much 

colder than recorded values (Table 17 and Fig. 36). 

(a) 
(b) 

(c) (d) 
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Table 17. Actual and forecast 2m temperatures (°C) for June 18-19, 2012 non-icing 

 event 

 

June 18-19, 2012

MWN K1P1 Waterville Bennington

ACTUAL 12 24.7 24 25

FASST 11.99 13.43 14.68 12.75

NOAH 11.99 13.43 14.68 12.75

Thermal Diffusion 11.99 13.43 14.68 12.75

RUC 11.99 13.43 14.68 12.75

MWN K1P1 Waterville Bennington

ACTUAL 13 19.9 21 30.6

FASST 33.75 17.99 18.05 15.55

NOAH 19.91 19.43 20.88 20.55

Thermal Diffusion 18.81 17.64 20.27 19.3

RUC 18.41 17.38 19.35 19.58

MWN K1P1 Waterville Bennington

ACTUAL 13 19 20 17.8

FASST 35.23 17.96 18.08 19.2

NOAH 23.14 22.21 21.3 24.46

Thermal Diffusion 21.93 20.43 22.3 22.92

RUC 21.63 20.55 20.68 23.29

MWN K1P1 Waterville Bennington

ACTUAL 13 19 22 17.2

FASST 35.07 17.94 18.17 16.84

NOAH 23.5 22.39 22.47 24.91

Thermal Diffusion 22.76 20.96 21.15 23.81

RUC 22.75 21.21 21.52 24.23

MWN K1P1 Waterville Bennington

ACTUAL 11 21.8 24 23.3

FASST 35.12 18.1 18.14 16.92

NOAH 19.31 18.82 19.01 20.66

Thermal Diffusion 19.39 18.29 19.43 21.01

RUC 20.28 19.08 19.74 21.85

12z

15z

18z

21z

00z
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Figure 35. Initialization conditions for surface temperature  

(12 UTC June 18, 2012) 

 

 At 15 UTC, FASST once again showed a warm bias for Mount Washington with 

a forecasted value of 33.73°C compared to the observed surface temperatures of 13°C. 

The remaining land-surface models also showed slight warm biases with the closest 

forecast coming from the Thermal Diffusion scheme at 18.41°C. All land-surface models 

performed closely for both Plymouth and Waterville at this time step (with the most 

accurate forecast coming from the Noah land-surface model in both cases). Bennington 

experienced recorded surface temperatures of 30.6°C and the closest land-surface model 

was also Noah at 20.55°C (Fig. 36). 
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Figure 36. Land-surface model surface temperature forecasts  

(15 UTC June 18, 2012) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 

 

 This trend continued into 18 UTC with FASST showing an extreme warm bias for 

Mount Washington with the best performer being the Thermal Diffusion land-surface 

model. While all land-surface models performed similarly for Plymouth and Waterville 

with the RUC and Thermal Diffusion scheme performing best for each location, 

respectively, FASST made the most accurate forecast for Bennington with a difference  

of 1.4°C (Fig. 37) . 

(a) (b) 

(c) (d) 
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Figure 37. Land-surface model surface temperature forecasts  

(18 UTC June 18, 2012) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 

 

 FASST continued to be the best performer for Bennington at 21 UTC as well as 

the RUC land-surface model for Plymouth. The Noah land-surface model narrowly 

forecasted better than the Thermal Diffusion scheme for Waterville with a surface 

temperature forecast 0.47°C above the observed value. The Thermal Diffusion scheme, 

however, was the best performer for Mount Washington while FASST continued its 

warm bias (Fig. 38). 

(a) (b) 

(c) (d) 
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Figure 38. Land-surface model surface temperature forecasts  

(21 UTC June 18, 2012) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 

 

 The final time step at 00 UTC showed the land-surface models performing very 

closely for Plymouth as well as Waterville. The Thermal Diffusion scheme became the 

best performer for Bennington while the Noah land-surface model made the closest 

forecast for Mount Washington with a difference of 8.31°C from observed values (Fig. 

39). 

(a) (b) 

(c) (d) 
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Figure 39. Land-surface model surface temperature forecasts  

(00 UTC June 19, 2012) (a) FASST, (b) Noah, (c) RUC, (d) Thermal Diffusion 

 

e. Discussion 

 As seen in the results, FASST developed a warm bias in several regions, but 

performed similarly to the Noah, RUC, and Thermal Diffusion land-surface models in 

regions not affected by the warm bias. Several factors may come into play when 

analyzing why this warm bias manifested in FASST. First, it is important to state that 

FASST was designed to be utilized as more of a point model and has been altered to run 

over a grid so there could be underlying errors in the fact that it is now being used for a 

(a) (b) 

(c) (d) 
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purpose other than what it was intended for. In addition, there is a possibility of a warm 

bias existing within FASST and the addition of more WRF-ARW variables could be 

utilized to aid in reducing the warm bias. The most notable warm bias in the results was 

Mount Washington so there may also be elevation-related errors in calculations. Finally, 

the results typically showed FASST beginning to correct its warm bias further into the 

forecasts and these cases were run without any spin-up. Implementing spin-up time 

before the required forecast times may allow for some of the warm biases to be corrected 

before influencing later forecasts.  
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CHAPTER 4 

 

4. Final Remarks 

a. Summary 

 Icing poses several hazards in aviation by affecting the dynamics of flight as well 

as decreasing the performance of aircraft mechanics. Following the installation of the 

WRF-ARW, a flexible forecast model used for many purposes including research, on the 

Plymouth State University cluster, the purpose of this project was to couple the WRF-

ARW with the FASST land-surface model. This model was originally designed for 

military purposes and operated as a stand-alone model for point forecasts. This research 

required the WRF-ARW compile and run-time processes to be altered to include and 

utilize the FASST land-surfaced model during operation for forecasting the heat and 

moisture fluxes between the ground and atmosphere. FASST was altered to no longer be 

a stand-alone point model, but to run over a gridded domain and accept WRF-ARW input 

for meteorological variables as well as vegetation and soil categories for each grid point 

in order to provide resulting flux values.  

 During the coupling process, error sources were diagnosed and addressed as they 

presented themselves. Because FASST was not designed to run over water, a warm bias 

was seen in early results and the execution was altered to only calculate heat and 

moisture fluxes for grid points flagged by the WRF-ARW as land points. Diagnostic 

variables also had to be included before and after FASST execution within the physics 

driver.  
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 For testing and verification of the newly-coupled model, three icing and one non-

icing event(s) were chosen from a collection of events lasting at least 24 hours, compiled 

during previous work in the project. These dates included:  January 19th 12 UTC - 

January 20th 00 UTC (2012), November 23rd 00 UTC - 06 UTC (2011), December 15th 

18 UTC - December 16th 06 UTC (2011), and June 18th 12 UTC - June 19th 00 UTC 

(2012, non-icing). Four locations were chosen across the modeled domain: Mount 

Washington (NH), Plymouth (NH), Waterville (ME), and Bennington (VT) to evaluate 

the 2m temperature results that the WRF-ARW produced using the FASST, Noah, RUC, 

and Thermal Diffusion land-surface models. These grid points were chosen before final 

results were evaluated to avoid bias. 

b. Conclusions 

 During the beginning of the first event (January 19 12 UTC – January 20 00 UTC, 

2012), FASST showed a warm bias for Bennington and Mount Washington, but 

forecasted 2m temperatures were colder than those observed for Plymouth and 

Waterville. By the end of the forecast period, all of the land-surface models had a warm 

bias for Mount Washington with FASST performing closely to other models for 

Bennington, but having a slight cold bias for Waterville and Plymouth. 

  Continuing to show a warm bias for Mount Washington in the next case 

(December 15 18 UTC – December 16 06 UTC, 2011), FASST was the best performer 

for Waterville during the majority of the forecast. In addition, FASST and the other land-

surface models performed closely for Bennington and Plymouth with the Noah model 

performing best for Mount Washington.  

 FASST once again showed a warm bias for the November 23 00 UTC – 
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November 23 06 UTC, 2011 case, but performed closely to the other land-surface models 

for Bennington, Waterville, and Plymouth. During several hours of the forecast, FASST 

was the best performer for the 2m temperatures in these regions. 

  The final case, characterized by the lack of icing (June 18 12 UTC – June 19 00 

UTC, 2012), continued to show a warm bias for FASST near Mount Washington with 

FASST performing best at Bennington and closely to the other models for Plymouth and 

Waterville. By the end of the forecast period, the Thermal Diffusion scheme became the 

best performer for Bennington, but the land surface models performed closely for this 

location as well as Plymouth and Waterville.  

  In summary, when compared to the other land-surface models and observations, 

FASST showed a warm bias in several regions. As the forecasts progressed, FASST 

appeared to attempt to correct this bias and performed similarly to the other land-surface 

models and at times better than these land-surface models in areas of the domain not 

affected by this bias. The warm bias for Mt. Washington common to all models is most 

likely due to the model surface elevation being lower than the actual elevation for that 

area. 

c. Future work 

 To correct this warm bias, future investigation can be conducted into the 

reasoning behind this warm bias, including but not limited to: FASST operation and 

elevation modeling, WRF-ARW variables and forecasting methods, as well as allowing 

for spin-up prior to forecast times. Following the correction to the warm bias, FASST can 

be parallelized to allow for operational forecast performance and included in the WRF-
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ARW forecasting suite for future software releases.  

 To improve upon the NASA EPSCoR Icing Assessments in Cold and Alpine 

Environments project, several efforts could be implemented to attempt to improve upon 

the PSU WRF-ARW. The gridded domain is currently being run over a 12-km parent 

domain and 4-km inner domain. This could be improved upon by creating an additional 

inner domain with increased resolution (such as 1.33-km to maintain the current ratio) 

which may resolve smaller-scale processes. The elevation of Mount Washington as 

represented in the WPS has been found through outside research efforts to be lower than 

the actual height. This is an issue that may be rectified through higher-resolution 

topography or increased eta levels to improve upon accuracy for Mount Washington 

forecasts. Finally, WRF-ARW allows for the inclusion of observed values that may help 

to nudge the forecast closer to the observations in real-time operation.  
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APPENDIX A 

 

WPS Namelist 

 

&share 

wrf_core = 'ARW', 

 max_dom = 2, 

 start_date = '2012-01-17_00:00:00','2012-01-17_00:00:00' 

end_date   = '2012-01-17_12:00:00','2012-01-17_12:00:00' 

 interval_seconds = 10800 

 io_form_geogrid = 2, 

/ 

&geogrid 

 parent_id         =     1,    1,      2, 

parent_grid_ratio =     1,    3,      3, 

 i_parent_start    =     1,   29,     45, 

 j_parent_start    =     1,   29,     29, 

 e_we              =   100,  130,    148, 

 e_sn              =    96,  115,    121, 

 geog_data_res     = '10m', '2m',  '30s', 

 dx = 12000, 

 dy = 12000, 

 map_proj = 'lambert', 

 ref_lat   =  44.27, 

 ref_lon   = -71.30, 

 truelat1  =  44.27, 

 truelat2  =  44.27, 

 stand_lon = -73.74, 

 geog_data_path = '/share/apps/geog' 

 ref_x = 50.0, 

 ref_y = 48.0, 

/ 

&ungrib 

 out_format = 'WPS', 

 prefix = 'FILE', 

/ 

&metgrid 

 fg_name = 'FILE' 

 io_form_metgrid = 2, 
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