
ABSTRACT 

 

MCGUIRE, JOHN ALLEN. Evaluating Data Assimilation for a High-Resolution Reanalysis 

in North Carolinaôs Upper Yadkin Valley. (Under the direction of Ryan Boyles). 

 

Localized effects in complex, mountainous terrain can greatly impact weather-sensitive 

industries such as agriculture, especially perennial fruit crops that are sensitive to freeze-thaw 

cycles. Weather observations help establish a climatology to assess the risk for these effects, 

but in complex topography such observations are not representative of a large area. This 

study evaluates several methods for using data assimilation to combine observations with a 

numerical weather model to produce a ñbest estimateò analysis for a region of complex 

terrain where wine grapes are widely grown. Four research WRF data assimilation 

configurations over three domains and two operational analysis products are evaluated 

against surface observations to determine the most realistic simulation for a cold air drainage 

event in the Upper Yadkin Valley of North Carolina. The Real Time Mesoscale Analysis 

(RTMA) provides the best comparison with surface observations. Using the configuration 

and data assimilation procedures in the RTMA, a ñbest-guessò reanalysis can be generated 

using WRF that can best simulate cold air drainage in complex terrain. 
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1. Introduction  

1.1  Motivation  

Responsible for one in twelve jobs in the United States, agriculture is an integral part 

of the American economy and is highly sensitive to weather and climate (Vilsack 2011). 

Growers must be aware of the temperature, humidity, and precipitation amounts of their local 

area to maximize their harvest. While growers can control their farming methods and 

practices, weather and climate can pose difficult, sometimes insurmountable, challenges. 

Weather greatly impacts small fruits, berries, and lettuce during the growing season. For 

example, a minimum of 165 frost-free days are necessary for grapevines to harden tissues 

and produce mature grapes in North Carolina (Poling 2007). In the North Carolina 

Mountains, movement of an agricultural growing area along the slopes, towards a peak or the 

valley, can result in important differences in the localized weather and climatology of a crop 

field. Growing areas in a higher elevation typically result in a colder average temperature and 

more wind exposure than a neighboring valley. Growing areas in lower elevations, while 

warmer on average, can be subject to meteorological phenomena that are gravity-driven from 

nearby terrain (e.g., gravity waves and drainage flow). These negative effects can be 

magnified if the lower-elevation site is in a valley or close in proximity to either higher 

terrain or steep slopes. Such physical characteristics can produce localized weather 

conditions such as cold air drainage in which the valleys are colder than the higher-elevation 

mountain peaks. Ultimately, the unpredictability of microclimates in mountains and valleys 

leave growers subject to freeze events and other potential negative impacts to their crops.  
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Weather stations with long-term records are critical for understanding a local areaôs 

climatology. According to Poling (2007), the two most important factors to consider when 

siting a grape farm are knowledge of an areaôs relative temperature (growing degree days) 

and humidity during a growing-season, both of which can be discovered through a locationôs 

climatology. Climatological records from nearby weather stations can help growers make 

informed decisions regarding farming practices, such as planting more frost-resistant grape 

hybrids in historically colder climates (Poling 2007).  

In addition to historical observation records, weather stations with frequently updated 

real-time observations can provide critical weather information to growers. Because freeze-

damaged grapevines typically produce half the yield of grapes as primary grapevine shoots 

unaffected by a single freeze, spring freezes are a concern to growers (Poling 2007). By 

monitoring current weather conditions at a nearby weather station, growers can be proactive 

in minimizing the effects of freezing events, such as the installation and use of mechanical 

equipment such as wind machines (Poling 2007). 

While growers in flat terrain can usually pay attention to the distance between a 

weather station and a crop field, a grower in complex, mountainous areas must also pay 

attention to changes in elevation and nearby topographical distances. A station located on a 

mountain peak is often insufficient for comparison to a mountain valley and various locations 

along the mountain slope due to terrain. While gridded climatological products are available 

for many locations (e.g. PRISM, DATMET), most are either spatially or temporally 

insufficient for a growerôs need. Varying models are designed and configured for numerous 

purposes, such as the 12-hour forecasts provided by the Rapid Update Cycle 13km grid 
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(RUC) model, initialized every hour across North America. The RUC model uses hourly data 

assimilation and combines observations taken at the model initialization period. This model 

allows for a blended result of a model analysis. Traditionally, weather forecast models are 

designed for large (synoptic) and midsized (mesoscale) weather processes, such as mid-

latitude cyclones and convective systems. These models are insufficient for the 

microclimates of mountainous regions. However, by using data assimilation, weather models 

can use the fully modeled atmosphere and take advantage of observational inputs that may 

also capture local-scale (microscale) processes that are influence by terrain (cold air 

drainage), land cover (urban heat island), or other localized phenomena. In the agricultural 

industry, which is very sensitive to weather and climate, having a better assessment of the 

local scale climate and weather patterns is critical. By using data assimilation of nearby 

observations into weather models, end-users can potentially have better assessments and 

better quality information regarding their local scale weather and climate. 

An example of localized weather phenomena is found along a slope of mountainous 

terrain, where valleys can become a collection source of cold, dense air. This effect, known 

as cold air drainage, can produce great differences in temperature in a small distance. 

Existing forecast models do not often capture great changes caused by this phenomenon. 

Lack of knowledge about this phenomenon leaves growers especially vulnerable to 

unexpected freezes, and observational records do not usually reflect the actual local freeze 

risk for planning purposes. To address the limitations of these gridded datasets for simulating 

the historical occurrence and forecasting of cold air drainage, this study will focus on 
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identifying a model configuration that best captures drainage flow, improving analyses and 

re-analyses to use as a ñbest-guessò climatology. 

1.2  Background 

1.2.1 Complex Geography 

1.2.1.1 Cold Air Drainage 

The surface energy balance of a location is the exchange of heat and moisture 

between the surface and the atmosphere, resulting in both temperature and moisture content 

changes in the atmosphere. Surface energy balance is driven by a number of factors, 

including solar heating, radiational cooling, thermal advection of air, and changes in land 

surface properties. Surface air temperatures change due to heat capacity differences between 

the weak heat capacity of the air and the higher heat capacity of the surface, which is 

impacted by numerous characteristics, including variations of soil properties, vegetation 

characteristics, and canopy characteristics. Surface heat transfer warms (cools) the air 

immediately adjacent to the ground during the day (night). This is referred to as the sensible 

heat flux, with a positive flux indicating heat transferring from the soil upward to the air, a 

negative flux indicating heat transfer downward from the surface (Figure 1.1). 

In mountainous terrain during the day, solar heating creates a positive sensible heat 

flux (out of the soil to the air), transferring heat upwards from the surface to the air (Figure 

1.2). Due to this positive heat flux, air near the ground warms faster than air aloft, becoming 

more buoyant. Along the slopes of mountains, this solar heating creates an area of higher 
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temperature than at the same pressure level above the valley. This movement of warmer air 

uphill along mountain slopes is called anabatic winds. 

 At night in mountainous terrain, the solar heating source is removed and the heat flux 

becomes negative, into the subsoil (Figure 1.3). With the surface extracting heat from the air 

immediately adjacent, the air near the ground cools faster than the air aloft. This rapid 

radiational cooling causes subsidence of the denser near-surface air, forcing it to sink 

downhill along the mountains into the valleys. This downhill air movement towards valleys 

is also referred to as katabatic flow or katabatic winds  

Thermal advection of air by a background flow can reduce or even eliminate local 

effects of sensible heat flux. Therefore, the ideal conditions for maximum sensible heat flux 

influence can be seen under clear and calm skies at night. Ideal conditions allow for 

maximum radiational cooling under clear skies and eliminate turbulent mixing. This allows 

for maximum stratification of the thermal profile. With a calm, clear night, conditions are 

optimal for sensible heat flux to have a dominate role in the temperature profile of a location. 

 When the colder air pools at the bottom of a valley, this phenomenon is called cold 

air drainage. The depth of the cold-air pool can affect the atmosphere of neighboring areas. 

When the cold pool is shallow, high mountain peaks can penetrate into the free atmosphere 

and escape the effects of the cold pool (Deng and Stull 2005). If the cold pool is deeper than 

the height of neighboring ridges, the cold air can spill over and mix in neighboring valleys 

(Deng and Stull 2005). 
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1.2.1.2 Modeling in Complex Terrain 

The Weather and Research Forecasting model (WRF) can provide a three-

dimensional atmospheric weather simulation of any geographic area, and is widely used to 

simulation weather over complex terrain (Jiménez et al. (2010), Al and Orel (2002)). In areas 

of complex terrain, the way that the model represents processes in space and time is 

important to properly interpret the simulations. 

Spatially, terrain is interpolated in the horizontal and vertical to the model grid using 

elevation datasets with horizontal resolutions ranging from 30 arc seconds to over 10 arc 

minutes (Wang et al. 2011). Vertically, WRF uses a terrain-following, hydrostatic-pressure 

mass vertical coordinate system denoted as eta (ɖ) coordinates (Skamarock et al. 2008). 

Shown in Figure 1.4, model eta values range from 0.0 (model top) to 1.0 (model surface). 

Due to the interpolation of the topographical features, some features such as peaks, land 

classification, or slope may become smoothed out over a given grid area, which leads to 

inaccuracies in the forecasting model. For example, steep terrain that is interpolated in the 

model can be negatively affected by linearization of the atmospheric governing equations, as 

found by Jiménez et al. (2010). Jiménez & Dudhia (2011) hypothesized that these unresolved 

topographic features produced lower drag in WRF, resulting in a high wind speed bias over 

land. Furthermore, Jiménez & Dudhia (2011) found that a 2km horizontal grid-length in 

WRF overestimates (underestimates) wind in valleys and plains (hills and mountains). 

Temporal scales provided in WRF can also lead to issues in complex terrain, 

especially when model simulations are compared to observations. Stations give instantaneous 

and average values of meteorological parameters at a single point, while model simulated 
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parameters are averages calculated over homogenous terrain grid points. By averaging station 

wind speeds, local stations effects can be dampened, with the best results showing in the 

North-South wind component (Jiménez et al. 2010).  

1.2.2 Analyses and Models 

1.2.2.1 Analyses 

In dynamical atmospheric models such as WRF, the model analysis is the first-guess 

of the full atmospheric fields occurring at the time of model initialization. The dynamical 

atmospheric model can be generated from a previous model forecast, a different forecast 

model or an external analysis (Wang et al. 2011). A model re-analysis uses assimilated 

observations into a ñlockedò model analysis for an extended period of time. The model 

configuration is held constant (locked) throughout the entire re-analysis period, reducing the 

model configurationôs effect on the model output statistics. Model analyses and re-analyses 

are often used as initialization points for a weather forecast model. Adaption of short model 

runs with multiple re-initializations in the modeling community have provided results that 

statistically outperform a long, continuous model run with a single initialization (Jiménez et 

al. 2010). 

Statistical performances of analyses and weather forecasts can be used to help 

increase the value of weather observation networks.  Jiménez et al. (2010) found that 

analyzing WRF simulations was a strong metric for best determining observational network 

siting and design. Analyses can also be important in determining importance of selecting 



 

8 

representative grid points (not necessarily closest grid points) for station point forecast 

analysis (Jiménez and Dudhia 2011). 

1.2.2.2 Grid Length  

The model grid length is the distance between model grid points, as shown in Figure 

1.5. Modeled atmospheric processes that are explicitly modeled must be resolved at the scale 

of the model grid length. Processes that occur on the sub-grid scale must be parameterized by 

the model. By decreasing the horizontal grid length, the atmospheric model may be able to 

explicitly resolve more features, but at a computational and storage cost. The decrease of a 

modelôs horizontal grid length by half increases the number of grid points that must be 

calculated by a factor of four. 

 Wolff (2010) found mixed results with experimenting with vertical grid length 

sensitivity in WRF. Higher-resolution models were preferred for surface winds with lower 

bias in the surface and aloft temperatures during the day and night. Lower-resolution models 

were favored for surface humidity, winds aloft, and provided a lower bias in hourly and daily 

precipitation. Increasing hydrometeor classes in high (low) resolution models produce 

distinct (minimal) differences in temporal structure and intensity amounts (Hong and Lim 

2006). 

1.2.2.3 Model Parameterization 

Meteorological processes that are not able to be explicitly resolved on the model grid 

scale must be parameterized. Processes such as heat flux, momentum flux, and moisture 
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transport are parameterized in the planetary boundary layer (PBL) scheme. PBL schemes can 

use local or non-local closure to calculate the fluxes by estimating each grid pointôs local 

turbulent fluxes from atmospheric variables and their gradients (Hu et al. 2010). One such 

local closure PBL scheme is the Mellor-Yamada-Janjic (MYJ) scheme. The Yonsei 

University (YSU) PBL scheme is a type of a non-local parameterization PBL scheme as it 

includes both local and non-local terms (Hu et al. 2010). 

In an evaluation between three PBL schemes, Hu et al. (2010) found that MYJ was 

too moist at the surface. Hu et al. (2010) hypothesized that this was due to insufficient of 

mixing the convective boundary layer in the local closure scheme. This issue was fixed in the 

MYJôs successor, the Mellor-Yamada-Nakanishi-Niino (MYNN) scheme (Nakanishi and 

Niino 2006). Hu et al. (2010) found that the YSU scheme had enhanced nocturnal mixing 

due to stronger downward thermal and upward moisture fluxes, leading to higher simulated 

temperatures and lower simulated moisture (closer to observations). The YSU mixing led 

Jiménez and Dudhia (2011) to create an YSU-based scheme to account for two wind biases: 

parameterization based on momentum sink term and effective roughness length for additional 

orographic drag. 

1.2.2.4 Real-Time Mesoscale Analysis 

The Real-Time Mesoscale Analysis (RTMA) model was developed in 2006 for the 

NCEP Central Operations. It was designed as the first step in the NWS Reanalysis of 

Records program to develop a 30-year record of high-resolution (temporal and spatial) 

surface analysis data values and uncertainties across the United States (De Pondeca et al. 
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2011). The goal of the RTMA is to provide verification for the NWS National Digital 

Forecast Database. To create the RTMA, prior to 1 May 2012, the 13km RUC/RAP model 

was downscaled to a 5-kilometer grid as the background forecast. Since then, the WRF 

v3.2.1-based Rapid Refresh has replaced the RUC (Brown et al. 2012). Model physics 

differences between these two models are shown in Table 1.1. The data assimilation 

technique used by the RTMA model will be described in the next section. 

1.2.3 Data Assimilation 

1.2.3.1 Background 

Data assimilation is the process that combines observations with a background 

forecast (first guess) model variable fields to produce an analysis (Wang et al. 2011). 

According to Dee (2005), the most accurate analysis occurs when the statistical variable 

means and co-variances of the error fields (of both the observations and model) are both 

known and accurately represented. There are many assumptions that go into this process, 

such as assuming that both the observational datasets and forecast models are unbiased. 

1.2.3.2 Observational Datasets 

 Benjamin et al. (2010) conducted an observation sensitivity study of various 

observation networks used in the RUC 130 forecast model across the Midwestern United 

States. The three-dimensional variational (3DVAR) data assimilation method was used on 

the RUC model provided by the National Center for Environmental Prediction (NCEP). In 

this study, temperature, humidity, and wind fields were the key fields measured. Benjamin et 
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al. (2010) found that radiosondes had a greater impact on relative humidity forecasts as 

compared to aircraft observations, with the impact largest in the summer. Even for model 

runs without recent radiosonde data (launches only at 00 and 12 UTC), there is a ñmemory in 

the assimilation system of [radiosonde]ò from previous cycles that influences the model 

(Benjamin et al. 2010b). For lower-tropospheric (1000 to 800 mb) temperatures, aircraft 

observations and surface stations provided the greatest improvement in forecasts. The largest 

impact of these two data observing platforms occurred in the summer. In terms of lower-

tropospheric winds, surface observations were found to provide the greatest improvement of 

the model (Benjamin et al. 2010b). 

 Deng and Stull (2005) tested ways to improve analyses along the model surface 

(lowest model level) in complex terrain. The Advanced Regional Prediction System (ARPS), 

another numerical weather model, was used in their testing and requires less computational 

time than four dimensional data-assimilation methods. Deng and Stull (2005) found that, to a 

first order approximation, boundary layer tops have been observed as both flat level 

(gravitational) and terrain-following model layers (entrainment, advection, friction). In a 

given valley, a locationôs first guess temperature from a previous model run was found to be 

more accurate than a distant observation, even if both locations are not in the same valley. By 

using a ñMother-Daughterò approach to allow station air mass (Mother) information to be 

ñsharedò with to neighboring grid points (Daughter), model simulation results were improved 

at a minimal computational cost. In shallow cold-air pooling events, high mountain peaks 

penetrate into the free atmosphere, making these peaks subject to conditions similar to 

stations upstream (Deng and Stull 2005). This approach also improved the modelôs 
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performance with land-sea contrasts, especially in mountainous terrain. High resolution 

model configurations, with a horizontal grid length of less than 5-kilometers, were found to 

provide the best results, due to the modelôs ability to better resolve terrain. 

1.2.3.3 Gridpoint Statistical Interpolation  

The data assimilation in the RTMA is provided using the NCEP Gridpoint Statistical 

Interpolation (GSI) program. In the RTMA, an incremental two-dimensional (2DVAR) 

approach with two outer loops is used, each with 50 minimization inner loops. The use of 

two loops helps the RTMA quality control procedures by testing observations that may fail a 

first guess analysis, but pass the second guess. The background error fields generated are 

calculated from using spatially recursive filters in GSI. By using one of these filters, 

autocovariance calculations include the effects of anisotropy (directional dependency) in 

addition to spatial correlation and background error variance (De Pondeca et al. 2011). This 

is especially helpful for calculating background wind error, which is not as dependent on 

terrain as temperature, moisture, or pressure (De Pondeca et al. 2011). The terrain-gradient 

autocovariance model fields are used to map the surface fields to the terrain. The terrain and 

vegetation are pulled from the WRF standard initialization program (De Pondeca et al. 2011). 

The RTMA model uses surface data from NOAAôs Meteorological Assimilation Data 

Ingest System (MADIS) for data assimilation, in addition to NCEP Stage II precipitation 

radar data and GOES NESDIS effective cloud amounts. In addition to MADIS quality 

control flags, a ñgross-errorò check occurs at the beginning of each outer loop. This check 

examines the absolute value of the ratio of the observation increment to the observation error, 
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and this check will fail once the ratio exceeds a parameter-specific threshold. Additionally, 

certain networks and stations may be treated as ñtrusted providersò and included, or they may 

be blacklisted automatically by RTMA or manually by MADIS or NWS weather forecasting 

offices. This quality control process eliminates outlying stations that may impact forecasting 

accuracy. 

 

1.2.3.4 WRF Data Assimilation System 

Within the WRF system, data assimilation is possible with the four-dimensional data 

assimilation (FDDA), also referred to as nudging (Skamarock et al. 2008). In a FDDA model 

run, the model simulation is nudged towards individual observations or nudging towards a 

gridded analysis at every grid point (Skamarock et al. 2008). Gridded nudging allows the 

model to interpolate the atmosphere between provided analyses and their boundary 

conditions. Observational station nudging allows each observation in the domain (in a 

defined time window) to directly interact with the model equations in WRF. In one case 

study,  Deng (2006) found that observational nudging in the MM5 model provided better 

results than gridded analysis nudging, although both models outperformed simulations with 

no data assimilation. 

In the WRF Data Assimilation (WRFDA) system, observations are combined with the 

numerical and error statistics of a first guess model product (separate analysis or forecast) 

(Wang et al. 2011). These combine with the original WRF model analysis to provide an 

improved WRF analysis. This process, known as variational data assimilation, uses an 
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iterative minimization of a prescribed cost (penalty) function to dampen perceived errors in 

the original analysis and the first guess/observations (Barker and Huang 2004; Wang et al. 

2011).  The error statistics comes from a static background co-variance vectors generated 

from successive model runs (Barker and Huang 2004). One major benefit of variational 

model datasets is that the model becomes bias-aware; i.e. the model learns of its biases over 

successive analyses and adjusts for these bias errors into future models (Dee 2005).  

When the variational data assimilation process is done for a single time window (bin), 

this process is referred to as three-dimensional variational data assimilation (3D-Var) in 

WRF (Huang et al. 2009). The process of using multiple time bins to generate a single time 

analysis is referred to as the four-dimensional variational data assimilation (4D-Var) model. 

This process builds on 3D-Var by incorporating flow-dependent background co-variances 

and a simplified WRF nonlinear model (Huang et al. 2009). 4D-Var provides a more 

dynamically-balanced analysis than the 3D-Var model (Huang et al. 2009). 

4D-Var produced a more realistic heavy-rain events (Huang et al. 2009) and squall-

line events (Sun et al. 2008) as compared to 3D-Var. In a simulation of Typhoon Haitang, 

4D-Var initialized a stronger storm with a dynamically balanced structure, and produced a 

more realistic track a than other testing platforms, including 3D-Var (Huang et al. 2009). 

  Zupanski et al. (2002) tested the NCEP operational 3D-Var model against a 4D-Var 

model with the 2000 blizzard across the Carolinas through Virginia. The 3D-Var failed at 

replicating the heavy snow intensity, as a result of a forecasted lack of a low-level jet and 

convergence over Georgia (Zupanski et al. 2002). The error adjustment and precipitation 

assimilation in the 4D-Var model scheme provided substantial improvement in the snow 
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forecast, even without the benefit of the a background model error vector that the 3D-Var 

model had (Zupanski et al. 2002). 

1.3  Scientific Objectives 

For the purposes of developing an improved surface analysis that considers cold air 

drainage, three main research questions are the focus of this study. First, which planetary 

boundary layer schemes will produce results most similar to both the observations and the 

best routinely available analysis? Secondly, does an increase in vertical and/or horizontal 

model resolution improve model performance? Finally, do data assimilation techniques 

create an improved re-analysis for the ñbest guessò conditions of a given period? And if so, 

which techniques work best? The first two questions are explored in chapter 2, while the data 

assimilation techniques are explain in chapter 3, and a comparison of different data 

assimilation techniques is presented as a case study in chapter 4. 
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Table 1.1 Table showing model physics comparisons between the Rapid Update Cycle (RUC) and the Rapid Refresh 

(RAP). Adapted from Brown et al. (2012). 

Model 
Shortwave 

Radiation 

Cloud 

Physics 

Cloud 

Param. 

PBL 

Scheme 

Shallow 

Cumulus 
LSM 

RUC Dudhia 

Thompson 

2004 

1-moment 

rain 

Grell-

Devenyi 

Burk-

Thompson 
None 

RUC 

(2003) 

RAP Goddard 

Thompson 

2010 2-

moment 

rain 

Grell-

3D 

Mellor-

Yamada-

Janjic 

Grell 
RUC 

(WRFv3.3) 
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Figure 1.1. Diagram of (a) daytime and (b) nighttime surface energy budgets. RN is the net radiation, with the H 

terms being the sensible (H), latent (HL), and ground (HG) heat fluxes. Adapted from Arya (2001). 
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Figure 1.2. Diagram showing daytime, positive sensible heat fluxes (H) in a valley. The resulting anabatic wind is 

shown in red. 

 

 

 

 

 

Figure 1.3. Diagram showing nighttime, negative sensible heat fluxes (H) in a valley. The resulting katabatic wind is 

shown in blue. 
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Figure 1.4. WRF model vertical eta coordinate system. From Skamarock et al., 2008 
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Figure 1.5. Horizontal and vertical grids of the WRF ARW model from Skamarock et al. 2008. u, v, and w denote the 

horizontal wind vectors points, with Ū denoting mass points. ȹy and ȹx denote the horizontal grid length, with the 

vertical grid length denoted with ȹɖ. 
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2. Physics Sensitivity in WRF Free-Forecast Mode 

2.1 Background 

In regions of complex terrain like the Upper Yadkin Valley (Figure 2.1), it is critical 

for weather forecasting models to be able to simulate topographically-induced flow in order 

to accurately model temperatures in a cold air drainage scenario. The ability of a model to 

simulate these processes depends greatly on the parameterization and schemes used in the 

specific simulation, such as planetary boundary layer (PBL) schemes. A number of these 

schemes are discussed in Chapter 1. Various case studies have been conducted to show how 

effective different model PBL schemes are in reproducing topographical flow. Zhang & 

Zheng (2004) studied summer topographical forcing cases with both weak-gradient flow and 

weak organized convection over the central United States. In the PSU-MM5 model, 

experiments involving multiple PBL schemes found that the diurnal cycle of area averaged 

surface winds were in phase with that of the surface temperature field. 

Further testing of the MYJ, YSU, and ACM2 schemes in WRF were conducted by Hu 

et al. (2010) using observations from the TeXAQS2 experiment. They found that each 

scheme underpredicts surface temperature and overpredicts surface moisture, with the MYJ 

scheme providing the largest bias. MYNN improves on this bias in the MYJ, as the MYJôs 

local closure scheme provides insufficient mixing in the convective boundary layer. At night, 

enhanced mixing in the boundary layer gives the YSU model higher temperatures and lower 

moisture than during the day (Hu et al. 2010). 
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In addition to the boundary layer physics, the model must be able to resolve the 

topography itself in order for a weather model to correctly simulate drainage flow. Jiménez 

& Dudhia (2011) hypothesized that WRF exhibited a highly biased surface wind speed over 

land, due to drag produced by unresolved topographic features. In a 13 year period, WRF 

simulations with a 2km horizontal grid-spacing WRF simulations overestimated 

(underestimated) stations that were located in valleys and plains (hills and mountains) across 

the Iberian Peninsula. A modified YSU scheme corrects high wind speed biases that existed 

over plains and valleys, improving both the underestimation of spatial wind variability and 

the wind estimates across mountains and hills (Jiménez and Dudhia 2011). 

2.2 Model Setup and Configuration 

For testing the WRF v3.2.1 model, six model forecasts were generated for the 60 hour 

period from 00 UTC 19th February 2010 to 12 UTC February 21st 2010. This period was 

chosen for the clear, calm conditions that occurred across in and around the Upper Yadkin 

Valley of North Carolina as a representative freeze event, which will be further discussed in 

Chapter 4. Each of the six model forecasts produce forecasts for three domains (12km D01, 

4km D02, 1.3km D03), as shown in Figure 2.2, with each domain centered over the Yadkin 

Valley region of North Carolina.  

Table 2.1 shows the combination of number of vertical levels (40, 50 default, 50 

packed in PBL) and PBL schemes (YSU and MYNN 2.5) resulting in the six models: M40, 

M50L, M50H, Y40, Y50L, and Y50H. Common model configurations are shown in Table 

2.2. In addition to these common model configurations, no model incorporated digital filter 
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initialization (WRF v3.2.1 does not support DFI for model nests). The MYNN 2.5 PBL 

scheme also uses the MYNN surface layer physics, and the YSU scheme requires the MM5 

Monin-Obukhov surface layer physics scheme (Wang et al. 2011). The vertical resolution of 

each vertical level configuration is shown in Table 2.3 and Figure 2.3. The input dataset used 

is from the North American Mesoscale (NAM) model analyses with 40 vertical levels (four 

soil layers). The remaining physics configuration fields are WRF v3.2.1 defaults.  

2.3 Results and Evaluation 

Statistics for each model forecast domain are calculated by the Model Evaluation 

Toolkit (MET) version 3.0.1 from the Development Testbed Center. Every hour, model 

simulated variables are compared to observations from MADIS occurring at or near the 

surface, which is considered the ñtruthò for this test. Statistical analysis is performed using 

root mean square error (RMSE), mean error (ME), and mean absolute error (MAE). 

Summary statistics for the D03 extent are provided in Table 2.4, Table 2.5, and Table 2.6 for 

12km, 4km, and 1.3km grid-spacing simulations (respectively). Table 2.7 and Table 2.8 

contain summary statistics averaged across all model domains, and averaged across all model 

domains and all vertical levels, respectively. 

2.3.1 Surface Analysis 

One would expect an increase of model vertical resolution near the surface would 

improve the model skill for all surface parameters. However, in this test case, increases in 

model vertical resolution near the surface increases all three statistical errors (MAE, ME, 
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RMSE) of the MYNN 2.5 models for all surface variables. Across the YSU schemes, the 

only surface winds errors increased with increased model vertical resolution. For both 

schemes, increases in horizontal resolution also improve the model skill of each simulation. 

Averaged across all domains, M50H has the poorest model skill when simulating surface 

temperature (ME: of -2.34°C) and humidity (ME: +14.22%). Across all domains and vertical 

levels, the YSU schemes provide an average MAE bias improvement of surface temperatures 

(2.899°C, with 4.4% smaller MAE than MYNN) and surface humidity (16.824% relative 

humidity, with 15.3% smaller MAE than MYNN), as compared to MYNN-based simulations 

(3.026°C temperature MAE and 19.396% humidity MAE). The best forecast model skill for 

surface (10m) wind speed occurs with the M40 models (ME: +0.767 m/s in D03). The 

MYNN-based simulated surface winds provide an 8.7% MAE improvement (1.654 m/s) over 

the YSU-based simulations (MAE: 1.811 m/s) across all domains and vertical levels. The 

models with 50 high-resolution vertical levels performed the poorest for simulated surface 

wind speeds in both the YSU ( 1.819 to 2.155 m/s) and MYNN (1.623 to 1.856 m/s MAE) 

schemes, consistent with results from the Wolff (2010). The MYNN-based PBL models have 

a larger overprediction (underprediction) of humidity (temperature) compared to the YSU 

simulations, following results of MYJ based schemes by Hu et al. (2010). Wind speed is 

overpredicted in all 12km models and most YSU scheme resolutions.  

The choice of PBL schemes provides a larger improvement in model skill for surface 

temperature, moisture, and wind speed than increasing vertical resolution. 
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2.3.2 1000mb to 850mb Analysis 

An increase in vertical resolution near the surface improves the skill of the model for 

all variables between 1000mb and 850mb for both PBL schemes. The poorest forecast model 

is observed in the 12km 40 level models, with YSU slightly worse than MYNN 2.5 at this 

resolution. The best overall forecast models are both of the M50H and Y50H D03 models, 

which have the lowest difference of skill between D01, D02, and D03. Overall, the Y50H 

model performed the best, with each domain providing the lowest three RMSE (and three of 

four lowest MAE) for humidity and temperature. The best models for wind speed were the 

M50H and Y50H models, with the latter providing slightly better results. 

In general, relative humidity is underpredicted by all models, with wind speed and 

temperature being overpredicted. The exception is the M50H forecast, which slightly 

overpredicts relative humidity (ME: +1.027% in D01) and underpredicts temperature (ME 

from    -0.27°C to -0.001°C). By increasing the vertical resolution for each model type, the 

mean errors for all three variables generally move closer to zero. In contrast, with increasing 

horizontal resolution, the mean error for humidity (temperature) becomes more negative 

(positive), especially with YSU based forecasts. 

The increase in vertical resolution provides a stronger improvement of model skill 

than choice of PBL schemes for wind speed, relative humidity, and temperature fields 

between 1000 and 850mb. 
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2.3.3 Surface Divergence 

Horizontal divergence plots are analyzed with RIP4 using the lowest vertical eta 

model layer for each model configuration and domain, with each plot compared to the 

calculated 10m divergence in the RUC 130 model analysis considered the ñtruthò. At 12 

UTC on 19 February 2010, the RUC analysis shows the Yadkin Valley in an area of strong 

convergence (Figure 2.4). At 06 UTC on February 20th, 2010, the RUC analysis shows a 

more localized, and weaker, area of convergence along the Yadkin Valley in Wilkes and 

Caldwell counties (Figure 2.5).  

In every YSU-based model domain, organized convergence is simulated along the 

Yadkin Valley at the beginning of the model run, from 00 to 13 UTC on 19 February 2010 

(Figure 2.10). Examining the D01 simulations, the YSU-based models produce organized 

convergence along the Yadkin Valley from 00 to 13 UTC on February 19th. As Figure 2.6 

shows, the Y50L produces the closest convergence pattern (and values) to the RUC 130 at 12 

UTC. Figure 2.7 shows the strongest simulated convergence in the Y50L model at 09 UTC 

on the 20th, with less organized convergence than the RUC analysis (Figure 2.5). The values 

of divergence and convergence are closest to the RUC 130 model in D01, as this is likely due 

to the similarity of grid resolution between the 13km RUC 130 analysis and the 12km D01 

simulations. 

Each D02 model simulation shows organized convergence in the Yadkin Valley at 12 

UTC on 19 February 2010, with the Y50H model showing convergence areas relating to the 

terrain (Figure 2.8). As shown in Figure 2.9, the Y50H model shows a convergence pattern 
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most similar to the RUC analysis at 06 UTC on the 20th. At this time, however, every 

simulation overestimated convergence along the entire North Carolina ï Tennessee border. 

Resolving terrain-induced convergence/divergence is the main difference between the 

RUC simulated large areas of convergence and the localized convergence areas in every D03 

model simulation. Each D03 model shows some organized convergence in the Yadkin Valley 

at the beginning of the model run, from 00 to 13 UTC on 19 February 2010 (Figure 2.10). 

The M50H and each YSU model both show organized convergence along the higher terrain 

on either side of the Yadkin Valley from 23 UTC on the 19th to 13 UTC on the 20th, but not 

within the valley itself (Figure 2.11). All D03 model simulations show convergence along the 

slopes of terrain at 09 UTC on the 20th (Figure 2.12). 

 Across each of the domains, the YSU-based models showed a pattern of convergence 

along the Yadkin River in Wilkes and Caldwell counties that was most consistent to the RUC 

130 model. Of these, the pattern of the Y50H model was closest to the RUC 130 in this area 

in terms of pattern and values (when using the similar scaled D01 model simulation). 

 

2.3.4 Cross-Sectional Analysis 

Three cross-sections were taken across the smallest domain, as shown in Figure 2.2. 

Two cross-sections across the Yadkin Valley (KGEV to TAYL, LAUR to TAYL shown in 

Figure 2.1) showed drainage flow simulated in each model configuration, such as seen in 

Figure 2.13. In three configurations, a valley to mountain flow was also simulated: Y40 

(Figure 2.14), Y50L (Figure 2.15), and M50H (Figure 2.16). The third cross-section across 
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the southern North Carolina mountains did not result in any simulated circulation or 

mountain-valley flow in any model configuration.  

2.3.5 Recommendations 

Based on this test case, the 50 layer high-resolution WRF model with the YSU 

scheme is recommended. If the most critical variable is 10m wind speed, then the M40 model 

is recommended, as MYNN2.5 models outperform YSU models at 10m wind speeds. For all 

other variables, and for overall best performance of this event, the Y50H model is 

recommended. 

Among all the variables tested, the Y50H configuration provides the average mean 

error closest to zero, and the smallest RMSE and MAE. Eliminating the first12-hour period 

as the model simulation spin-up, the model skill of simulated wind speed over the last 48-

hours is improved as compared to the full 60 hour simulation, while the skill of temperature 

and humidity is worse. In this 48 hour period, the model error of relative humidity improves 

while temperature and wind speed degrade. However, the overall results of the sensitivity of 

PBL and vertical resolution with the 12-hour spin-up are consistent to that with no spin-up 

period.   
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Table 2.1. Description of differences between each WRF model configuration.  

Configuration 

Name 

Planetary 

Boundary  

Layer Scheme 

Vertical Resolution  

Eta Levels (Half-Levels) 

Computation of  

Vertical Levels 

M40 MYNN 2.5 40 (41) 
WRF Generated  

ñNiceò Levels 

M50L MYNN 2.5 

50 (51)  

Low  

Resolution 

Based on  

Wolff, 2010 

M50H MYNN 2.5 

50 (51)  

High  

Resolution 

Lowest 10 levels  

densely packed 

Based on Wolff, 2010 

Y40 YSU 40 (41) 
WRF Generated  

ñNiceò Levels 

Y50L YSU 

50 (51)  

Low  

Resolution 

Based on  

Wolff, 2010 

Y50H YSU 

50 (51)  

High  

Resolution 

Lowest 10 levels  

densely packed 

Based on Wolff, 2010 

 

 

Table 2.2. Common WRF Model Configuration changes for the Physics model simulations. 

Domains Domain 1 Domain 2 Domain 3 

Grid Spacing (dx) 12 km 4 km 1.33 km 

Grid Spacing (dy) 12 km 4 km 1.33 km 

Time Step (seconds) 45 15 5 

Domain Dimension (West-East) 250 283 268 

Domain Dimension (South-North) 200 181 217 

Adaptive Timestep Yes Yes Yes 

Target CFL 1.2 1.2 1.2 

    

Physics Domain 1 Domain 2 Domain 3 

Microphysics WRF Double-Moment 6-class 

LW Radiation Rapid Radiative Transfer Model (12 minutes) 

SW Radiation Dudhia (12 minutes) 

Land Surface Model Unified Noah (4 Soil layers) 

Convective Parameterization Kain-Fritsch (5 minutes) Explicit Explicit 
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Table 2.3. Eta (half) levels of each vertical resolution. Differences in the 50 layer resolution eta values are highlighted. 

Eta Levels 

(Half Level) 
40 50L 50H 

Eta Levels 

(Half Level) 
40 50L 50H 

1 1.000 1.000 1.000 27 0.229 0.267 0.267 

2 0.993 0.994 0.998 28 0.206 0.250 0.250 

3 0.983 0.985 0.994 29 0.184 0.233 0.233 

4 0.970 0.973 0.987 30 0.163 0.219 0.219 

5 0.954 0.958 0.975 31 0.143 0.205 0.205 

6 0.934 0.943 0.959 32 0.125 0.191 0.191 

7 0.909 0.927 0.939 33 0.107 0.177 0.177 

8 0.880 0.910 0.916 34 0.091 0.162 0.162 

9 0.853 0.890 0.892 35 0.075 0.148 0.148 

10 0.826 0.865 0.865 36 0.061 0.134 0.134 

11 0.799 0.835 0.835 37 0.047 0.120 0.120 

12 0.772 0.802 0.802 38 0.034 0.106 0.106 

13 0.722 0.766 0.766 39 0.022 0.092 0.092 

14 0.674 0.727 0.727 40 0.011 0.078 0.078 

15 0.629 0.685 0.685 41 0.000 0.066 0.066 

16 0.585 0.640 0.640 42 - 0.057 0.057 

17 0.544 0.592 0.592 43 - 0.049 0.049 

18 0.505 0.542 0.542 44 - 0.041 0.041 

19 0.467 0.497 0.497 45 - 0.034 0.034 

20 0.432 0.457 0.457 46 - 0.027 0.027 

21 0.398 0.421 0.421 47 - 0.021 0.021 

22 0.366 0.388 0.388 48 - 0.015 0.015 

23 0.336 0.358 0.358 49 - 0.010 0.010 

24 0.307 0.332 0.332 50 - 0.005 0.005 

25 0.279 0.308 0.308 51 - 0.000 0.000 

26 0.254 0.286 0.286     
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Table 2.4. Summary statistics of the WRF 12km physics sensitivity model simulations. Statistics (Stat.) shown are 

Mean Error (ME), Mean Absolute Error (MAE), Root Mean Square Error (RMSE). Yellow shaded boxes indicate 

error values closest to zero (ME) or the lowest values for a given statistic and variable. 

   M40 M50L M50H Y40 Y50L Y50H 

Variable/Level (Unit) Stat. 12km 12km 12km 12km 12km 12km 

RH/P1000-850 (%) MAE  18.073 17.782 16.776 18.021 17.787 16.222 

RH/Z2 (%)  MAE  19.647 19.921 21.560 17.380 17.455 17.268 

TMP/P1000-850 (°C) MAE  2.791 2.743 2.584 2.785 2.741 2.521 

TMP/Z2 (°C) MAE  3.142 3.161 3.356 3.049 3.057 3.009 

WIND/P1000-850 (m/s) MAE  2.449 2.421 2.128 2.435 2.413 2.136 

WIND/Z10 (m/s) MAE  1.673 1.722 1.856 1.773 1.847 2.155 

RH/P1000-850 (%) ME -3.377 -2.725 1.027 -6.523 -6.329 -4.553 

RH/Z2 (%)  ME 12.551 13.195 16.685 3.822 4.122 5.690 

TMP/P1000-850 (°C) ME 0.132 0.046 -0.277 0.576 0.497 0.190 

TMP/Z2 (°C) ME -2.126 -2.194 -2.557 -1.638 -1.660 -1.653 

WIND/P1000-850 (m/s) ME 1.453 1.401 1.042 1.350 1.319 1.043 

WIND/Z10 (m/s) ME 1.018 1.100 1.303 1.190 1.299 1.694 

RH/P1000-850 (%) RMSE 21.065 20.753 19.776 20.855 20.640 18.952 

RH/Z2 (%)  RMSE 23.262 23.538 24.961 20.934 21.060 20.824 

TMP/P1000-850 (°C) RMSE 3.149 3.103 2.912 3.135 3.087 2.835 

TMP/Z2 (°C) RMSE 3.732 3.748 3.921 3.564 3.574 3.543 

WIND/P1000-850 (m/s) RMSE 3.014 2.963 2.658 2.969 2.928 2.638 

WIND/Z10 (m/s) RMSE 2.171 2.220 2.332 2.319 2.401 2.702 

AVERAGE  MAE  7.962 7.958 8.043 7.574 7.550 7.219 

AVERAGE  ME 1.609 1.804 2.871 -0.204 -0.125 0.402 

AVERAGE  RMSE 9.399 9.387 9.427 8.962 8.948 8.582 
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Table 2.5. Summary statistics of the WRF 4km physics sensitivity model simulations. Statistics (Stat.) shown are 

Mean Error (ME), Mean Absolute Error (MAE), Root Mean Square Error (RMSE). Yellow shaded boxes indicate 

error values closest to zero (ME) or the lowest values for a given statistic and variable. 

   M40 M50L M50H Y40 Y50L Y50H 

Variable/Level (Unit) Stat 4km 4km 4km 4km 4km 4km 

RH/P1000-850 (%) MAE  17.535 17.429 16.486 17.356 17.712 16.042 

RH/Z2 (%)  MAE  18.604 18.838 20.031 16.307 16.932 16.116 

TMP/P1000-850 (°C) MAE  2.733 2.708 2.598 2.786 2.759 2.553 

TMP/Z2 (°C) MAE  2.767 2.914 3.202 2.807 2.980 2.687 

WIND/P1000-850 (m/s) MAE  2.270 2.249 2.063 2.304 2.260 1.996 

WIND/Z10 (m/s) MAE  1.587 1.623 1.778 1.708 1.744 2.003 

RH/P1000-850 (%) ME -3.840 -3.832 -0.843 -7.330 -7.718 -5.719 

RH/Z2 (%)  ME 10.918 10.981 14.011 2.958 3.534 3.991 

TMP/P1000-850 (°C) ME 0.458 0.366 -0.003 1.014 0.701 0.626 

TMP/Z2 (°C) ME -1.737 -1.871 -2.460 -1.167 -1.631 -1.185 

WIND/P1000-850 (m/s) ME 1.391 1.302 1.098 1.375 1.325 1.081 

WIND/Z10 (m/s) ME 0.936 0.990 1.230 1.125 1.150 1.539 

RH/P1000-850 (%) RMSE 20.468 20.461 19.498 20.116 20.570 18.766 

RH/Z2 (%)  RMSE 22.109 22.390 23.435 19.673 20.364 19.595 

TMP/P1000-850 (°C) RMSE 3.086 3.055 2.926 3.141 3.107 2.873 

TMP/Z2 (°C) RMSE 3.359 3.498 3.750 3.305 3.485 3.215 

WIND/P1000-850 (m/s) RMSE 2.812 2.789 2.581 2.831 2.789 2.480 

WIND/Z10 (m/s) RMSE 2.149 2.187 2.302 2.294 2.342 2.577 

AVERAGE  MAE  7.582 7.627 7.693 7.211 7.398 6.899 

AVERAGE  ME 1.354 1.323 2.172 -0.338 -0.440 0.056 

AVERAGE  RMSE 8.997 9.063 9.082 8.560 8.776 8.251 
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Table 2.6. Summary statistics of the WRF 1.3km physics sensitivity model simulations. Statistics (Stat.) shown are 

Mean Error (ME), Mean Absolute Error (MAE), Root Mean Square Error (RMSE). Yellow shaded boxes indicate 

error values closest to zero (ME) or the lowest values for a given statistic and variable. 

   M40 M50L M50H Y40 Y50L Y50H 

Variable/Level (Unit) Stat 1.3km 1.3km 1.3km 1.3km 1.3km 1.3km 

RH/P1000-850 (%) MAE  17.160 16.555 16.043 17.369 17.151 15.989 

RH/Z2 (%)  MAE  18.137 18.683 19.143 16.519 17.142 16.294 

TMP/P1000-850 (°C) MAE  2.730 2.655 2.554 2.734 2.703 2.522 

TMP/Z2 (°C) MAE  2.799 2.942 2.949 2.796 2.914 2.794 

WIND/P1000-850 (m/s) MAE  2.230 2.215 1.954 2.251 2.289 1.941 

WIND/Z10 (m/s) MAE  1.504 1.521 1.623 1.609 1.642 1.819 

RH/P1000-850 (%) ME -4.926 -4.158 -1.193 -8.323 -8.391 -7.098 

RH/Z2 (%)  ME 9.419 10.192 11.949 1.516 2.799 3.002 

TMP/P1000-850 (°C) ME 0.650 0.335 0.255 1.084 0.890 0.761 

TMP/Z2 (°C) ME -1.694 -1.845 -2.005 -1.099 -1.425 -1.335 

WIND/P1000-850 (m/s) ME 1.378 1.221 0.993 1.382 1.339 1.003 

WIND/Z10 (m/s) ME 0.767 0.813 1.058 0.994 1.037 1.325 

RH/P1000-850 (%) RMSE 20.093 19.467 19.022 20.095 19.957 18.803 

RH/Z2 (%)  RMSE 21.616 22.191 22.560 20.023 20.647 19.780 

TMP/P1000-850 (°C) RMSE 3.100 3.008 2.891 3.100 3.064 2.852 

TMP/Z2 (°C) RMSE 3.406 3.547 3.505 3.306 3.434 3.314 

WIND/P1000-850 (m/s) RMSE 2.733 2.720 2.433 2.749 2.798 2.379 

WIND/Z10 (m/s) RMSE 2.058 2.079 2.136 2.203 2.249 2.404 

AVERAGE  MAE  7.427 7.429 7.378 7.213 7.307 6.893 

AVERAGE  ME 0.932 1.093 1.843 -0.741 -0.625 -0.390 

AVERAGE  RMSE 8.834 8.835 8.757 8.579 8.692 8.255 
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Table 2.7. Summary statistics of the WRF physics sensitivity model simulations averaged across all three domains. 

Statistics (Stat.) shown are Mean Error (ME), Mean Absolute Error (MAE), Root Mean Square Error (RMSE). 

Yellow shaded boxes indicate error values closest to zero (ME) or the lowest values for a given statistic and variable. 

Variable/Level (Unit)  Stat 
M40 

Avg 

M50L 

Avg 

M50H 

Avg 

Y40 

Avg 

Y50L 

Avg 

Y50H 

Avg 

RH/P1000-850 (%) MAE  17.589 17.255 16.435 17.582 17.550 16.084 

RH/Z2 (%)  MAE  18.796 19.148 20.245 16.735 17.176 16.559 

TMP/P1000-850 (°C) MAE  2.751 2.702 2.579 2.768 2.734 2.532 

TMP/Z2 (°C) MAE  2.902 3.006 3.169 2.884 2.983 2.830 

WIND/P1000-850 (m/s) MAE  2.316 2.295 2.049 2.330 2.321 2.024 

WIND/Z10 (m/s) MAE  1.588 1.622 1.752 1.697 1.744 1.993 

RH/P1000-850 (%) ME -4.047 -3.572 -0.336 -7.392 -7.479 -5.790 

RH/Z2 (%)  ME 10.963 11.456 14.215 2.765 3.485 4.228 

TMP/P1000-850 (°C) ME 0.414 0.249 -0.008 0.891 0.696 0.526 

TMP/Z2 (°C) ME -1.852 -1.970 -2.341 -1.301 -1.572 -1.391 

WIND/P1000-850 (m/s) ME 1.407 1.308 1.044 1.369 1.328 1.042 

WIND/Z10 (m/s) ME 0.907 0.968 1.197 1.103 1.162 1.519 

RH/P1000-850 (%) RMSE 20.542 20.227 19.432 20.355 20.389 18.841 

RH/Z2 (%)  RMSE 22.329 22.706 23.652 20.210 20.690 20.066 

TMP/P1000-850 (°C) RMSE 3.111 3.055 2.910 3.125 3.086 2.853 

TMP/Z2 (°C) RMSE 3.499 3.598 3.725 3.392 3.498 3.357 

WIND/P1000-850 (m/s) RMSE 2.853 2.824 2.557 2.849 2.838 2.499 

WIND/Z10 (m/s) RMSE 2.126 2.162 2.256 2.272 2.331 2.561 

AVERAGE  MAE  7.657 7.671 7.705 7.333 7.418 7.004 

AVERAGE  ME 1.298 1.406 2.295 -0.427 -0.397 0.022 

AVERAGE  RMSE 9.077 9.095 9.089 8.701 8.805 8.363 
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Table 2.8. Summary statistics of the WRF physics sensitivity model simulations averaged across all three domains 

and all three vertical level configurations. Statistics (Stat.) shown are Mean Error (ME), Mean Absolute Error 

(MAE), Root Mean Square Error (RMSE). Yellow shaded boxes indicate error values closest to zero (ME) or the 

lowest values for a given statistic and variable. 

Variable/Level (Unit)  Stat MYNN 2.5 YSU 

RH/P1000-850 (%) MAE  17.093 17.072 

RH/Z2 (%)  MAE  19.396 16.824 

TMP/P1000-850 (°C) MAE  2.677 2.678 

TMP/Z2 (°C) MAE  3.026 2.899 

WIND/P1000-850 (m/s) MAE  2.220 2.225 

WIND/Z10 (m/s) MAE  1.654 1.811 

RH/P1000-850 (%) ME -2.652 -6.887 

RH/Z2 (%)  ME 12.211 3.493 

TMP/P1000-850 (°C) ME 0.218 0.704 

TMP/Z2 (°C) ME -2.054 -1.421 

WIND/P1000-850 (m/s) ME 1.253 1.246 

WIND/Z10 (m/s) ME 1.024 1.261 

RH/P1000-850 (%) RMSE 20.067 19.862 

RH/Z2 (%)  RMSE 22.896 20.322 

TMP/P1000-850 (°C) RMSE 3.025 3.021 

TMP/Z2 (°C) RMSE 3.607 3.415 

WIND/P1000-850 (m/s) RMSE 2.745 2.729 

WIND/Z10 (m/s) RMSE 2.181 2.388 

AVERAGE  MAE  7.678 7.252 

AVERAGE  ME 1.667 -0.267 

AVERAGE  RMSE 9.087 8.623 
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Figure 2.1 Figure showing the terrain (shaded) of western North Carolina, with the Yadkin River shown in blue. Also 

shown are surface weather stations (red dots) used in the statistical analysis and cross-section lines (black and white). 
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Figure 2.2. Figure showing the WRF model domain's outer domain (12km d01) and two nested domains (4km d02 

and 1.3km d03). 
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Figure 2.3. Eta level comparison between the model simulations 
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Figure 2.4. Lowest-model level divergence (red) and convergence (blue), both scaled by 10-5 s-1, from the RUC 130 

model analysis valid at 12 UTC on 19 February 2010.  The black hexagon indicates the location of Wilkes and 

Caldwell counties in the Upper Yadkin Valley region. 
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Figure 2.5. Lowest-model level divergence (red) and convergence (blue), both scaled by 10-5 s-1, from the RUC 130 

model analysis valid at 06 UTC on February 20th, 2010. The black hexagon indicates the location of Wilkes and 

Caldwell counties in the Upper Yadkin Valley region. 
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Figure 2.6. Lowest-model level divergence (red) and convergence (blue), both scaled by 10-5 s-1, from the Y50L 12km 

model at 12 UTC on 19 February 2010. Wind vectors (m/s) are shown in black. The black hexagon indicates the 

location of Wilkes and Caldwell counties in the Upper Yadkin Valley region. 
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Figure 2.7. Lowest-model level divergence (red) and convergence (blue), both scaled by 10-5 s-1, from the Y50L 12km 

model at 06 UTC on February 20th, 2010. Wind vectors (m/s) are shown in black. The black hexagon indicates the 

location of Wilkes and Caldwell counties in the Upper Yadkin Valley region. 
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Figure 2.8. Lowest-model level divergence (red) and convergence (blue), both scaled by 10-5 s-1, from the Y50H 4km 

model at 12 UTC on 19 February 2010. Wind vectors (m/s) are shown in black. The yellow hexagon indicates the 

location of Wilkes and Caldwell counties in the Upper Yadkin Valley region. 
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Figure 2.9. Lowest-model level divergence (red) and convergence (blue), both scaled by 10-5 s-1, from the Y50L 4km 

model at 06 UTC on February 20th, 2010. Wind vectors (m/s) are shown in black. The yellow hexagon indicates the 

location of Wilkes and Caldwell counties in the Upper Yadkin Valley region. 
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Figure 2.10. Lowest-model level divergence (red) and convergence (blue), both scaled by 10-5 s-1, from the Y40 model 

at 05 UTC on 19 February 2010. Wind vectors (m/s) are shown in black. The yellow hexagon indicates the location of 

Wilkes and Caldwell counties in the Upper Yadkin Valley region. 
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Figure 2.11. Lowest-model level divergence (red) and convergence (blue), both scaled by 10-5 s-1, from the Y50L 

model at 00 UTC n February 20th, 2010. Wind vectors (m/s) are shown in black. The yellow hexagon indicates the 

location of Wilkes and Caldwell counties in the Upper Yadkin Valley region. 
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Figure 2.12. Lowest-model level divergence (red) and convergence (blue), both scaled by 10-5 s-1, from the Y50L 

model at 09 UTC n February 20th, 2010. Wind vectors (m/s) are shown in black. The yellow hexagon indicates the 

location of Wilkes and Caldwell counties in the Upper Yadkin Valley region. 
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Figure 2.13. Simulated temperature (shaded contours) and cross-sectional winds (vectors, in m/s) between Laurel 

Springs (LAUR) and Taylorsville (TAYL) weather station locations from the 1.3km domain in the Y50H model 

configuration. Simulation is valid at 13z on 19 February 2010.  On the right, graphic showing cross-section location 

(red line).  
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Figure 2.14. Simulated temperature (shaded contours) and cross-sectional winds (vectors, in m/s) between Jefferson 

(KGEV) and Taylorsville (TAYL) weather station locations from the 1.3km domain in the M40 model configuration. 

Simulation is valid at 03z on February 20th, 2010.  On the right, graphic showing cross-section location (red line). 
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Figure 2.15. Simulated temperature (shaded contours) and cross-sectional winds (vectors, in m/s) between the 

Jefferson (KGEV) and Taylorsville (TAYL) weather station locations from the 1.3km domain in the Y50L model 

configuration. Simulation is valid at 01 UTC on February 20th, 2010. On the right, graphic showing cross-section 

location (red line). 
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Figure 2.16 Simulated temperature (shaded contours) and cross-sectional winds (vectors, in m/s) between the Laurel 

Springs (LAUR) and Taylorsville (TAYL) weather station locations from the 1.3km domain in the M50H model 

configuration. Simulation is valid at 17 UTC on February 20th, 2010. On the right, graphic showing cross-section 

location (red line).  
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3. WRF Data Assimilation  

Among the abilities of the WRF model is the use of four-dimensional data 

assimilation (FDDA), which nudges the model run towards analyses or observations at given 

intervals. This process is currently independent of the WRF Data Assimilation (WRFDA) 

system, which allows observations to be combined with model first-guess fields in order to 

produce an improved analysis for a given time (Skamarock et al. 2008). Within WRFDA, 

there are also options to use data assimilation in both 3-dimensional (3D-Var) and 4-

dimensional (4D-Var) data assimilations, the latter using a numerical forecast model. 

Integrating processes from both techniques would allow for a full variational four-dimension 

data assimilation (VFDDA) nudging option for the WRF model. Details on the variational 

data assimilation are provided by Barker and Huang (2004) and Huang et al. (2009). Details 

on the FDDA implementation in WRF are provided by Stauffer and Seaman (1994). This 

chapter discusses a method to integrate WRFDA analyses into the WRF FDDA analysis 

nudging system. This combination of WRFDA and WRF-FDDA is referred to as variational 

four-dimensional data assimilation (VFDDA). 

3.1 WRF Four Dimension Data Assimilation (FDDA) 

With FDDA enabled, running the real-data initialization program (real.exe) provides 

three outputs that are used for the WRF run: the initial analysis for each domain (wrfinput), 

the outer domainôs boundary condition files (wrfbdy), and a FDDA file.  The first two files 

are standard for the real-data initialization, and the FDDA file contains the analyses to which 

the model will be nudged.  
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Each FDDA file contains data for specified nudging intervals for the model 

simulationôs duration. At each of these times, variables are grouped into the categories of old 

and new parameters (Table 3.1). The old parameters are the analysis for the valid time, in the 

same manner that the initial analysis is created. The new parameters are the analysis valid for 

the next time step to which the model will be nudged. This is confirmed with comparisons 

between FDDA output and initial analyses files created for each valid time. 

3.2 WRF Data Assimilation (WRFDA) 

WRFDA allows for integration of direct and indirect observations into a single 

analysis by examining the perceived error of both data sets by a cost function. This creates an 

updated analysis model field that incorporates the observational data, as well as the errors in 

both datasets. Along with the updated analysis, WRFDA updates the boundary conditions to 

keep physical consistency with the updated analysis. Unlike FDDA, only a single time step 

(initial analysis) is updated. 

3.3 WRF Variational Four -Dimensional Data Assimilation (VFDDA) 

In order to have a model nudge to analyses that have had these additional data 

assimilated, while considering the statistical performance of the model and observations, 

combining both WRFDA and WRF-FDDA platforms are necessary. For each time step in the 

FDDA file, updates to the old and new fields are provided by using the analyses generated by 

WRFDA at their respective times. Similarly, updating the outer domain boundary conditions 

for the full model duration is accomplished with the updated WRFDA boundary conditions 
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file for each valid time. By updating each domainôs initial analyses and FDDA data for the 

entire model run, as well as the outer domain boundary conditions, it is possible to combine 

both WRF-FDDA and WRFDA platforms into a single model with variational four-

dimension data assimilation (VFDDA) nudging. 

For every time step in the model run, Figure 3.1 shows that the program real.exe is 

run for two-timestep duration with the FDDA option turned on.  This creates three files for 

each time: wrfinput, wrfbdy, and wrffdda data files.  WRFDA is then run using the wrfinput 

data for each time and outputs a new wrfinput file for each time after assimilating additional 

data (Figure 3.2).  The boundary conditions are also updated for each time that is processed 

through WRFDA. Each boundary file is then combined together to form a new boundary file 

that is consistent with each new and updated analysis.  Similarly, the pertinent fields for each 

new wrfinput file produced by WRFDA are combined into a new FDDA file.  This procedure 

ensures that all the boundary conditions and nudging fields are physically consistent with the 

new analyses generated by WRFDA.  The WRF forecast model is then initialized and run 

using the updated fields. 

In the next chapter, this new VFDDA data assimilation technique is compared against 

other methods for a case study over the Upper Yadkin Valley of North Carolina. 
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Table 3.1. Variables in the FDDA files and their corresponding variables in the WRFDA analysis files. 

Variable Name FDDA Variable Field*  
WRFDA Analysis Variable 

Field 

Perturbation Column 

Dry Air Mass 

MU_NDG_OLD 

MU_NDG_NEW 
MU 

Perturbation 

Geopotential Height 

PH_NDG_OLD 

PH_NDG_NEW 
PH 

Perturbation Potential 

Temperature 

T_NDG_OLD 

T_NDG_NEW 
T 

Water Vapor Mixing 

Ratio 

Q_NDG_OLD 

Q_NDG_NEW 
QVAPOR 

Wind (E-W component) 
X_NDG_OLD 

X_NDG_NEW 
U 

Wind (N-S component) 
V_NDG_OLD 

V_NDG_NEW 
V 
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Figure 3.1. Flowchart of running WRF. Dashed lines indicate additional steps for running FDDA. 
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Figure 3.2. Flowchart of WRF model with WRFDA nudging for all time intervals between the model start (TS) and 

end (TE) times. WRFDA steps are shown in gray. Dashed lines show FDDA steps. Using a combination of WRFDA 

and FDDA produces the VFDDA model. 
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4. Upper Yadkin Vall ey Cold Air Drainage Case Study 

4.1 Event Summary 

This case study examines the time period between 00 UTC on 19 February 2010 to 12 

UTC on 21 February 2010. This period was chosen for the clear, calm conditions that 

occurred across in and around the Upper Yadkin Valley of North Carolina as a representative 

freeze event. The geography of this region is shown in Figure 4.1. 

 At 00 UTC on 19 February 2010, Figure 4.2 shows a weak trough extending from 

southeastern Virginia across central North Carolina into northern Mississippi, and 1024mb 

high pressure was located to its south along the Mississippi coast. Over the next 21 hours, the 

high pressure strengthens over eastern Tennessee (Figure 4.3). By 21 UTC on the 19th, 

surface winds across Virginia and North Carolina are less than 10 knots (5.1 m/s) under clear 

skies as shown in Figure 4.3.  

Clear skies over the North Carolina mountains, shown in Figure 4.5, remain until 15 

UTC on the 20th, when a mid-latitude cyclone centered over eastern Missouri in Figure 4.6 

moves eastward to the Ohio Valley. Observations from three Automated Weather Observing 

System (AWOS) stations, defined in Table 4.1, are shown in Table 4.2. Each of these stations 

reported various amounts of cloud cover between 16 UTC on the 20th and 00 UTC on the 

21st. Clear sky observations continue again until 12 UTC on the 21st, where high pressure 

continues to hold over western North Carolina, as shown by the surface analysis in Figure 

4.7. 
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4.2 Hypothesis and Experiment Design 

The goal of this case study is to examine how various methods of data assimilation in 

WRF simulates cold air drainage in the Upper Yadkin Valley occurring from 00 UTC on 19th 

February, 2010 to 12 UTC on 21st February, 2010. Air temperature, dew point temperature, 

and wind speeds are analyzed at the surface (2-meter above ground for temperature and dew 

point temperature, 10-meter for wind speed), along with lower tropospheric temperature and 

winds (850mb and 925mb). These three surface variables are most important to fruit 

production in this region, as freezes from radiational cold air drainage events require cold, 

dry, and calm nights. WRF v3.2.1 model simulated surface fields are compared with the 

hourly gridded Real Time Mesoscale Analysis (RTMA) provided by the National Centers for 

Environmental Prediction (NCEP). Lower tropospheric model simulated fields are compared 

against the Rapid Update Cycle (RUC) hourly analysis. Additionally, air temperature, dew 

point temperature, and wind fields are compared against observations from surface 

automated station locations shown in Figure 4.8, rawindsondes, and aircraft locations shown 

in Figure 4.9. These observations are considered ñtruthò for statistical analysis of each 

simulation using the National Center for Atmospheric Research (NCAR)ôs Model Evaluation 

Tools (MET) version 3.0.1. For observations, point statistics at each hourly surface station, 

the observations closest to each hour are used, and those observations are treated as occurring 

on that hour. These statistics are calculated over the common innermost domain across all 

three resolutions of each of the four model configurations seen in Table 4.3, resulting in 12 

different comparisons. 
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For visual analysis of the three WRF domains, both the RUC and RTMA native grids 

are limited to the each WRF domainôs extent, while the grid-spacing was kept at their native 

13.545 and 5.079 kilometers, respectively. Each WRF simulation is reprojected and 

regridded onto these truncated RUC and RTMA grids using NCEPôs copygb program. These 

new grids are only used in graphical comparison, while all point-based statistics are 

generated using each modelôs native grids and grid-spacing. Of all the models listed in Table 

4.3, the four WRF models are executed with different data assimilation techniques explained 

in Chapter 3.  

The goal of evaluating the model temperatures, moisture, and winds in each 

configuration will help determine which model best simulates these typical of a radiational 

freeze event in an agriculturally sensitive area of western North Carolina. 

4.3  Model Results 

For each parameter and level, each model is examined in both subjective and 

quantitative manners, with simple visual comparisons and difference comparisons, 

respectively.  

4.3.1 Surface Winds (10m) 

4.3.1.1 Observations 

The surface temperature observations at each of the three reference AWOS hourly 

stations are shown in Table 4.2. In 20 minute observation periods from 00 to 11 UTC on the 

20th, winds between 0.7 and 0.9 m/s were recorded four times at KUKF and seven times at 
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KMRN, both valley stations. Otherwise, this period had no wind speed recorded at either of 

these two valley stations. In this same period, KGEV experienced a maximum wind speed of 

3.7 m/s, the daily maximum, at 10:20 UTC. A diurnal cycle appears strongest for KUFK and 

KMRN for both the 19th and 20th with a maximum between 2.3 to 2.5 m/s occurring the day, 

and winds no faster than 0.9 m/s overnight (00 ï 12 UTC). Calm winds are reported during a 

majority of the observation times. 

From 05 to 12 UTC on the 21st, observed winds are no greater than 0.9 m/s at any of 

the three sites, with KUFK reporting two, KGEV reporting four, and KMRN reporting a 

single non-zero report within this period. At KGEV, the coldest temperature during this 

period (0°C) correlates with a calm report at 0800 and 0820 UTC. 

4.3.1.2 RTMA Analysis 

At the beginning of the period at 00 UTC on 19 February 2010, Figure 4.10 shows the 

strongest winds across North Carolina at up to 6 m/s in the mountains. A diurnal cycle is 

present on each day, as the simulated surface winds weaken to less than 3 m/s across the 4km 

domain between 03 to 13 UTC on the 20th (Figure 4.11). This pattern occurs again from 01 to 

11 UTC on the 21st, as shown in Figure 4.12. The influence of the Upper Yadkin Valley and 

nearby terrain is easier to identify in the RTMA model analysis when zoomed to the 1.3km 

WRF domain. From 17 to 19 UTC on the 20th, flow convergence is present near the Upper 

Yadkin Valley (Figure 4.13), occurring again at 21 UTC on the 20th (Figure 4.14). 
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4.3.1.3 WRF model simulations 

Table 4.4 contains the analysis for surface wind simulated in each of the six WRF 

model simulations. Qualitative differences fields from the RTMA are used, as well as 

calculated surface convergence. In comparing the surface convergence, based on surface 

wind flow, the baseline WRF (WRFB) and WRFDA simulations each have an area of 

convergence in Figure 4.15 crossing east-to-west over the entire Yakin Valley from 11 to 15 

UTC on the 19th. However, the strongest convergence is produced in the FDDA-based 

simulations from 00 to 15 UTC on the 19th along the western slopes of the Yakin Valley 

(Figure 4.16).  

4.3.1.4 Summary 

Table 4.5 shows the point-based statistical results for the surface winds in each 

model. At every grid spacing of the models, the RTMA (4km and 1.3km domain) and RUC 

(12km domain) model has the lowest mean absolute error, smallest mean error, and smallest 

root mean square error of all models. However, each WRF simulation overpredicts the wind 

speed (+0.54 to +1.77), which is typical of models both over land and terrain with valleys 

and plains (Jiménez and Dudhia 2011). Of the four WRF based models, the VFDDA model 

produce the smallest errors. 
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4.3.2 Surface Temperature (2m) 

4.3.2.1 Observations 

 The surface temperature observations at each of the reference AWOS hourly stations 

are shown in Table 4.2. The coldest observed period in the simulation period is between 00 

and 10 UTC on 20th February 2010, where minimum temperatures range from -4°C in the 

valley (KUKF) to 1°C in the mountains (KGEV). 

4.3.2.2 RTMA Analysis 

Over the 4km middle domain, the coldest RTMA period in the North Carolina 

mountains occurs between 08 and 13 UTC on February 20th (Figure 4.17). As shown in 

Figure 4.17, RTMA analyzed surface temperatures at this time are below 0°C (indicated by 

the solid black line) across most of North Carolina. Over the innermost 1.3km domain, this 

temperature pattern is more easily observed in Figure 4.18. Within the Upper Yadkin Valley, 

the RTMA best replicates cold air drainage intensity in the valley at 10 UTC on the 19th 

(Figure 4.19). 

 

4.3.2.3 WRF Simulations 

Table 4.6 contains the analysis for surface temperature simulated as compared to 

RTMA for each of the six WRF models.  
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4.3.2.4 Summary 

Table 4.7 shows the point-based statistical analysis for the surface temperatures in 

each model. At every grid spacing, RTMA (against 4km and 1.3km WRF simulations) and 

RUC (compared to 12km WRF simulations) has the lowest mean absolute error, smallest 

mean error, and smallest root mean square error of all models. Every WRF model 

underpredicts the temperature (-1.5 to -2.22°C), just like both analyses (-0.44°C for RUC, -

0.36°C for RTMA). At 1.3km, the VFDDA simulation produces the smallest mean absolute 

and root mean square errors of any of the six WRF simulations. At the 4km and 12km grid 

spacing, no single model simulation has both the smallest mean absolute error and smallest 

root mean square error. 

4.3.3 Surface Humidity (2m) 

4.3.3.1 Observations 

The surface temperature observations at each of the reference AWOS hourly stations 

are shown in Table 4.2.  

4.3.3.2 RTMA Analysis 

Using the RTMA model zoomed to the 4km domain; the dew points across North 

Carolina and Virginia are subzero for the entire model period, reflected in Figure 4.20. On 

the 19th and 20th, an increase in dew point occurs between 12 (Figure 4.21) to 16 UTC 

(Figure 4.22) over the entire domain during daybreak.  From 04 to 12 UTC on the 20th, a 

gradient of lower (west) to higher (east) dew point temperatures forms along the slopes of the 
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Upper Yadkin Valley, as shown in Figure 4.23. This may be due to orographic lift, as the 

winds are from the northwest (Figure 4.11). By the end of the simulation period at 12 UTC 

on February 21st, dew points are -4 to -8°C across western North Carolina, visible in Figure 

4.24. 

4.3.3.3 WRF Simulations 

Table 4.8 contains the analysis for surface moisture in each of the six WRF 

simulations. Differences are calculated using the RTMA surface fields. At 15 UTC on the 

20th, a difference between the 4km and 1.3km FDDA simulated moisture is observed across 

the Upper Yadkin Valley. At 4km, Figure 4.25 show a pattern very similar to previous WRF 

models, with a gradient of dew point differences (FDDA-RTMA) with the FDDA having 1 ï 

4°C higher (lower) dew points than the RTMA along the western (eastern) slopes. However, 

at this same time, the 1.3km simulated differences shown in Figure 4.26 have the FDDA 

simulated dew points much higher (4 ï 6°C) than the RTMA over the western slopes, and 

slightly higher (1 ï 2°C) over the eastern slopes. These two solutions converge again by 21 

UTC on the 20th.  

4.3.3.4 Summary 

Table 4.9 shows the point-based statistical analysis for the surface dew point 

temperatures in each model. At every grid spacing of the models, the RTMA (4km and 

1.3km domain) and RUC (12km domain) model has the lowest mean absolute error, smallest 

mean error, and smallest root mean square error of all models. All WRF models 
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underpredicts the dew point temperature (-1.5 to -2.22°C), just like both analyses (-0.44°C 

for RUC, -0.36°C for RTMA). At 1.3km, the VFDDA simulation produces the smallest mean 

absolute and root mean square errors of any of the six model simulations. At 4km and 12km, 

no single model simulation has both the smallest mean absolute error and root mean square 

error. 

4.3.4 Lower Tropospheric Winds (850mb and 925mb) 

Examining the lower troposphere helps provide a more in-depth look of the 

atmosphere, providing insight into the interactions of the atmosphere at and above the 

surface. Due to the lack of three-dimensional fields, the RTMA is not used for this upper-air 

analysis. Instead, the RUC analysis fields are used for the gridded ñtruthò. 

4.3.4.1 Observations 

At 00 UTC on the 19th, 850mb winds observed at Roanoke, VA and Greensboro, NC 

are 30 knots from the northwest, as a large low pressure system sits off the Nova Scotia coast 

(seen in Figure 4.27). The 850mb winds remain from the northwest through 00 UTC on the 

21st, with weaker 15-knot winds reported in Greensboro as shown in Figure 4.28. 

4.3.4.2 RUC Analysis 

Using the 13km RUC Analysis, at 00 UTC on February 19th, Figure 4.29 shows a 

northwest-to-southeast flow across much of the eastern United States at 850mb, with winds 

up to 24 m/s from Pennsylvania to Virginia. Across North Carolina, maximum wind speeds, 

shown in Figure 4.30, are from the northwest at 18 m/s to the northeast of the Upper Yadkin 
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Valley. The strongest winds over the Upper Yadkin Valley occur at 06 UTC on the 19th, as 

shown by 14-18 m/s winds in Figure 4.31. At 12 UTC, the strongest 850mb (and 925mb) 

winds occur in the North Carolina and Virginia mountains, with Figure 4.32 showing 850mb 

winds from the northwest at 14 to 24 m/s.  

By 21 UTC on the 19th, the 925mb winds across the North Carolina mountains 

weakens to less than five m/s, as shown in Figure 4.33. The 850mb winds across the North 

Carolina stay above five m/s until 06 UTC on the 20th, as a ridge axis in Figure 4.34 moves 

into central Tennessee. From 00 to 12 UTC on the 21st, the 925mb winds are less than two 

m/s and variable across the North Carolina mountains (Figure 4.35), with 850mb wind 

speeds of less than 8m/s. By 07 UTC on the 21st, the 850mb wind axis moves across the 

Yakin Valley in Figure 4.36. 

4.3.4.3 WRF Simulations 

Table 4.10 shows the analysis for the lower tropospheric winds in each of the six 

WRF simulations. Differences are calculated using the RUC analysis fields, and a vertical 

profile is taken over the Upper Yadkin Valley at Wilkesboro (KUKF). Table 4.11 and Table 

4.12 show the point-based statistical results in each model for wind speed at 925mb and 

850mb, respectively. 
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4.3.5 Lower Tropospheric Temperature (850mb and 925mb) 

4.3.5.1 RUC Analysis 

The coldest period across the Upper Yadkin Valley occurs at 14 UTC on the 19th, 

when 850mb RUC temperatures in are between -2°C and -6°C over the valley and 

northwestern slopes (Figure 4.37). This is also the coldest period at 925mb, where most of 

the North Carolina mountains are subzero, and the Upper Yadkin Valley is -2 to -4°C (Figure 

4.38). The Upper Yadkin Valley remains below 0°C at 850mb until early on the 20th. Twice 

on the 20th, the valley is warmer than the subzero areas along northwest slopes and to the east 

of the valley, occurring between 07 to 09 UTC (Figure 4.39) and again 14 to 17 UTC (Figure 

4.40). After 17 UTC, the 850mb temperatures are above zero across the entire 1.3km domain 

until the end of the simulation at 12 UTC on 21 February.  

 

4.3.5.2 WRF Simulations 

Table 4.13 shows the analysis for the lower tropospheric temperature in each of the 

six WRF simulations. Differences are calculated using the RUC analysis fields, and a vertical 

profile is taken over the Upper Yadkin Valley at Wilkesboro (KUKF). The biggest 

differences in the vertical profile are seen between the FDDA-based simulations, as shown in 

Figure 4.41. The VFDDA simulated vertical profile is cooler than the RUC near the surface, 

while FDDA (not shown) is never cooler than the RUC near the surface. Table 4.14 and 

Table 4.15 show the point-based statistical results in each model for temperature at 925mb 

and 850mb, respectively. 
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4.4 Discussion 

4.4.1 Statistical Evaluation 

Observation-based point statistics are analyzed using the National Center for 

Atmospheric Research (NCAR)ôs Model Evaluation Tools (MET), version 3.0.1. Each of the 

simulation statistics are calculated using surface-based observations (Figure 4.8) and upper 

air data provided by surface air profilers, rawinsonde and aircraft (Figure 4.9) available from 

MADIS. At the surface, there is an average of 131.9 surface observations available for 

statistical comparison at each hour of the simulation (Figure 4.42).  

For upper air observations, Figure 4.43 shows the limited data available for 

comparison, as data are required to be reported within a five millibar buffer of the recording 

pressure level and within 30 minutes of the observation time. At 925mb pressure level, 

statistics are available for each hour with an average number of 11.1 temperature and 7.5 

wind observations per hour (Table 4.16), but using the 4km middle domain increases the 

hourly average to 22.0 and 14.6 observations, respectively (Table 4.17). These observations 

are provided from aircraft and rawinsonde in Figure 4.44 and surface-based stations and 

profilers in Figure 4.45. Only 19 hours have upper-air data at 850mb (±5mb buffer) over the 

innermost domain, with an average of 1.8 temperature and 1.6 wind observations for each of 

those hours shown in Table 4.16.  

By using the 4km middle domain, the number of 850mb temperature and wind 

observations increases to 10.1 and 7.8 observations an hour, respectively (Table 4.17). Due to 
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the scarcity of the upper-air observations, upper-air statistics will be computed over the 4km 

domain.  

RTMA outperforms the RUC and all 18 WRF simulations over the 1.3km inner-

domain for 2-meter air and dew point temperatures, as shown in Table 4.5 and Table 4.7. The 

RTMA analysis compares better than RUC when analyzing 10-meter wind MAE (Table 4.5). 

However, the RUC model performs better than the RTMA in terms of the root mean square 

error of 10-meter winds. RTMA, RUC, and all WRF simulations overpredict the observed 

wind speed (mean error +0.55 to +1.77), which is typical of numerical models over complex 

terrain with valleys and plains (Jiménez and Dudhia 2011). The 1.3km VFDDA provides the 

best performance of all WRF simulations, in terms of smallest errors. Each WRF simulation 

increases wind speed model skill of with an increase in horizontal resolution. 

For surface temperatures shown in Table 4.7, RTMA provided the best model 

performance with smallest errors over the innermost domain. The RUC outperformed the 

best WRF simulation, 4km VFDDA, with smaller mean absolute error, smaller root mean 

square error, and smaller bias.  For each WRF simulation, the simulation from the 4km 

domain provided lower error than simulations from both the 1.3km or 12km domains. 

RTMA, RUC, and all WRF simulations underpredict the observed temperatures. 

Overpredicted surface winds would increase mixing in the nocturnal boundary layer and 

decrease the radiative cooling of the surface layer. Higher wind speeds in the model likely 

accounts for most of the overprediction of the simulated surface temperatures.  

The best model tested for surface dew point across the innermost domain is provided 

by the RTMA, shown in Table 4.9. WRF results were mixed, with only the VFDDA 
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simulation proving an improvement with increasing horizontal resolution. FDDAôs best 

resolution for dew point temperature was at 4km, while the WRFB and WRFDA simulations 

had their best results at 12km. Every simulation overpredicted the surface moisture.  

At the 925mb level, the two WRF simulations that use the FDDA data assimilation 

(FDDA and VFDDA) outperform the RUC analysis and all other 12km and 4km WRF 

simulations compared to observations over the 4km middle domain. For the 925mb winds, 

each FDDA-assimilation based model has larger mean absolute error of 0.28 m/s to 0.36 m/s 

compared to the RUC mean absolute error (a decrease by 14% to 17%). The WRFB model 

was the only simulation that had higher 925mb temperature errors (increases in MAE, 

RMSE) in the 4km simulation than the coarser 12km simulations. 

At 850mb, the RUC analyzed wind and temperature fields over the 4km domain 

perform better than any of the 12 WRF simulations over observations in the middle (4km) 

domain, as shown respectively in Table 4.12 and Table 4.15. Of the 12km WRF simulations, 

the VFDDA simulation provides the best results in terms of lowest mean-absolute error and 

root mean square error for wind and temperature. When compared to the 13km RUC analysis 

850mb temperature, both 12km VFDDA simulated errors are 0.01°C lower for both root 

mean square error (0.72°C to 0.71°C) and mean absolute error (0.6°C vs. 0.59°C). Shown in 

Table 4.15, the VFDDA simulation produced the best results of any 4km WRF simulation of 

850mb temperature in terms of error, with identical mean absolute errors (0.59°C) with the 

13km RUC analysis (0.59°C), with both root mean squares within 0.01°C.  

Over Wilkes County, the summary of statistical analysis for surface variables can be 

found on Table 4.18. At 1.3km, the VFDDA simulation outperforms the RTMA and all other 
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models for surface winds in terms of lowest RMSE and MAE. For temperature and dew 

point, the RTMA provides the best statistical metrics across five hourly observing stations in 

Wilkes County (Table 4.19). Among the WRF simulations, the 1.3km VFDDA provides the 

best simulation for temperature, and the 1.3km WRFDA simulation does best with dew point. 

Most simulations improve their accuracy with smaller grid-spacing. 

For each of the three hourly stations focused on this case study, the RTMA provides 

the best model performance for each surface variable and statistical metric. Across the 

RTMA and all WRF simulations, surface simulations for KUKF (Upper Yadkin Valley) has 

the smallest model error for surface wind, temperature, and dew point temperature fields 

among the three stations (Table 4.20). Simulations for KMRN (Upper Catawba Valley) have 

the highest errors for RTMA simulated surface wind (Table 4.21), but the smallest errors 

averaged across the six WRF simulations. And to the west in the mountains, the simulations 

for KGEV have the highest errors for surface temperature and dew point, as shown in Table 

4.22. For valley stations (KUKF and KMRN), the VFDDA and FDDA simulations provide 

the smallest errors of all WRF simulations for surface wind (4km) and temperature (1.3km). 

The 4km VFDDA simulation provides the best performance for surface winds at KGEV. For 

all three stations, the simulation with the smallest errors in surface dew point is the 1.3km 

WRFB (KGEV) and 4km WRFDA (KUKF and KMRN) simulations. 

An additional station in the Upper Yadkin Valley that is part of the data assimilation 

process is Rendezvous Mountain (RVZN7), located approximately 16 kilometers (10 miles) 

west of KUKF along the western edge of the Yadkin Valley (Figure 4.1). RVZN7 is located 

at 726.6 meters (2384 feet) above sea level, nearly 332 meters (1089 feet) higher than 
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KUKFôs elevation. At RVZN7, the RTMA analysis outperforms any other model at any 

resolution for dew point temperature (Table 4.23) though all simulations have a moist bias. 

For temperature, only the 12km and 4km FDDA simulations produced better results than the 

RTMA at RVZN7, with all simulations producing a cold bias. Simulations with the least 

error of surface wind speeds (MAE and RMSE) are provided by the two 1.3km FDDA-based 

simulations (FDDA and VFDDA), each with less error than the RTMA. The RTMA was the 

only model to underpredict wind speeds for RVZN7, which may be due to the inclusion of 

function-correlation scales in background error calculations to correct for surface wind 

errors, where ñé circulations often include flows going up and down mountain slopes.ò (De 

Pondeca et al. 2011). The overpredicted wind speeds in the WRF and RUC simulations along 

RVZN7 contradicts the findings of by Jiménez and Dudhia (2011) that suggest winds across 

mountain peaks are under-estimated. This may, however, be due to the nearby higher terrain 

to the west and north of RVZN7. 

Differences between the RTMA and fine-resolution simulations of the WRF models 

may be due to the data assimilation intervals and techniques used in the GSI and WRF-VAR 

data assimilation systems, respectively. The GSI-based RTMA has an inherit advantage due 

to its hourly data assimilation over any of the WRF data assimilation systems. Both the 

FDDA and VFDDA simulations only used data assimilation every six hours, due to the 

computation expense and temporal availability of the background dataset used, the North 

American Mesoscale (NAM) model. Additionally, using two main minimization loop 

routines (RTMA) instead of one (WRF-VAR) may help minimize errors and erroneous 



 

74 

omitting of valid surface observations. The two loops help provide both a first- and second-

guess for the QC before throwing out observations. 

4.4.2 Cold Air Drainage 

From the temperatures shown in Figure 4.46, the two coldest periods in the Upper 

Yadkin Valley station of KUKF occurs between 07 and 13 UTC each day of the forecast 

period. The coldest of these occurs from 10 to 11 UTC on the 20th, with temperatures of -

4°C. By comparison, 16km (10 miles) to the west in Figure 4.47, RVZN7 observed surface 

temperature of 1.5°C during this time. 

From 10 to 11 UTC on the 20th, only the RUC analysis (-0.6°C at 11 UTC) and 

VFDDA 4km simulation (-2.4°C at 10 UTC) in Figure 4.46 produces their minimum 

temperatures for KUKF. The coldest model from 00 to 12 UTC on the 20th is the RTMA (-

3.5°C at 12 UTC). All 4km WRF simulations have minimums between -2.3°C (FDDA) and -

3.0°C (WRFB). No 1.3km simulation has a minimum temperature less than -2.5°C (WRFDA 

at 09 UTC).  The RTMA model produces the lowest errors of each statistical metric for 

surface wind speed. RTMA includes function-correlation scales for controlling the 

anisotropy (directional dependency) for the background error auto-covariance calculations. 

This was done specifically for the background errors in surface wind along mountain slopes 

(De Pondeca et al. 2011). This would provide the RTMA an advantage over the WRFDA 

system for simulated wind speeds, which does not account for the anisotropy of surface 

fields. 



 

75 

KUKF wind speeds observed in Table 4.2 are less than 1 m/s from 00 to 12 UTC on 

the 20th, with calm conditions from 06 to 12 UTC. For each model in Figure 4.48, the 

simulated wind speeds during this time never reach the hourly observed calm wind, with the 

RTMA produces the smallest wind speeds. As shown in Table 4.20, the RTMA provides the 

smallest mean error during the entire model simulation. Each WRF simulation (with the YSU 

PBL scheme) overestimates the wind speed, consistent with previous findings that Hu et al. 

(2010) found with YSU PBL schemes. This increase in surface turbulent mixing limits the 

effect of radiational cooling at the surface, but warmer air aloft and is mixed in. This may 

explain why all model surface temperatures cool at a slower rate than the observations at 

KUKF from 00 to 12 UTC on the 20th, as shown in Figure 4.46. 

The RTMA and each WRF simulation show surface wind convergence in the Upper 

Yadkin Valley from 09 to 15 UTC on the 20th, as shown in Figure 4.49. Examination of each 

1.3km WRF modelôs cross-section plots at 10 UTC show most simulations have 

downsloping, katabatic flow from the west into the Yadkin Valley (see Figure 4.50). The 

baseline WRF (WRFB) simulation, shown in Figure 4.51, is the only one that has winds 

moving upslope, creating a counter-clockwise rotation on the western edge of the Yakin 

Valley.  In the valley itself, winds generally stay above the 276°K (3°C) potential 

temperature isotherm, providing weak anabatic flow (up and over) the eastern ridge. The 

WRFDA simulation, as shown in Figure 4.52, has weak downsloping of the winds along the 

eastern ridge of the Yakin Valley. However, this simulation provides a clockwise rotational 

flow along the cross-section at the eastern ridge of the Yadkin Valley at 10 UTC. 
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In the WRF simulation cross-sections, the decoupling of the surface winds from 

upper level tropospheric winds over the Yadkin Valley, as described in Zhang and Zheng 

(2004), occurs only in the WRFB and WRFDA simulations. In each of these simulations 

(such as in Figure 4.52), the strongest winds occur immediately over the valley at a height 

between 1km and 1.5km above sea level. In each of the FDDA-based simulations, the 

strongest winds over the valley in Figure 4.50 are much weaker, occurring at a height 

between the western and eastern ridges (0.6 to 0.7 km). With weaker winds, the three FDDA-

based simulations have a more stratified environment with less turbulent mixing inside the 

valley than the WRFB or WRFDA simulations. This would allow for faster radiative cooling 

in the FDDA-based simulations at the valley station KUKF than other WRF simulations 

(although not as fast either the RTMA or observations) as shown in Figure 4.46. RTMA 

simulated surface winds are the weakest among all simulations during this period, but still 

overestimate the wind speed and this may cause overestimation in mixing, resulting in slower 

radiative cooling than observed (Table 4.20). This suggests that for this critical period, 

FDDA data assimilation methods perform better than 3D-Var methods used in WRFDA. 

Combining FDDA and 3D-Var methods, the VFDDA provides the best WRF simulation 

(though not as good as RTMA). 

4.4.3 Station Elevation Resolution 

For density- and gravity-induced flows such as cold air drainage, the importance of 

the model to resolve the terrain is critical. Figure 4.53 shows the terrain in each of the three 

WRF domains across the Upper Yadkin Valley. Differences in resolution are best observed at 
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a 1.3km grid spacing, based off of 30 arc-second terrain data, as the increased resolution 

allows for an increased ability of the model to resolve terrain and surface roughness. For 

model comparison against observations, the simulated elevations of stations are important to 

consider, as well. Any errors from topographical data interpolation in weather models 

introduce new biases and errors for surface model fields such as temperature, humidity, 

pressure, and longwave radiation. These errors can be critical for others models using this 

data as input fields, such as land surface models (Cosgrove et al. 2003).  

Table 4.24 shows the elevations at each of the four stations examined in previous 

sections. Across each of the four stations, the model terrain at that location is lower than the 

observed elevation by as much as 200.5 meters! For three of the stations, the smallest 

difference between simulated terrain and observed elevation was provided by the 1.3km grid-

spacing simulations. The fourth, KGEV, had the smallest elevation difference from the 4km 

model grid-spacing. Differences in model terrain at each stations vary the largest for 

Rendezvous Mountain (RVZN7), and the smallest differences at Morganton (KMRN).  

By using the standard atmospheric lapse rate of 6.5°C/km, adjusting the simulated 

elevation for each station location to the observed elevation would resulted in a decrease of 

simulated surface temperatures by an additional 0.14°C and 1.3°C (Table 4.24). Using this 

assumed lapse rate over the entire period, the modelôs cold bias would be slightly increased. 

During the coldest period of the simulation (09 to 13 UTC on the 20th), this simulated surface 

temperature adjustment would result in slight reduction in the warm bias at KUKF. However, 

the use of the standard atmospheric lapse rate is not appropriate for areas with temperature 
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inversions, where temperatures increase with height. Such an inversion occurs overnight 

during the cold air drainage scenario, as shown in Figure 4.41.  

To account for this inversion at KUKF, the simulated lapse rate is calculated inside 

the inversion layer during this coldest period of 09 to 13 UTC on the 20th. This inversion 

occurs below an elevation of 700 meters (lowest five model levels) in the VFDDA simulation 

at 09 UTC on 20th February 2010, as shown in Figure 4.41.  The average simulated VFDDA 

lapse rate during this time is -8.8°C/km, indicating an increase of temperature with increasing 

height. Using this lapse rate, corrections of KUKFôs elevation during the coldest period of 

the simulation would increase surface temperatures between 0.21°C to 0.48°C, increasing the 

observed warm bias. For these simulations in this case study, the differences in elevation 

between the model and observation do not explain the surface temperature differences either 

overnight or over the entire simulation period. 

4.4.4 Correction of YSU scheme 

While model analysis was underway, a bug in the YSU PBL scheme was identified 

by Heather Richardson and Sukanta Basu at North Carolina State University. The non-

dimensional velocity gradient, ‰ , used in WRFôs YSU scheme is defined as הÍ ρ υ
Ú

,
; 

where z is the model height and L is the Monin-Obukov length. In the YSU scheme used 

between WRF versions 3.2 and 3.4, the model height (z) was fixed at the lowest model 

height, Úρ, instead of using all model heights, z. This allows the maximum eddy viscosity 

height to be independent of stability, which is not physically accurate (Richardson 2012). 
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This bug fix was included in version 3.4.1 of WRF. These code differences between WRF 

versions 3.4 and 3.4.1 were adapted for version 3.2.1 of WRF used in this study. 

Based on the adjustments by (Richardson 2012), the updated YSU scheme should 

produce less mixing in a stable, stratified atmosphere such as those occurring in the case 

study overnight, and should result in colder surface temperatures and weaker winds. Based 

on statistics in previous sections, this would help reduce the warm bias at night. Focusing on 

the valley station of Wilkesboro (KUKF), skew-t diagrams based on VFDDA model sounds 

are generated using both the original and fixed YSU schemes. Overall, both model profile 

soundings are very similar, with the differences between only differences occurring over near 

the surface in the period around sunrise (14 to 17 UTC) and after sunset (22 to 01 UTC) each 

day. During these times, the fixed YSU scheme is up to 3.3°C colder than the original YSU 

scheme near the surface at both dusk (Figure 4.54) and dawn (Figure 4.55). Otherwise, the 

profiles are near identical, such as during the coldest time period at KUKF (06 to 13 UTC on 

the 20th), where both model surface temperatures are warmer than the observed surface 

temperature as shown in Figure 4.56.  

Throughout the entire simulation period, the fixed YSU scheme decreases absolute 

model errors for surface winds for all model resolutions by less than 0.1 m/s at KUKF (Table 

4.26). Compared to the other simulations, the fixed VFDDA is outperformed by the RTMA 

and either the RUC (12km) or FDDA (4km and 1.3km). For surface temperature, the fixed 

VFDDA simulation increases in absolute error by up to 0.2°C than the original VFDDA over 

the entire simulation period. Simulated surface dew point is improved by 0.4°C only using 

the 4km fixed VFDDA simulation. Against all three simulated fields, the fixed VFDDA 
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simulation provides only a slight improvement of skill for surface wind, speeds at KUKF and 

the inner domain (not shown), with the RTMA providing the overall best results. 

4.4.5 Model Limitations  

The results of this case study represent simulations conducted during a single 60 hour 

period over the Upper Yadkin Valley of North Carolina. This period was chosen due to 

conditions observed in the valley and nearby surface stations. Further studies over a longer 

period, such as an entire season, would provide a larger, more representative sample of cold 

air drainage events. Due to the limited scope of this thesis, these results are suggested to be 

guidance for creation of re-analyses for freeze risks in the Upper Yadkin Valley. 

The RTMA model terrain and vegetation are pulled from the WRF standard 

initialization program at 5km with no smoothing (De Pondeca et al. 2011). The 4km WRF 

simulations use terrain and vegetation data based on 2-arcminute data from the WRF 

preprocessing system. Thus, there are few differences with these geographical features 

between the 5km RTMA and the 4km WRF simulations. However, when either are compared 

to the 1.3km WRF models using 30-arcsecond terrain and vegetation data, greater details 

emerge such as those in Figure 4.53. The WRF models underestimate the elevation for 

stations near the Upper Yadkin Valley, as discussed in the previous section.  

The land-use characteristics of the model simulations vary greatly with resolution. 

The USGS 24 category land use system was used for consistency with the RUC and RTMA. 

At a 4km model resolution and 2 arc-minute land use grid scale, Figure 4.57 shows that 

Wilkes County is almost entirely classified as mixed forest. By increasing the data resolution 
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to 30 arc-seconds in the 1.3km WRF model, Figure 4.58 shows other land surfaces in Wilkes 

County, including urban areas, cropland and deciduous broadleaf forests. Likewise, the 4km 

WRF simulated soil type across Wilkes County in Figure 4.59 is sandy loam, while the 

1.3km WRF model shows areas of loam soil near the Yadkin River in Figure 4.60. Coarser 

soils, such as sandy loam, would dry out faster than finer soils (loam), and produce less latent 

heat release and lower surface humidity.  

The Noah land surface model used in WRF use fixed values of vertical plant 

vegetation distribution for all vegetation classes throughout the year (Kumar et al. 2011). The 

horizontal distribution is based on a global climatology of the Advanced Very High 

Resolution Radiometer (AVHRR) from 1985 to 1991. These averages would not be 

representative of areas with extreme recent events, such as late freezes during the early 

growing season (Kumar et al. 2011). In such a scenario, vegetative growth would be 

overestimated by the land surface model, increasing drag and producing slower surface 

winds. In areas with overestimated deciduous broadleaf tree growth, such as Yadkin County 

in the 1.3km WRF simulation, surface moisture provided by evapotranspiration would be 

overestimated. More model evapotranspiration would mean an increase in surface latent heat 

flux and increase of the surface dew point temperatures. These land surface model influences 

would be compounded with unresolved terrain, which increases wind speeds as discussed in 

Jiménez and Dudhia (2011). For the time period of this case study (late winter in the North 

Carolina mountains), this is not a likely cause of model differences. 

Limited computing resources can restrict choices of data assimilation technique. 

Model simulation runtimes are shown in Table 4.25. Preprocessing for the VFDDA 
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simulation took an additional 133 minutes to run. This simulation had a runtime 14% longer 

than the FDDA model simulation. Using adaptive timesteps for each simulation allows for 

adjustable timesteps, which can decrease the time required to run a model simulation. 
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Table 4.1. Locations and elevation (meters) of sample stations in and near the Upper Yakin Valley. Also shown is the 

interpolated elevations of each site in the 12, 4, and 1.3km WRF simulation domains. 

 KUKF KMRN KGEV RVZN7 

Station Name Wilkesboro Morganton Jefferson Rendezvous Mountain 

Station Network AWOS AWOS AWOS RAWS 

Station Elevation (meters) 396.5 387.1 969.3 703.0 

12km Elevation (meters) 357.7 352.5 893.6 532.6 

4km Elevation (meters) 341.5 344.2 947.4 502.5 

1.3km Elevation (meters) 372.6 366.3 908.5 597.4 

 

 

Table 4.2. Observed air temperature (T), dew point temperature (Td), wind speeds (ws), and sky cover at 3 AWOS 

sites near the Upper Yadkin Valley, from 19 ï 21 February 2010. Wilkesboro (KUKF ) is in the Upper Yakin Valley, 

Morganton (KMRN ) is in the neighboring Upper Catawba Valley, and Jefferson (KGEV ) is on the western slopes of 

the Yadkin Valley. Observations from KUKF and KGEV occur at 00,20, and 40 minutes after each hour. 

Observations from KMRN have been rounded to the nearest 20 minute interval. 

Observation 

Time [UTC]  

KUKF  

T (°C) 

KMRN  

T (°C) 

KGEV  

T (°C) 

KUKF  

Td (°C) 

KMRN  

Td (°C) 

KGEV  

Td (°C) 

KUKF  

(m/s) 

KMRN  

(m/s) 

KGEV  

(m/s) 

KUKF  

Sky 

KMRN  

Sky 

KGEV  

Sky 

19 Feb 00:00 1.0 2.0 -3.0 -6.0 -5.0 -5.0 1.2 0.9 0.7 CLR CLR OVC 

19 Feb 00:20 1.0 1.0 -2.0 -5.0 -5.0 -5.0 1.4 1.2 0.9 CLR CLR OVC 

19 Feb 00:40 1.0 1.0 -2.0 -5.0 -5.0 -4.0 1.2 1.2 1.2 CLR CLR OVC 

19 Feb 01:00 1.0 1.0 -2.0 -5.0 -5.0 -4.0 1.8 1.2 1.2 CLR CLR OVC 

19 Feb 01:20 1.0 1.0 -1.0 -5.0 -5.0 -4.0 0.0 1.2 1.6 CLR CLR OVC 

19 Feb 01:40 1.0 1.0 -1.0 -5.0 -5.0 -4.0 0.9 0.7 2.5 CLR CLR OVC 

19 Feb 02:00 1.0 -1.0 -1.0 -4.0 -5.0 -4.0 0.7 0.0 2.1 CLR CLR OVC 

19 Feb 02:20 2.0 -1.0 -1.0 -4.0 -4.0 -4.0 1.4 0.0 3.2 CLR CLR BKN 

19 Feb 02:40 2.0 -2.0 -1.0 -4.0 -5.0 -4.0 2.1 0.0 4.1 CLR CLR SCT 

19 Feb 03:00 2.0 -2.0 -1.0 -4.0 -5.0 -5.0 1.2 0.0 4.4 CLR CLR CLR 

19 Feb 03:20 1.0 -2.0 -1.0 -5.0 -5.0 -5.0 0.7 0.0 4.4 CLR CLR CLR 

19 Feb 03:40 1.0 -2.0 -1.0 -5.0 -4.0 -5.0 0.7 0.0 4.1 CLR CLR CLR 

19 Feb 04:00 0.0 -3.0 -1.0 -5.0 -5.0 -5.0 0.0 0.0 1.8 CLR CLR SCT 

19 Feb 04:20 1.0 -2.0 -1.0 -5.0 -4.0 -4.0 0.0 0.0 4.1 CLR CLR SCT 

19 Feb 04:40 -1.0 -3.0 0.0 -6.0 -5.0 -4.0 0.0 0.0 3.9 CLR CLR SCT 

19 Feb 05:00 -1.0 -2.0 0.0 -6.0 -5.0 -4.0 0.0 0.0 4.4 CLR CLR CLR 

19 Feb 05:20 -1.0 -2.0 0.0 -6.0 -5.0 -4.0 0.0 0.0 4.8 CLR CLR CLR 

19 Feb 05:40 -1.0 -3.0 0.0 -5.0 -4.0 -4.0 0.0 0.0 5.1 CLR CLR CLR 

19 Feb 06:00 -2.0 -3.0 -1.0 -6.0 -4.0 -5.0 0.0 0.0 3.2 CLR CLR CLR 

19 Feb 06:20 -1.0 -4.0 -1.0 -6.0 -6.0 -5.0 0.0 0.0 5.1 CLR CLR CLR 

19 Feb 06:40 -2.0 -3.0 -1.0 -6.0 -5.0 -5.0 0.0 0.0 4.4 CLR CLR CLR 

19 Feb 07:00 -1.0 -4.0 -1.0 -6.0 -6.0 -5.0 0.0 0.7 2.8 CLR CLR CLR 

19 Feb 07:20 1.0 -2.0 -1.0 -5.0 -4.0 -5.0 0.9 0.0 4.6 CLR CLR CLR 

19 Feb 07:40 1.0 -3.0 -1.0 -6.0 -5.0 -5.0 1.8 0.0 2.5 CLR CLR CLR 

19 Feb 08:00 2.0 -3.0 -1.0 -6.0 -5.0 -5.0 1.8 0.0 3.0 CLR CLR CLR 

19 Feb 08:20 1.0 -3.0 -1.0 -6.0 -5.0 -5.0 1.4 0.0 3.2 CLR CLR CLR 

19 Feb 08:40 0.0 -1.0 -1.0 -6.0 -4.0 -5.0 0.7 0.0 3.7 CLR CLR CLR 

19 Feb 09:00 0.0 -2.0 -1.0 -6.0 -6.0 -5.0 1.4 0.0 2.5 CLR CLR SCT 

19 Feb 09:20 -2.0 -4.0 -1.0 -6.0 -6.0 -6.0 0.7 0.0 1.4 CLR CLR CLR 

19 Feb 09:40 -1.0 0.0 -1.0 -6.0 -4.0 -6.0 0.0 0.7 2.5 CLR CLR CLR 

19 Feb 10:00 -1.0 1.0 -1.0 -6.0 -4.0 -6.0 0.7 1.4 2.1 CLR CLR SCT 
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Table 4.2 Continued 

19 Feb 10:20 -1.0 -3.0 -1.0 -6.0 -6.0 -6.0 0.0 0.7 1.4 CLR CLR SCT 

19 Feb 10:40 -1.0 -1.0 -1.0 -6.0 -4.0 -6.0 0.7 0.9 1.6 CLR CLR SCT 

19 Feb 11:00 -1.0 -2.0 -1.0 -6.0 -6.0 -6.0 0.9 0.7 0.7 CLR CLR BKN 

19 Feb 11:20 1.0 -3.0 -2.0 -6.0 -5.0 -6.0 1.2 0.0 0.0 CLR CLR SCT 

19 Feb 11:40 1.0 -3.0 -2.0 -6.0 -5.0 -6.0 1.2 0.0 0.0 CLR CLR SCT 

19 Feb 12:00 -1.0 -4.0 -2.0 -6.0 -6.0 -6.0 0.0 0.0 0.9 CLR CLR SCT 

19 Feb 12:20 -3.0 -4.0 -2.0 -6.0 -6.0 -6.0 0.0 0.0 0.9 CLR CLR SCT 

19 Feb 12:40 -2.0 -4.0 -2.0 -6.0 -6.0 -6.0 0.0 0.0 0.0 CLR CLR CLR 

19 Feb 13:00 0.0 -2.0 -2.0 -6.0 -4.0 -6.0 0.0 0.7 0.7 CLR CLR CLR 

19 Feb 13:20 1.0 0.0 -1.0 -6.0 -2.0 -6.0 0.0 0.0 0.9 CLR CLR CLR 

19 Feb 13:40 2.0 2.0 -1.0 -5.0 -3.0 -6.0 0.7 0.0 0.0 CLR CLR CLR 

19 Feb 14:00 3.0 3.0 0.0 -5.0 -4.0 -6.0 0.9 0.0 0.0 CLR CLR CLR 

19 Feb 14:20 4.0 4.0 0.0 -6.0 -4.0 -6.0 1.6 0.0 0.0 CLR CLR CLR 

19 Feb 14:40 4.0 4.0 1.0 -4.0 -5.0 -7.0 1.4 0.0 1.2 CLR CLR CLR 

19 Feb 15:00 5.0 5.0 1.0 -4.0 -5.0 -7.0 2.1 0.7 0.9 CLR CLR CLR 

19 Feb 15:20 6.0 6.0 1.0 -4.0 -5.0 -6.0 1.6 0.9 2.1 CLR CLR CLR 

19 Feb 15:40 6.0 7.0 2.0 -4.0 -6.0 -6.0 1.6 0.0 1.4 CLR CLR CLR 

19 Feb 16:00 7.0 7.0 2.0 -4.0 -6.0 -7.0 1.4 0.7 0.9 CLR CLR CLR 

19 Feb 16:20 7.0 8.0 3.0 -5.0 -6.0 -7.0 1.4 0.0 0.9 CLR CLR CLR 

19 Feb 16:40 8.0 8.0 3.0 -6.0 -6.0 -8.0 1.6 0.0 2.5 CLR CLR CLR 

19 Feb 17:00 9.0 9.0 4.0 -5.0 -7.0 -8.0 1.6 0.9 1.8 CLR CLR CLR 

19 Feb 17:20 9.0 9.0 4.0 -7.0 -7.0 -8.0 1.8 0.7 1.6 CLR CLR CLR 

19 Feb 17:40 9.0 9.0 4.0 -7.0 -7.0 -9.0 1.6 0.9 1.6 CLR CLR CLR 

19 Feb 18:00 9.0 10.0 4.0 -7.0 -8.0 -9.0 1.6 0.7 1.8 CLR CLR CLR 

19 Feb 18:20 10.0 11.0 5.0 -7.0 -8.0 -9.0 2.3 0.9 2.3 CLR CLR CLR 

19 Feb 18:40 11.0 12.0 5.0 -7.0 -10.0 -10.0 1.8 1.8 2.1 CLR CLR CLR 

19 Feb 19:00 11.0 12.0 5.0 -7.0 -11.0 -10.0 1.6 2.1 1.2 CLR CLR CLR 

19 Feb 19:20 11.0 12.0 5.0 -7.0 -11.0 -11.0 2.1 2.3 2.8 CLR CLR CLR 

19 Feb 19:40 12.0 12.0 5.0 -7.0 -11.0 -10.0 1.4 1.6 1.8 CLR CLR CLR 

19 Feb 20:00 12.0 12.0 5.0 -7.0 -12.0 -10.0 1.4 2.5 1.6 CLR CLR CLR 

19 Feb 20:20 12.0 13.0 6.0 -8.0 -12.0 -10.0 0.9 2.1 2.5 CLR CLR CLR 

19 Feb 20:40 12.0 12.0 6.0 -8.0 -9.0 -10.0 1.2 2.1 0.9 CLR CLR CLR 

19 Feb 21:00 11.0 12.0 6.0 -8.0 -11.0 -9.0 1.4 1.8 0.9 CLR CLR CLR 

19 Feb 21:20 11.0 12.0 6.0 -8.0 -11.0 -9.0 1.6 1.6 1.8 CLR CLR CLR 

19 Feb 21:40 11.0 12.0 5.0 -8.0 -11.0 -10.0 1.6 1.4 1.8 CLR CLR CLR 

19 Feb 22:00 11.0 12.0 5.0 -8.0 -11.0 -9.0 1.4 2.1 1.6 CLR CLR CLR 

19 Feb 22:20 10.0 11.0 5.0 -8.0 -11.0 -9.0 1.4 1.8 1.4 CLR CLR CLR 

19 Feb 22:40 9.0 11.0 5.0 -8.0 -10.0 -8.0 0.9 0.7 1.8 CLR CLR CLR 

19 Feb 23:00 8.0 9.0 4.0 -8.0 -9.0 -9.0 0.9 1.4 1.6 CLR CLR CLR 

19 Feb 23:20 8.0 9.0 4.0 -8.0 -10.0 -8.0 0.9 0.7 2.3 CLR CLR CLR 

19 Feb 23:40 7.0 8.0 4.0 -8.0 -9.0 -8.0 0.9 0.9 1.2 CLR CLR CLR 

20 Feb 00:00 7.0 8.0 4.0 -8.0 -9.0 -8.0 0.0 0.7 1.8 CLR CLR CLR 

20 Feb 00:20 7.0 8.0 3.0 -8.0 -8.0 -7.0 0.7 0.9 2.1 CLR CLR CLR 

20 Feb 00:40 6.0 8.0 3.0 -8.0 -8.0 -7.0 0.0 0.9 2.3 CLR CLR CLR 

20 Feb 01:00 6.0 6.0 3.0 -8.0 -8.0 -7.0 0.0 0.0 2.3 CLR CLR CLR 

20 Feb 01:20 3.0 2.0 3.0 -8.0 -7.0 -7.0 0.0 0.0 2.5 CLR CLR CLR 

20 Feb 01:40 3.0 3.0 3.0 -8.0 -6.0 -8.0 0.0 0.0 1.6 CLR CLR CLR 

20 Feb 02:00 2.0 2.0 3.0 -7.0 -7.0 -8.0 0.7 0.0 1.4 CLR CLR CLR 

20 Feb 02:20 3.0 1.0 3.0 -7.0 -6.0 -9.0 0.0 0.0 2.3 CLR CLR CLR 

20 Feb 02:40 2.0 2.0 3.0 -7.0 -6.0 -9.0 0.7 0.0 1.2 CLR CLR CLR 

20 Feb 03:00 1.0 -1.0 2.0 -7.0 -7.0 -9.0 0.0 0.0 1.2 CLR CLR CLR 

20 Feb 03:20 1.0 0.0 1.0 -7.0 -6.0 -8.0 0.7 0.0 0.0 CLR CLR CLR 

20 Feb 03:40 1.0 -1.0 1.0 -6.0 -5.0 -9.0 0.0 0.0 0.7 CLR CLR CLR 



 

85 

Table 4.2 Continued 

20 Feb 04:00 -2.0 -1.0 1.0 -6.0 -6.0 -9.0 0.0 0.9 0.0 CLR CLR CLR 

20 Feb 04:20 -2.0 -2.0 2.0 -6.0 -7.0 -9.0 0.0 0.0 1.8 CLR CLR CLR 

20 Feb 04:40 -1.0 -1.0 2.0 -6.0 -7.0 -9.0 0.0 0.0 2.3 CLR CLR CLR 

20 Feb 05:00 -2.0 1.0 2.0 -6.0 -6.0 -10.0 0.0 0.0 1.6 CLR CLR CLR 

20 Feb 05:20 -2.0 -2.0 2.0 -6.0 -7.0 -9.0 0.0 0.0 1.6 CLR CLR CLR 

20 Feb 05:40 -2.0 -2.0 2.0 -6.0 -6.0 -10.0 0.7 0.0 2.1 CLR CLR CLR 

20 Feb 06:00 -2.0 -1.0 2.0 -6.0 -6.0 -9.0 0.0 0.9 2.1 CLR CLR CLR 

20 Feb 06:20 -3.0 -2.0 2.0 -6.0 -6.0 -9.0 0.0 0.0 2.8 CLR CLR CLR 

20 Feb 06:40 -3.0 -3.0 2.0 -6.0 -6.0 -9.0 0.0 0.0 1.8 CLR CLR CLR 

20 Feb 07:00 -3.0 -2.0 2.0 -6.0 -6.0 -9.0 0.0 0.0 1.4 CLR CLR CLR 

20 Feb 07:20 -3.0 -4.0 2.0 -7.0 -6.0 -10.0 0.0 0.7 0.9 CLR CLR CLR 

20 Feb 07:40 -3.0 -2.0 2.0 -7.0 -6.0 -10.0 0.0 0.0 1.6 CLR CLR CLR 

20 Feb 08:00 -3.0 -3.0 2.0 -7.0 -6.0 -10.0 0.0 0.0 1.4 CLR CLR CLR 

20 Feb 08:20 -4.0 -3.0 2.0 -6.0 -5.0 -9.0 0.0 0.0 2.3 CLR CLR CLR 

20 Feb 08:40 -4.0 -3.0 2.0 -6.0 -6.0 -9.0 0.0 0.7 2.1 CLR CLR CLR 

20 Feb 09:00 -2.0 -2.0 2.0 -6.0 -4.0 -10.0 0.0 0.0 0.0 CLR CLR CLR 

20 Feb 09:20 -4.0 -4.0 1.0 -6.0 -6.0 -9.0 0.0 0.0 0.0 CLR CLR CLR 

20 Feb 09:40 -3.0 -4.0 2.0 -7.0 -6.0 -10.0 0.0 0.0 0.0 CLR CLR CLR 

20 Feb 10:00 -4.0 -4.0 2.0 -7.0 -6.0 -11.0 0.0 0.0 1.2 CLR CLR CLR 

20 Feb 10:20 -4.0 -5.0 2.0 -7.0 -6.0 -12.0 0.0 0.0 3.7 CLR CLR CLR 

20 Feb 10:40 -2.0 -4.0 2.0 -7.0 -6.0 -13.0 0.0 0.0 1.4 CLR CLR CLR 

20 Feb 11:00 -4.0 -5.0 2.0 -7.0 -6.0 -14.0 0.0 0.9 0.9 CLR CLR CLR 

20 Feb 11:20 -4.0 -4.0 2.0 -7.0 -6.0 -15.0 0.0 0.0 0.9 CLR CLR CLR 

20 Feb 11:40 -4.0 -4.0 1.0 -7.0 -6.0 -14.0 0.0 0.0 0.0 CLR CLR CLR 

20 Feb 12:00 -3.0 -5.0 2.0 -7.0 -6.0 -16.0 0.0 0.0 0.0 CLR CLR CLR 

20 Feb 12:20 -3.0 -4.0 2.0 -7.0 -5.0 -16.0 0.0 0.7 0.0 CLR CLR CLR 

20 Feb 12:40 -4.0 -4.0 3.0 -7.0 -5.0 -17.0 0.0 0.7 0.7 CLR CLR CLR 

20 Feb 13:00 -3.0 -2.0 2.0 -6.0 -4.0 -16.0 0.0 0.7 1.4 CLR CLR CLR 

20 Feb 13:20 -2.0 -1.0 3.0 -5.0 -4.0 -16.0 0.0 0.0 2.5 CLR CLR CLR 

20 Feb 13:40 -1.0 0.0 3.0 -4.0 -4.0 -15.0 0.0 0.0 2.3 CLR CLR CLR 

20 Feb 14:00 2.0 1.0 3.0 -4.0 -3.0 -15.0 0.7 0.0 3.0 CLR CLR CLR 

20 Feb 14:20 2.0 3.0 4.0 -4.0 -4.0 -16.0 0.0 0.7 3.0 CLR CLR CLR 

20 Feb 14:40 4.0 4.0 4.0 -4.0 -5.0 -16.0 0.7 0.0 2.5 CLR CLR CLR 

20 Feb 15:00 5.0 5.0 5.0 -4.0 -4.0 -15.0 0.0 0.0 2.5 CLR CLR CLR 

20 Feb 15:20 7.0 7.0 5.0 -4.0 -6.0 -15.0 0.7 0.0 2.3 CLR CLR CLR 

20 Feb 15:40 8.0 8.0 6.0 -7.0 -4.0 -13.0 0.0 0.0 2.5 CLR CLR CLR 

20 Feb 16:00 9.0 8.0 6.0 -8.0 -6.0 -14.0 0.0 0.7 2.3 CLR CLR CLR 

20 Feb 16:20 10.0 9.0 6.0 -9.0 -8.0 -14.0 0.7 0.0 1.6 SCT CLR SCT 

20 Feb 16:40 11.0 10.0 6.0 -10.0 -9.0 -13.0 0.9 0.7 1.6 OVC CLR CLR 

20 Feb 17:00 12.0 11.0 7.0 -10.0 -9.0 -13.0 0.7 0.9 1.8 OVC CLR CLR 

20 Feb 17:20 12.0 11.0 8.0 -12.0 -11.0 -13.0 0.0 1.2 1.6 SCT CLR CLR 

20 Feb 17:40 12.0 12.0 8.0 -11.0 -12.0 -14.0 1.2 0.0 1.2 CLR CLR CLR 

20 Feb 18:00 12.0 12.0 8.0 -11.0 -12.0 -14.0 1.2 0.0 1.4 CLR CLR CLR 

20 Feb 18:20 13.0 12.0 8.0 -9.0 -13.0 -13.0 1.4 0.0 1.8 SCT CLR BKN 

20 Feb 18:40 13.0 13.0 8.0 -10.0 -13.0 -13.0 0.9 0.7 0.7 BKN CLR SCT 

20 Feb 19:00 14.0 14.0 9.0 -8.0 -11.0 -12.0 1.2 0.7 0.9 BKN CLR SCT 

20 Feb 19:20 14.0 14.0 9.0 -9.0 -12.0 -10.0 0.7 0.9 1.6 SCT CLR BKN 

20 Feb 19:40 14.0 14.0 9.0 -8.0 -12.0 -8.0 0.9 0.0 1.2 BKN CLR SCT 

20 Feb 20:00 16.0 14.0 9.0 -8.0 -12.0 -6.0 1.2 0.0 1.8 BKN CLR CLR 

20 Feb 20:20 16.0 14.0 9.0 -7.0 -11.0 -7.0 1.6 0.0 1.4 BKN CLR SCT 

20 Feb 20:40 14.0 14.0 9.0 -7.0 -11.0 -6.0 0.7 1.2 1.8 BKN CLR SCT 

20 Feb 21:00 14.0 15.0 9.0 -5.0 -11.0 -6.0 0.0 0.9 1.4 BKN CLR BKN 

20 Feb 21:20 14.0 15.0 8.0 -7.0 -12.0 -5.0 0.0 0.0 2.1 OVC CLR OVC 
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Table 4.2 Continued 

20 Feb 21:40 14.0 15.0 8.0 -4.0 -12.0 -5.0 1.4 0.0 1.8 OVC CLR OVC 

20 Feb 22:00 14.0 15.0 8.0 -4.0 -11.0 -5.0 1.4 0.0 1.6 BKN SCT SCT 

20 Feb 22:20 13.0 15.0 8.0 -4.0 -12.0 -5.0 1.2 0.0 2.1 SCT SCT CLR 

20 Feb 22:40 13.0 14.0 7.0 -4.0 -8.0 -5.0 1.2 0.0 1.4 CLR SCT CLR 

20 Feb 23:00 12.0 12.0 7.0 -3.0 -6.0 -5.0 0.9 0.0 0.9 CLR SCT CLR 

20 Feb 23:20 11.0 10.0 7.0 -3.0 -8.0 -5.0 1.4 1.2 1.6 CLR CLR CLR 

20 Feb 23:40 11.0 12.0 6.0 -4.0 -5.0 -4.0 0.9 1.2 1.2 CLR CLR CLR 

21 Feb 00:00 10.0 11.0 7.0 -4.0 -4.0 -5.0 0.9 0.7 1.6 CLR CLR CLR 

21 Feb 00:20 9.0 10.0 6.0 -4.0 -5.0 -5.0 1.4 0.9 0.0 CLR CLR CLR 

21 Feb 00:40 9.0 11.0 6.0 -4.0 -6.0 -5.0 1.2 1.2 1.2 CLR CLR CLR 

21 Feb 01:00 9.0 10.0 6.0 -4.0 -6.0 -5.0 1.2 0.0 0.0 CLR CLR CLR 

21 Feb 01:20 8.0 7.0 6.0 -4.0 -5.0 -5.0 1.2 0.0 0.7 CLR CLR CLR 

21 Feb 01:40 7.0 5.0 6.0 -3.0 -4.0 -5.0 0.7 0.7 0.7 CLR CLR CLR 

21 Feb 02:00 6.0 5.0 5.0 -4.0 -4.0 -4.0 0.0 0.0 1.2 CLR CLR CLR 

21 Feb 02:20 6.0 4.0 5.0 -4.0 -5.0 -4.0 0.9 0.0 0.9 CLR CLR CLR 

21 Feb 02:40 7.0 3.0 5.0 -4.0 -5.0 -4.0 0.7 0.0 1.2 CLR CLR CLR 

21 Feb 03:00 4.0 4.0 5.0 -3.0 -5.0 -5.0 0.0 0.0 0.9 CLR CLR CLR 

21 Feb 03:20 4.0 4.0 5.0 -3.0 -4.0 -5.0 0.0 0.7 1.2 CLR CLR CLR 

21 Feb 03:40 3.0 3.0 4.0 -4.0 -4.0 -4.0 0.7 0.7 0.9 CLR CLR CLR 

21 Feb 04:00 3.0 4.0 5.0 -3.0 -4.0 -5.0 0.9 0.9 0.9 CLR CLR CLR 

21 Feb 04:20 2.0 3.0 5.0 -3.0 -4.0 -5.0 0.0 1.2 0.7 CLR CLR CLR 

21 Feb 04:40 2.0 2.0 4.0 -3.0 -3.0 -4.0 0.7 0.7 0.0 CLR CLR CLR 

21 Feb 05:00 1.0 -1.0 3.0 -3.0 -4.0 -4.0 0.7 0.0 0.0 CLR CLR CLR 

21 Feb 05:20 1.0 -1.0 3.0 -3.0 -4.0 -4.0 0.9 0.0 0.0 CLR CLR CLR 

21 Feb 05:40 3.0 -1.0 1.0 -3.0 -4.0 -4.0 0.0 0.0 0.9 CLR CLR CLR 

21 Feb 06:00 1.0 0.0 1.0 -3.0 -4.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 06:20 -1.0 -1.0 2.0 -3.0 -4.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 06:40 -1.0 -2.0 2.0 -4.0 -4.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 07:00 0.0 -1.0 1.0 -4.0 -3.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 07:20 -1.0 -2.0 2.0 -4.0 -4.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 07:40 -1.0 -2.0 1.0 -4.0 -4.0 -4.0 0.0 0.7 0.0 CLR CLR CLR 

21 Feb 08:00 1.0 -2.0 0.0 -4.0 -4.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 08:20 1.0 -3.0 0.0 -4.0 -4.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 08:40 1.0 -3.0 1.0 -4.0 -4.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 09:00 1.0 -2.0 1.0 -4.0 -3.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 09:20 -1.0 -2.0 1.0 -4.0 -3.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 09:40 -2.0 -3.0 1.0 -4.0 -4.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 10:00 -2.0 -3.0 1.0 -4.0 -4.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 10:20 -1.0 -3.0 1.0 -4.0 -4.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 10:40 -2.0 -2.0 2.0 -4.0 -3.0 -4.0 0.0 0.0 0.7 CLR CLR CLR 

21 Feb 11:00 -2.0 -4.0 2.0 -4.0 -4.0 -4.0 0.0 0.0 0.7 CLR CLR CLR 

21 Feb 11:20 -2.0 -4.0 3.0 -4.0 -4.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 

21 Feb 11:40 -2.0 -3.0 3.0 -4.0 -4.0 -4.0 0.0 0.0 0.9 CLR CLR CLR 

21 Feb 12:00 -2.0 -3.0 2.0 -4.0 -4.0 -4.0 0.0 0.0 0.0 CLR CLR CLR 
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Table 4.3. List of model differences used for this case study. See chapter 2 for more detailed model information. 

 

Model WRFB WRFDA FDDA VFDDA 

Initial Data Source NAM NAM NAM NAM 

 Station (Point) 

Nudging 

Dataset 

None MADIS  None MADIS  

Gridded (Field) Nudging 

Dataset 
None None NAM  NAM  
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Table 4.4. Surface wind field analysis for each of the six WRF simulations. Convergence is calculated using the surface wind field. Differences in each field are 

calculated using the RTMA analysis. 

WRF Simulation Surface Wind Analysis 
 WRFB WRFDA FDDA VFDDA 

Model Domain 

Patterns 

¶ 4km: 2-4m/s faster than RTMA 

across NC, VA from 19th/00 ï 

20th/12 UTC 

¶ 4km: RTMA difference less than 

±2m/s after 20th/12 UTC 

¶ 1.3km: 2-8 m/s faster than 

RTMA from 19th/00 ï 15 UTC 

¶ 4km:  Initially up to 8m/s slower 

than RTMA at 19th/00 UTC 

- 2-8m/s faster than RTMA 

from 19th/03 ï 12 UTC 

¶ 4km: 2-8m/s faster than RTMA 

from 20th/03 ï 12 UTC 

- 1.3km: Similar pattern 

¶ 1.3km: RTMA difference less 

than ±2m/s after 20th/12 UTC 

 

¶ 4km:  Up to 4m/s slower than 

RTMA  from 00 ï12 UTC on 

19th, 20th, 21st across NC and VA 

¶ 4km: RTMA difference less than 

±2m/s from 15-21 UTC on 19th, 

20th 

 

¶ 4km:  2-8m/s faster than RTMA  

from 00 ï12 UTC on 19th 

¶ 4km:  RTMA difference less than 

±2m/s after 20th/06 UTC 

¶ 1.3km: Faster than RTMA across 

N. NC at 00, 12 UTC on 19th 

¶ Slower than RTMA across S. NC 

mountains at these times 

Upper Yadkin Valley 

 Patterns 

¶ 4km: 2-4m/s faster than RTMA 

between 20th/03 ï 12 UTC 

¶ 1.3km: Similar patterns to 4km 

¶ 4km: 2-4m/s wind speeds in 

valley from 20th/03 ï 09 UTC 

- Slopes up to 5m/s during this 

time 

¶ 1.3km: Similar patterns to 4km 

¶ 4km: 2-8m/s faster than RTMA 

from 20th/03 ï 12 UTC 

¶ 1.3km: Similar pattern 

¶ 4km: 1-3m/s wind speeds in 

valley from 03 ï12 UTC on 19th, 

20th, 21st  

¶ 1.3km:  Up to 4m/s slower SE of 

valley from 19th/09 ï 15 UTC 

¶ 1.3km:  Up to 4m/s faster than 

RTMA SE of valley from 20th/09 

ï 15 UTC 

¶ 1.3km: 1-2m/s wind speeds from 

03 ï 12 UTC on 19th, 20th, 21st  

 

Upper Yadkin Valley 

Convergence 

¶ Yes 

¶ Strongest 19th/12 ï 15 UTC 

¶ Yes 

¶ Strongest 19th/11 ï 14 UTC 

¶ Weaker in valley 

¶ Stronger along western valley 

edge 19th/00 ï 15 UTC 

 

¶ Weaker in valley 

¶ Stronger along western valley 

edge 19th/00 ï 15 UTC 
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Table 4.5. Summary table showing the observation-based point statistics for the 10-meter wind field. Each value has 

been averaged across the innermost (1.3km) domain in meters per second. The lowest model value (per row) for 

mean error (ME) and root mean square error (RMSE) is highlighted in yellow. Also shown are mean error (ME) and 

the forecasted average (FBAR) wind speed. 

10m Wind Speed Point Statistics for Inner Domain 
Grid  Statistic RTMA 5km  RUC 13km WRFB WRFDA FDDA VFDDA 

12km MAE  - 1.53 2.36 2.32 2.01 1.73 

12km ME - +1.10 +2.15 +2.11 +1.76 +1.39 

12km RMSE - 1.93 2.91 2.86 2.50 2.26 

12km FBAR - 1.98 3.01 2.96 2.61 2.24 

4km MAE  1.37 - 2.18 2.23 1.83 1.61 

4km ME +1.00 - +1.96 +2.00 +1.55 +1.24 

4km RMSE 1.94 - 2.78 2.81 2.40 2.24 

4km FBAR 1.85 - 2.82 2.87 2.41 2.10 

1.3km MAE  1.37 - 2.04 2.09 1.66 1.58 

1.3km ME +1.00 - +1.81 +1.85 +1.33 +1.22 

1.3km RMSE 1.94 - 2.67 2.70 2.26 2.19 

1.3km FBAR 1.85 - 2.68 2.71 2.20 2.09 
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Table 4.6. Surface temperature field analysis for each of the six WRF simulations. Differences in each field are 

calculated using the RTMA analysis. 

WRF Simulation Surface Temperature Analysis 
 WRFB WRFDA FDDA VFDDA 

Model 

Domain 

Patterns 

¶ 4km: Up to 6°C colder than 

RTMA at 19st/00 UTC 

¶ 4km: Up to 6°C warmer 

than RTMA from 03 ï 12 

UTC (overnight) on the 

19th, 20th, 21st 

¶ Up to 6°C colder than 

RTMA during the day (12 

ï 03 UTC) 

 

¶ 4km: RTMA 

difference within 

±2°C at 19st/00 

UTC 

¶ 4km: Up to 6°C colder 

than RTMA at 19st/00 

UTC 

¶ 4km: Up to 4°C 

warmer than RTMA 

from 06 ï 12 UTC on 

the 19th, 20th, 21st 

¶ Up to 6°C colder 

during the day (18 ï 

03 UTC) 

¶ 1.3km similar 

 

¶ 4km: Up to 8°C warmer 

than RTMA from 09 ï 

12 UTC on the 19th, 

20th, 21st 

¶ Up to 6°C colder 

than RTMA during 

the day (15 ï 03 

UTC) 

¶ 1.3km similar 

 

Upper 

Yadkin 

Valley 

 Patterns 

¶ 4km: Cooler than 

surrounding terrain from 

20th/08 ï 13 UTC 

¶ 1.3km: Up to 2°C warmer 

than RTMA at 09 UTC on 

19th, 20th 

 

¶ Similar to WRF ¶ 4km: RTMA difference 

within ±1°C at 19st/00 

UTC 

¶ 1.3km: Up to 6°C 

warmer than RTMA 

from 09 ï 12 UTC on 

20th, 21st 

 

¶ Similar to FDDA 

 

 

Table 4.7. Summary table showing the observation-based point statistics for the 2-meter temperature field. Each 

value has been averaged across the innermost (1.3km) domain in degrees Celsius. The lowest model value (per row) 

for mean error (ME) and root mean square error (RMSE) is highlighted in yellow. Also shown are mean error (ME) 

and the forecasted average (FBAR) temperature. 

2m Temperature Point Statistics for Inner Domain 
Grid  Statistic RTMA 5km  RUC 13km WRFB WRFDA FDDA VFDDA 

12km MAE  - 2.29 3.06 3.16 3.03 3.12 

12km ME - -0.43 -1.83 -2.02 -2.02 -2.27 

12km RMSE - 3.15 3.69 3.79 3.73 3.82 

12km FBAR - 2.79 1.39 1.20 1.19 1.03 

4km MAE  1.52 - 2.91 2.81 2.88 2.77 

4km ME -0.36 - -1.67 -1.50 -1.98 -1.97 

4km RMSE 2.33 - 3.56 3.44 3.59 3.48 

4km FBAR 2.89 - 1.57 1.75 1.26 1.27 

1.3km MAE  1.52 - 2.91 2.94 2.89 2.79 

1.3km ME -0.36 - -1.53 -1.62 -1.75 -1.91 

1.3km RMSE 2.33 - 3.55 3.57 3.56 3.50 

1.3km FBAR 2.89 - 1.71 1.63 1.50 1.34 
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Table 4.8. Surface moisture field analysis for each of the six WRF simulations. Differences in each field are calculated using the RTMA analysis. 

WRF Simulation Surface Moisture Analysis 
 WRFB WRFDA FDDA VFDDA 

Model 

Domain 

Patterns 

¶ 4km: 1-4°C lower dew points than 

RTMA from 19th/12 ï 15 UTC 

¶ 4km: Rapid increase (4°C lower to 8°C 

higher than RTMA) in dew points from 

15 ï 21 UTC on the 19th, 20th 

¶ 4km: 1-6°C higher dew points than 

RTMA from 19th/03 - 12 UTC across 

mountains 

 

¶ 4km: 2-4°C lower dew points than 

RTMA from 19th/09 ï 15 UTC from WV 

to NC mountains 

¶ 4km: Rapid increase (4°C lower to 6°C 

higher than RTMA) in dew points from 

15 ï 21 UTC on the 19th, 20th 

- 1.3km similar 

¶ 4km: Simlar to WRFDA 

¶ 1.3km: 1-8°C higher dew points than 

RTMA from 20th/15 ï 18 UTC across 

most of NC 

- 4km: Difference from RTMA 

dew point less than ±2°C 

- 1.3km and 4km converge again 

at 20th/21 UTC 

 

¶ 4km: Up to 4°C lower dew 

points than RTMA from 

19st/00 ï 12 UTC 

¶ 4km: 2-8°C higher dew 

points than RTMA from 

19th/18 ï 20th/03 UTC 

 

Upper 

Yadkin 

Valley 

 Patterns 

¶ 4km: Rapid increase (2°C lower to 6°C 

higher than RTMA) in dew points from 

15 ï 21 UTC on the 19th, 20th 

¶ 1.3km: Dew point gradient across valley, 

2-4°C higher on western slopes to 2-4°C 

lower on eastern slopes at 20th/15 

¶ 4km: Rapid increase (4°C lower to 6°C 

higher than RTMA) in dew points from 

15 ï 21 UTC on the 19th, 20th 

¶ 1.3km similar 

¶ 4km: Similar to WRFDA 

¶ 1.3km: 2-6°C higher dew points than 

RTMA from 20th/15 ï 18 UTC 

- 4km: Difference from RTMA 

dew point less than ±2°C 

- 1.3km does not have this 

pattern 

¶ 4km: RTMA dew point 

differences under ±2°C from 

19th/00 ï 12 UTC 

¶ 4km: 4-6°C higher dew 

points than RTMA from 

19th/18 ï 20th/03 UTC 
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Table 4.9. Summary table showing the observation-based point statistics for the 2-meter dew point temperature field. 

Each value has been averaged across the innermost (1.3km) domain in degrees Celsius. The lowest model value (per 

row) for mean error (ME) and root mean square error (RMSE) is highlighted in yellow. Also shown are mean error 

(ME) and the forecasted average (FBAR) dew point temperature. 

2m Dew Point Temperature Point Statistics for Inner Domain 
Grid  Statistic RTMA 5km  RUC 13km WRFB WRFDA FDDA VFDDA 

12km MAE  - 2.82 2.46 2.41 2.77 2.57 

12km ME - +1.06 +0.80 +0.41 +2.06 +1.46 

12km RMSE - 3.74 3.32 3.27 3.63 3.41 

12km FBAR - -4.70 -4.98 -5.37 -3.72 -4.33 

4km MAE  1.57 - 2.52 2.44 2.75 2.58 

4km ME +0.22 - +0.70 +0.39 +1.80 +0.99 

4km RMSE 2.40 - 3.38 3.30 3.59 3.48 

4km FBAR -5.56 - -5.08 -5.38 -3.97 -4.78 

1.3km MAE  1.57 - 2.46 2.45 2.87 2.52 

1.3km ME +0.22 - +0.52 +0.15 +1.99 +0.76 

1.3km RMSE 2.40 - 3.31 3.30 3.68 3.34 

1.3km FBAR -5.56 - -5.25 -5.63 -3.79 -5.02 
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Table 4.10. Analysis of lower tropospheric winds for each WRF simulation. Differences in each field are calculated using the RUC analysis. Wind profiles generated 

at Wilkesboro (KUKF) in the Upper Yadkin Valley.  

WRF Simulation Lower Tropospheric Wind Analysis 
 WRFB WRFDA FDDA VFDDA 

Model Domain 

Patterns 

¶ 4km: 850mb winds 4-8m/s faster than 

RUC in eastern NC from 19th/03 ï 12 

UTC 

¶ 4km: 850mb winds 1-4m/s faster than 

RUC from 20th/00 to 21st/12 UTC 

from KY to western NC 

¶ 4km: 850mb winds 4-8m/s 

faster than RUC from 20th/15 

ï 21 UTC across NC 

¶ 4km: 850mb winds 1-4m/s 

faster than RUC from 20th/09 

ï 21 UTC in NC 

¶ 4km:850mb winds up to 8m/s 

faster than RUC from 19th/03 ï 12 

UTC across VA, NC 

¶ 4km:850mb winds up to 8m/s 

faster than RUC from 20th/06 ï 

21st/12 UTC across NC 

¶ 4km:925mb winds up to 8m/s 

slower than RUC from 19th/09 ï 

21st/00 UTC  

 

¶ 4km: 850mb winds 4m/s slower than 

RUC across NC mountains at 19th/00 

UTC 

¶ 4km: 925mb winds slower upwind, 

faster downwind of mountains from 

20th/06 ï 21 UTC in comparison to 

RUC 

 

 

Upper Yadkin 

Valley 

 Patterns 

¶ 4km: Downsloping of 925mb winds 

from the NW from 19th/04 ï 10 UTC 

¶ 4km: 850mb winds 2-8m/s faster than 

RUC from19th/15 to 20th/21 UTC 

¶ 4km: 850mb winds up to 

4m/s faster than RUC from 

19th/15-20th/06 

¶ 4km: 850mb winds 4-8m/s 

faster than RUC from 19th/15 

ï 21 UTC 

¶ 4km: 925mb winds 2-4m/s 

slower than RUC from 

20th/18 ï 21 UTC 

¶ 4km: 850mb winds up to 4m/s 

faster than RUC from 19th/15 ï 

20th/03 UTC 

¶ 1.3km: 850mb winds up to 4m/s 

faster than RUC from 19th/03 ï 06 

UTC 

¶ 1.3km: 850mb winds up to 8m/s 

faster than RUC from 20th/00 ï 21 

UTC 

¶ 4km: 850mb winds up to 4m/s faster 

than RUC from 19th/15 to 20th/03 

¶ 4km: 850mb winds up to 8m/s faster 

than RUC from 20th/12 ï 18 UTC 

¶ 1.3km: 850mb winds up to 8m/s faster 

than RUC from 20th/09 - 21 UTC 

Upper Yadkin 

Valley Vertical 

Wind Profile  

¶ RUC Weak winds from NW at 

lowest level, backing N to NW until 

850mb at 03 UTC on 19th, 20th  

¶ WRF: Surface winds from N (RUC 

from W) from 20th/00 ï 12 UTC, 

higher shear to 850mb than RUC 

¶ Veering from 19th/18 ï 20th/12 UTC 

from 850m to surface not shown in 

RUC 

 

¶ Same as WRF ¶ In good agreement with RUC 

¶ Weak winds from NW at lowest 

level, backing N to NW until 

850mb at 03 UTC on 19th, 20th 

¶ Mostly agrees with RUC 

¶ Winds backing from 20th/06 ï 18 UTC 

from 700mb (NW) to surface (N) 
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Table 4.11. Summary table showing the observation-based point statistics for the 925mb wind speed field. Each value 

has been averaged across the middle (4km) domain in meters per second. The lowest model value (per row) for mean 

error (ME) and root mean square error (RMSE) is highlighted in yellow. Also shown are mean error (ME) and the 

forecasted average (FBAR) dew point temperatures 

925mb Wind Speed Point Statistics for Middle Domain 
Grid  Statistic RUC 13km WRF WRFDA FDDA VFDDA 

12km MAE  2.09 2.38 2.38 1.70 1.63 

12km ME 1.13 1.18 1.03 0.15 0.16 

12km RMSE 2.61 2.98 3.00 2.15 2.07 

12km FBAR 6.48 6.54 6.38 5.51 5.47 

4km MAE  2.09 2.22 2.16 1.54 1.49 

4km ME 1.13 1.00 0.82 0.05 0.08 

4km RMSE 2.61 2.86 2.81 2.01 1.95 

4km FBAR 6.48 6.36 6.19 5.41 5.44 

 

 

Table 4.12. Same as Table 4.11, but at the 850mb model pressure level. 

850mb Wind Speed Point Statistics for Middle Domain 
Grid  Statistic RUC 13km WRF WRFDA FDDA VFDDA 

12km MAE  1.77 2.08 2.18 1.77 1.81 

12km ME -0.66 0.00 -0.11 -0.81 -0.53 

12km RMSE 2.04 2.41 2.51 2.07 2.10 

12km FBAR 8.60 9.35 9.23 8.54 8.78 

4km MAE  1.77 2.08 2.11 1.82 1.84 

4km ME -0.66 -0.03 -0.16 -0.83 -0.56 

4km RMSE 2.04 2.40 2.44 2.12 2.14 

4km FBAR 8.60 9.55 9.43 8.76 9.03 
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Table 4.13. Analysis of lower tropospheric temperatures for each WRF simulation. Differences in each field are calculated using the RUC analysis. Temperatures 

profiles generated at Wilkesboro (KUKF) in the Upper Yadkin Valley. 

WRF Simulation Lower Tropospheric Temperature Analysis 
 WRFB WRFDA FDDA VFDDA 

Model Domain 

Patterns 

¶ 4km: 925mb temp 2-6°C colder 

than RUC in NC mountains from 

19th/18 to 21st/12 UTC 

¶ 1.3km: 850mb temp 1-2°C colder 

than RUC from 20th/21 to 21st/03 

UTC 

¶ 4km: 850mb temp 2-4°C colder 

than RUC in NC mountains from 

20th/21 to 21st/03 UTC 

¶ 1.3km: 850mb temp 2-4°C colder 

than RUC in NC mountains from 

19th/06 to 20st/03 UTC 

¶ 4km: 925mb temp 2-4°C colder 

than RUC in NC and VA from 

19th/18 to 20th/12 UTC 

¶ 4km & 1.3km: 850mb temp 2-

4°C warmer than RUC from 

19th/03 ï 15 UTC 

¶ 4km: 850mb temp 2-4°C colder 

than RUC from 20th/18 to 21st/03 

UTC 

¶ 1.3km: 925mb temp 1-4°C 

warmer than RUC from 21st/06 ï 

12 UTC in eastern TN and 

central NC 

 

 

¶ 4km: 925mb temp 1-4°C colder 

than RUC from 19th/18 ï 20th/12 

UTC and 20th/21 ï 21st/03 UTC 

¶ 4km: 925mb temp 1-4°C colder 

than RUC from 19th/18 ï 20th/12 

UTC 

¶ 1.3km: 925mb temp 1-4°C colder 

than RUC from 19th/18 ï 20th/00 

UTC and 20th/18 ï 21st/00 UTC  

Upper Yadkin Valley 

 Patterns 

¶ 4km: 925mb temp 4-6°C colder 

than RUC from 19th/21 to 20st/03 

UTC 

¶ 1.3km: 850mb temp 2-6°C colder 

than RUC from 19th/18 to 21st/12 

UTC 

¶ 1.3km: 925mb temp 1-4°C colder 

than RUC from 19th/18 to 21st/12 

UTC 

 

¶  1.3km: 925mb temp 1-4°C 

colder than RUC from 19th/18 to 

20st/12 

¶ 1.3km: 850mb temp 1-4°C 

warmer than RUC at 19th/00 

UTC 

¶ 1.3km: 850mb temp 2-4°C 

warmer than RUC from 19th/09 ï 

15 UTC 

¶ 1.3km: 9250mb temp 1-8°C 

colder than RUC from 20th/00 ï 

09 UTC and 20th/18 ï 21st/09 

UTC 

Upper Yadkin Valley 

Vertical Wind Pro file 

¶ 1.3km: Warmer than RUC below 

850mb on 19th 00 ï 15 UTC, 

20th/06 ï 12 UTC 

¶ 1.3km: Colder than RUC below 

900mb 19th/21 

¶ 1.3km: 2-5°C warmer than RUC  

below 850mb from 19th/00 ï 18 

UTC, under 2°C warmer from 

20th/06 ï 12 UTC 

¶ 1.3km: Colder than RUC at 

surface 19th/21 ï 20th/03 

¶ 1.3km: 2-5°C warmer than RUC  

below 850mb from 19th/00 ï 18 

UTC, under 2°C warmer from 

20th/06 ï 18 UTC 

¶ 1.3km: Never colder than RUC at 

surface 

¶ 1.3km: 2-5°C warmer than RUC  

below 850mb from 19th/00 ï 18 

UTC, under 2°C warmer from 

20th/06 ï 21 UTC 

¶ 1.3km: Less than 2°C colder 

than RUC at surface 19th/21 ï 

20th/00, 21st/00 ï 12 UTC 



 

96 

Table 4.14. Summary table showing the observation-based point statistics for the 925mb temperature field. Each 

value has been averaged across the middle (4km) domain in degrees Celsius. The lowest model value (per row) for 

mean error (ME) and root mean square error (RMSE) is highlighted in yellow. Also shown are mean error (ME) and 

the forecasted average (FBAR) dew point temperature. 

925mb Temperature Point Statistics for Middle Domain 
Grid  Statistic RUC 13km WRF WRFDA FDDA VFDDA 

12km MAE  2.15 2.40 2.49 2.17 2.00 

12km ME 1.55 -0.22 -0.45 0.58 0.35 

12km RMSE 2.80 2.97 3.05 2.85 2.69 

12km FBAR 3.12 1.31 1.08 2.12 1.91 

4km MAE  2.15 2.40 2.41 2.01 1.87 

4km ME 1.55 -0.27 -0.37 0.38 0.22 

4km RMSE 2.80 2.95 2.94 2.64 2.44 

4km FBAR 3.12 1.36 1.26 2.02 1.85 

 

 

Table 4.15. Same as Table 4.14, but at the 850mb model pressure level. 

850mb Temperature Point Statistics for Middle Domain 
Grid  Statistic RUC 13km WRF WRFDA FDDA VFDDA 

12km MAE  0.64 0.89 0.92 0.66 0.63 

12km ME 0.22 -0.15 -0.26 0.08 -0.06 

12km RMSE 0.80 1.10 1.13 0.81 0.78 

12km FBAR -0.46 -0.87 -0.98 -0.63 -0.73 

4km MAE  0.64 0.92 0.95 0.65 0.63 

4km ME 0.22 -0.16 -0.29 0.08 -0.05 

4km RMSE 0.80 1.12 1.15 0.80 0.78 

4km FBAR -0.46 -1.00 -1.12 -0.76 -0.89 
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Table 4.16. Summary table showing average number of station observations per hour over the inner domain. 

Average Observation Stations Per Hour for Inner Domain 

Variable RTMA 5km  RUC 13km WRFB 1.3km 
WRFDA 

1.3km 

FDDA 

1.3km 

VFDDA 

1.3km 

2m TMP 262.8 262.3 262.1 262.1 262.1 262.1 

2m DPT 249.2 248.3 248.5 248.5 248.5 248.5 

10m WIND  265.3 264.6 264.6 264.6 264.6 264.6 

925mb TMP - 9.1 9.1 9.1 9.1 9.1 

925mb WIND - 8.8 8.8 8.8 8.8 8.8 

850mb TMP - 1.8 1.8 1.8 1.8 1.8 

850mb WIND - 1.7 1.6 1.6 1.6 1.6 

 

 

Table 4.17. Summary table showing average number of station observations per hour for each model and level over 

the inner domain. 

Average Observation Stations Per Hour for Middle Domain 

Variable 
RTMA  

5km 

RUC  

13km 

WRFB 

4km 

WRFDA 

4km 

FDDA 

4km 

VFDDA 

4km 

2m TMP 1,231.8 1,223.0 1,186.2 1,186.2 1,186.2 1,186.2 

2m DPT 1,177.4 1,168.5 1,132.8 1,132.8 1,132.8 1,132.8 

10m WIND 652.0 643.9 627.6 627.6 627.6 627.6 

925mb TMP - 22.8 22.0 22.0 22.0 22.0 

925mb WIND - 14.9 14.6 14.6 14.6 14.6 

850mb TMP - 10.2 10.1 10.1 10.1 10.1 

850mb WIND - 7.9 7.8 7.8 7.8 7.8 
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Table 4.18. Observation-based model point statistics for surface wind speed [m/s], temperature (T) [°C], and dew 

point temperature (Dpt) [°C], compared to averages across Wilkes County, North Carolina. The lowest model value 

(per row) for mean error (ME) and root mean square error (RMSE) is highlighted in yellow. Also shown are mean 

error (ME) and the forecasted hourly average (FBAR) for each variable. 

Surface Variable Point Statistics for Wilkes County, North Carolina 
Variable Grid  Statistic RTMA 5km  RUC 13km WRFB WRFDA FDDA VFDDA 

10m Wind 12km MAE  - 1.98 2.21 2.26 2.21 1.82 

10m Wind 12km ME - +1.65 +1.90 +1.89 +2.02 +1.49 

10m Wind 12km RMSE - 2.29 2.52 2.57 2.52 2.16 

10m Wind 12km FBAR - 2.60 2.83 2.82 2.95 2.42 

10m Wind 4km MAE  1.16 - 2.13 2.11 1.88 1.67 

10m Wind 4km ME +0.65 - +1.76 +1.77 +1.61 +1.23 

10m Wind 4km RMSE 1.37 - 2.46 2.43 2.31 2.07 

10m Wind 4km FBAR 1.58 - 2.71 2.72 2.56 2.18 

10m Wind 1.3km MAE  1.16 - 2.02 1.92 1.27 1.14 

10m Wind 1.3km ME +0.65 - +1.62 +1.56 +1.02 +0.78 

10m Wind 1.3km RMSE 1.37 - 2.29 2.17 1.47 1.31 

10m Wind 1.3km FBAR 1.58 - 2.55 2.49 1.95 1.71 

2m Temp 12km MAE  - 2.82 3.79 3.84 3.36 3.51 

2m Temp 12km ME - -0.30 -2.19 -2.29 -1.71 -2.14 

2m Temp 12km RMSE - 3.47 4.20 4.27 3.79 3.94 

2m Temp 12km FBAR - 3.35 1.60 1.50 2.08 1.74 

2m Temp 4km MAE  1.92 - 3.59 3.43 3.33 3.35 

2m Temp 4km ME -0.73 - -1.98 -1.87 -1.86 -1.83 

2m Temp 4km RMSE 2.46 - 4.02 3.87 3.76 3.77 

2m Temp 4km FBAR 3.05 - 1.67 1.78 1.79 1.82 

2m Temp 1.3km MAE  1.92 - 3.41 3.37 3.25 3.13 

2m Temp 1.3km ME -0.73 - -1.55 -1.59 -1.64 -1.87 

2m Temp 1.3km RMSE 2.46 - 3.83 3.76 3.60 3.51 

2m Temp 1.3km FBAR 3.05 - 2.23 2.20 2.15 1.92 

2m Dpt 12km MAE  - 3.00 2.56 2.42 2.92 2.68 

2m Dpt 12km ME - +2.73 +1.61 +1.18 +2.74 +2.06 

2m Dpt 12km RMSE - 3.44 2.99 2.83 3.50 3.14 

2m Dpt 12km FBAR - -4.13 -5.21 -5.63 -4.07 -4.77 

2m Dpt 4km MAE  1.15 - 2.46 2.28 2.87 2.75 

2m Dpt 4km ME +0.58 - +1.83 +1.44 +2.60 +1.76 

2m Dpt 4km RMSE 1.48 - 2.91 2.74 3.31 3.26 

2m Dpt 4km FBAR -6.24 - -5.03 -5.42 -4.27 -5.10 

2m Dpt 1.3km MAE  1.15 - 2.25 2.10 3.06 2.39 

2m Dpt 1.3km ME +0.58 - +1.50 +1.10 +2.79 +1.57 

2m Dpt 1.3km RMSE 1.48 - 2.60 2.46 3.45 2.76 

2m Dpt 1.3km FBAR -6.24 - -5.32 -5.72 -4.03 -5.25 
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Table 4.19. Summary table showing average observations per hour over Wilkes County, NC 

 Average Observations Per Hour for Wilkes County, NC 
Variable Grid  RTMA 5km  RUC 13km WRFB WRFDA FDDA VFDDA 

2m Temp 12km 5 5.23 5 5 5 5 

2m Dpt 12km 5 5.23 5 5 5 5 

10m Wind 12km 5 5.23 5 5 5 5 
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Table 4.20. Observation-based model point statistics for surface wind speed [m/s], temperature (T) [°C], and dew 

point temperature (Dpt) [°C], compared to hourly observations at Wilkesboro (KUKF). The lowest model value (per 

row) for mean error (ME) and root mean square error (RMSE) is highlighted in yellow. Also shown are mean error 

(ME) and the forecasted hourly average (FBAR) for each variable. 

Surface Variable Point Statistics for KUKF 
Variable Grid  Statistic RTMA 5km  RUC 13km WRFB WRFDA FDDA VFDDA 

10m Wind 12km MAE  - 1.43 1.78 1.82 1.72 1.52 

10m Wind 12km ME - +0.53 +1.28 +1.25 +1.25 +0.65 

10m Wind 12km RMSE - 1.43 1.78 1.82 1.72 1.52 

10m Wind 12km FBAR - 1.77 2.52 2.49 2.49 1.89 

10m Wind 4km MAE  0.49 - 1.49 1.91 1.18 1.20 

10m Wind 4km ME -0.01 - +1.00 +1.39 +0.48 -0.03 

10m Wind 4km RMSE 0.49 - 1.49 1.91 1.18 1.20 

10m Wind 4km FBAR 1.24 - 2.24 2.64 1.72 1.21 

10m Wind 1.3km MAE  0.49 - 2.00 2.09 1.30 1.40 

10m Wind 1.3km ME -0.01 - +1.68 +1.72 +0.80 +0.51 

10m Wind 1.3km RMSE 0.49 - 2.00 2.09 1.30 1.40 

10m Wind 1.3km FBAR 1.24 - 2.92 2.97 2.04 1.75 

2m Temp 12km MAE  - 1.56 3.13 3.18 2.88 2.89 

2m Temp 12km ME - +0.71 -1.99 -2.06 -1.60 -2.07 

2m Temp 12km RMSE - 1.56 3.13 3.18 2.88 2.89 

2m Temp 12km FBAR - 4.19 1.50 1.43 1.88 1.49 

2m Temp 4km MAE  0.81 - 3.02 2.87 2.87 2.89 

2m Temp 4km ME -0.34 - -2.13 -1.82 -2.58 -2.61 

2m Temp 4km RMSE 0.81 - 3.02 2.87 2.87 2.89 

2m Temp 4km FBAR 3.14 - 1.35 1.66 0.90 0.88 

2m Temp 1.3km MAE  0.81 - 2.87 2.86 2.51 2.51 

2m Temp 1.3km ME -0.34 - -1.66 -1.55 -1.88 -2.14 

2m Temp 1.3km RMSE 0.81 - 2.87 2.86 2.51 2.51 

2m Temp 1.3km FBAR 3.14 - 1.82 1.93 1.60 1.34 

2m Dpt 12km MAE  - 2.30 1.82 1.72 1.96 1.81 

2m Dpt 12km ME - +1.98 +0.61 +0.22 +1.82 +1.13 

2m Dpt 12km RMSE - 2.30 1.82 1.72 1.96 1.81 

2m Dpt 12km FBAR - -3.75 -5.12 -5.51 -3.92 -4.60 

2m Dpt 4km MAE  0.70 - 1.76 1.46 2.38 2.44 

2m Dpt 4km ME -0.08 - +1.17 +0.67 +2.06 +1.24 

2m Dpt 4km RMSE 0.70 - 1.76 1.46 2.38 2.44 

2m Dpt 4km FBAR -5.82 - -4.56 -5.06 -3.67 -4.50 

2m Dpt 1.3km MAE  0.70 - 1.55 1.48 2.55 1.92 

2m Dpt 1.3km ME -0.08 - +0.74 +0.36 +2.16 +1.01 

2m Dpt 1.3km RMSE 0.70 - 1.55 1.48 2.55 1.92 

2m Dpt 1.3km FBAR -5.82 - -4.99 -5.38 -3.57 -4.72 
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Table 4.21. Observation-based model point statistics for surface wind speed [m/s], temperature (T) [°C], and dew 

point temperature (Dpt) [°C], compared to hourly observations at Morganton (KMRN). The lowest model value (per 

row) for mean error (ME) and root mean square error (RMSE) is highlighted in yellow. Also shown are mean error 

(ME) and the forecasted hourly average (FBAR) for each variable. 

Surface Variable Point Statistics for KMRN 
Variable Grid  Statistic RTMA 5km  RUC 13km WRFB WRFDA FDDA VFDDA 

10m Wind 12km MAE  - 1.19 1.31 1.28 1.07 1.18 

10m Wind 12km ME - -1.03 -0.94 -1.04 -0.82 -1.04 

10m Wind 12km RMSE - 1.19 1.31 1.28 1.07 1.18 

10m Wind 12km FBAR - 1.32 1.42 1.31 1.54 1.29 

10m Wind 4km MAE  1.01 - 1.23 1.34 1.05 1.20 

10m Wind 4km ME -0.84 - -0.84 -1.14 -0.94 -1.13 

10m Wind 4km RMSE 1.01 - 1.23 1.34 1.05 1.20 

10m Wind 4km FBAR 1.52 - 1.51 1.22 1.41 1.23 

10m Wind 1.3km MAE  1.01 - 1.36 1.05 1.15 1.19 

10m Wind 1.3km ME -0.84 - -1.04 -0.91 -0.93 -1.10 

10m Wind 1.3km RMSE 1.01 - 1.36 1.05 1.15 1.19 

10m Wind 1.3km FBAR 1.52 - 1.31 1.44 1.43 1.25 

2m Temp 12km MAE  - 1.56 3.07 3.15 2.70 2.71 

2m Temp 12km ME - +0.98 -1.66 -1.98 -1.45 -1.93 

2m Temp 12km RMSE - 1.56 3.07 3.15 2.70 2.71 

2m Temp 12km FBAR - 3.98 1.34 1.02 1.55 1.11 

2m Temp 4km MAE  0.99 - 2.58 2.40 2.37 2.26 

2m Temp 4km ME +0.77 - -0.90 -0.87 -1.57 -1.62 

2m Temp 4km RMSE 0.99 - 2.58 2.40 2.37 2.26 

2m Temp 4km FBAR 3.77 - 2.10 2.13 1.43 1.38 

2m Temp 1.3km MAE  0.99 - 2.67 2.62 2.48 2.44 

2m Temp 1.3km ME +0.77 - -1.02 -1.24 -1.80 -1.98 

2m Temp 1.3km RMSE 0.99 - 2.67 2.62 2.48 2.44 

2m Temp 1.3km FBAR 3.77 - 1.98 1.76 1.20 1.02 

2m Dpt 12km MAE  - 2.94 2.27 2.04 2.93 2.58 

2m Dpt 12km ME - +2.93 +1.33 +0.91 +2.49 +1.82 

2m Dpt 12km RMSE - 2.94 2.27 2.04 2.93 2.58 

2m Dpt 12km FBAR - -3.30 -4.90 -5.32 -3.74 -4.45 

2m Dpt 4km MAE  1.11 - 2.32 1.96 2.78 2.41 

2m Dpt 4km ME +0.52 - +1.12 +0.77 +2.28 +1.58 

2m Dpt 4km RMSE 1.11 - 2.32 1.96 2.78 2.41 

2m Dpt 4km FBAR -5.71 - -5.10 -5.46 -3.95 -4.65 

2m Dpt 1.3km MAE  1.11 - 2.35 2.04 2.94 2.38 

2m Dpt 1.3km ME +0.52 - +1.17 +0.56 +2.49 +1.46 

2m Dpt 1.3km RMSE 1.11 - 2.35 2.04 2.94 2.38 

2m Dpt 1.3km FBAR -5.71 - -5.06 -5.67 -3.74 -4.77 
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Table 4.22. Observation-based model point statistics for surface wind speed [m/s], temperature (T) [°C], and dew 

point temperature (Dpt) [°C], compared to hourly observations at Jefferson (KGEV). The lowest model value (per 

row) for mean error (ME) and root mean square error (RMSE) is highlighted in yellow. Also shown are mean error 

(ME) and the forecasted hourly average (FBAR) for each variable. 

Surface Variable Point Statistics for KGEV 
Variable Grid  Statistic RTMA 5km  RUC 13km WRFB WRFDA FDDA VFDDA 

10m Wind 12km MAE  - 1.75 2.86 2.79 2.63 2.49 

10m Wind 12km ME - +0.70 +2.52 +2.46 +2.14 +1.93 

10m Wind 12km RMSE - 1.75 2.86 2.79 2.63 2.49 

10m Wind 12km FBAR - 3.77 5.59 5.53 5.21 4.97 

10m Wind 4km MAE  0.80 - 3.03 2.83 1.95 1.85 

10m Wind 4km ME -0.31 - +1.46 +1.47 +1.23 +0.96 

10m Wind 4km RMSE 0.80 - 3.03 2.83 1.95 1.85 

10m Wind 4km FBAR 2.76 - 4.53 4.54 4.29 4.03 

10m Wind 1.3km MAE  0.80 - 2.13 2.00 2.12 2.09 

10m Wind 1.3km ME -0.31 - +0.97 +0.74 -0.04 -0.41 

10m Wind 1.3km RMSE 0.80 - 2.13 2.00 2.12 2.09 

10m Wind  1.3km FBAR 2.76 - 4.04 3.81 3.03 2.66 

2m Temp 12km MAE  - 6.61 3.97 4.28 4.39 4.57 

2m Temp 12km ME - -6.61 -3.97 -4.28 -4.39 -4.57 

2m Temp 12km RMSE - 6.61 3.97 4.28 4.39 4.57 

2m Temp 12km FBAR - -3.96 -1.32 -1.63 -1.74 -1.86 

2m Temp 4km MAE  2.16 - 4.36 4.31 4.71 4.63 

2m Temp 4km ME -2.16 - -4.35 -4.31 -4.71 -4.63 

2m Temp 4km RMSE 2.16 - 4.36 4.31 4.71 4.63 

2m Temp 4km FBAR 0.49 - -1.70 -1.66 -2.06 -1.98 

2m Temp 1.3km MAE  2.16 - 3.98 4.36 4.68 5.19 

2m Temp 1.3km ME -2.16 - -3.98 -4.36 -4.68 -5.19 

2m Temp 1.3km RMSE 2.16 - 3.98 4.36 4.68 5.19 

2m Temp 1.3km FBAR 0.49 - -1.33 -1.71 -2.03 -2.54 

2m Dpt 12km MAE  - 3.57 2.71 2.79 3.52 3.51 

2m Dpt 12km ME - -2.21 +1.33 +0.86 +2.41 +1.38 

2m Dpt 12km RMSE - 3.57 2.71 2.79 3.52 3.51 

2m Dpt 12km FBAR - -9.80 -6.25 -6.72 -5.17 -6.23 

2m Dpt 4km MAE  0.82 - 2.85 3.07 3.66 3.59 

2m Dpt 4km ME -0.25 - +1.47 +1.23 +2.07 +1.02 

2m Dpt 4km RMSE 0.82 - 2.85 3.07 3.66 3.59 

2m Dpt 4km FBAR -7.83 - -6.12 -6.35 -5.52 -6.57 

2m Dpt 1.3km MAE  0.82 - 2.63 2.73 3.51 3.65 

2m Dpt 1.3km ME -0.25 - +1.18 +1.06 +1.96 +0.74 

2m Dpt 1.3km RMSE 0.82 - 2.63 2.73 3.51 3.65 

2m Dpt 1.3km FBAR -7.83 - -6.40 -6.52 -5.63 -6.84 
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Table 4.23. Observation-based model point statistics for surface wind speed [m/s], temperature (T) [°C], and dew 

point temperature (Dpt) [°C], compared to hourly observations at Rendezvous Mountain (RVZN7). The lowest 

model value (per row) for mean error (ME) and root mean square error (RMSE) is highlighted in yellow. Also shown 

are mean error (ME) and the forecasted hourly average (FBAR) for each variable. 

 Surface Variable Point Statistics for RVZN7 
Variable Grid  Statistic RTMA 5km  RUC 13km WRFB WRFDA FDDA VFDDA 

10m Wind 12km MAE  - 2.19 1.83 1.84 1.82 1.57 

10m Wind 12km ME - +1.61 +0.93 +0.82 +1.44 +0.96 

10m Wind 12km RMSE - 2.19 1.83 1.84 1.82 1.57 

10m Wind 12km FBAR - 3.89 3.21 3.10 3.72 3.24 

10m Wind 4km MAE  1.45 - 2.02 1.90 2.25 1.93 

10m Wind 4km ME -0.42 - +0.79 +0.78 +1.71 +1.19 

10m Wind 4km RMSE 1.45 - 2.02 1.90 2.25 1.93 

10m Wind 4km FBAR 1.86 - 3.07 3.06 3.99 3.47 

10m Wind 1.3km MAE  1.45 - 1.79 1.64 1.29 1.10 

10m Wind 1.3km ME -0.42 - +0.24 +0.41 +0.70 +0.36 

10m Wind 1.3km RMSE 1.45 - 1.79 1.64 1.29 1.10 

10m Wind 1.3km FBAR 1.86 - 2.52 2.69 2.98 2.64 

2m Temp 12km MAE  - 5.16 3.91 4.00 2.96 3.27 

2m Temp 12km ME - -4.88 -3.27 -3.42 -2.33 -2.79 

2m Temp 12km RMSE - 5.16 3.91 4.00 2.96 3.27 

2m Temp 12km FBAR - 0.61 2.21 2.06 3.15 2.80 

2m Temp 4km MAE  3.21 - 3.88 3.91 3.06 3.24 

2m Temp 4km ME -3.06 - -3.31 -3.55 -2.34 -2.45 

2m Temp 4km RMSE 3.21 - 3.88 3.91 3.06 3.24 

2m Temp 4km FBAR 2.42 - 2.17 1.94 3.14 3.03 

2m Temp 1.3km MAE  3.21 - 4.07 4.09 3.98 4.04 

2m Temp 1.3km ME -3.06 - -3.67 -3.71 -3.36 -3.58 

2m Temp 1.3km RMSE 3.21 - 4.07 4.09 3.98 4.04 

2m Temp 1.3km FBAR 2.42 - 1.81 1.77 2.12 1.91 

2m Dpt 12km MAE  - 3.69 3.42 3.01 4.46 3.78 

2m Dpt 12km ME - +3.69 +3.39 +2.92 +4.46 +3.75 

2m Dpt 12km RMSE - 3.69 3.42 3.01 4.46 3.78 

2m Dpt 12km FBAR - -5.09 -5.39 -5.86 -4.32 -5.06 

2m Dpt 4km MAE  1.88 - 3.36 3.04 3.68 3.00 

2m Dpt 4km ME +1.88 - +3.24 +2.82 +3.68 +2.93 

2m Dpt 4km RMSE 1.88 - 3.36 3.04 3.68 3.00 

2m Dpt 4km FBAR -6.90 - -5.55 -5.96 -5.11 -5.86 

2m Dpt 1.3km MAE  1.88 - 2.90 2.61 3.91 2.77 

2m Dpt 1.3km ME +1.88 - +2.76 +2.34 +3.91 +2.63 

2m Dpt 1.3km RMSE 1.88 - 2.90 2.61 3.91 2.77 

2m Dpt 1.3km FBAR -6.90 - -6.03 -6.44 -4.87 -6.15 
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Table 4.24. Table showing model simulated height differences from the surveyed elevation (in meters) for four 

surface stations in each of the three WRF simulation domains. These differences are used to calculated the 

adjustment in simulated station temperatures (°C) using the standard atmospheric lapse rate (SALR) of 6.5°C/km. 

Station KUKF KMRN KGEV RVZN7 

Surveyed Elevation (m) 396.5 387.1 969.3 703.0 

Surveyed-12km Elevation (m) +38.8 +34.6 +75.7 +170.4 

Surveyed-4km Elevation (m) +55.0 +42.9 +21.9 +200.5 

Surveyed-1.3km Elevation (m) +23.9 +20.9 +60.8 +105.6 

12km SALR Adjustment (°C) -0.25 -0.22 -0.49 -1.11 

4km SALR Adjustment (°C) -0.36 -0.28 -0.14 -1.30 

1.3km SALR Adjustment (°C) -0.16 -0.14 -0.40 -0.69 

 

Table 4.25. Table showing model simulation runtime (minutes) and additional processing (minutes) required for each 

model simulation. Each simulation uses adaptive timesteps described in Chapter 2. 

Model Runtime (minutes) 
Percent Difference 

from WRF  

Percent Difference 

from FDDA  

WRFB 1558 0% 6% 

WRFDA 1428 -8% -3% 

FDDA 1468 -6% 0% 

VFDDA 1675 8% 14% 

    

Additional Processes Runtime (minutes) - - 

VFDDA 

Preprocessing 
133 - - 
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Table 4.26. Same as Table 4.22, but including the fixed YSU scheme run in an additional VFDDA simulation. 

Surface Variable Point Statistics for KUKF 

Variable Grid  Statistic 
RTMA 

5km 

RUC 

13km 
WRF WRFDA FDDA VFDDA 

VFDDA + 

FIX  

10m Wind 12km MAE  - 1.43 1.78 1.82 1.72 1.52 1.46 

10m Wind 12km ME - +0.53 +1.28 +1.25 +1.25 +0.65 +0.49 

10m Wind 12km RMSE - 1.43 1.78 1.82 1.72 1.52 1.46 

10m Wind 12km FBAR - 1.77 2.52 2.49 2.49 1.89 1.73 

10m Wind 4km MAE  0.49 - 1.49 1.91 1.18 1.20 1.19 

10m Wind 4km ME -0.01 - +1.00 +1.39 +0.48 -0.03 +0.09 

10m Wind 4km RMSE 0.49 - 1.49 1.91 1.18 1.20 1.19 

10m Wind 4km FBAR 1.24 - 2.24 2.64 1.72 1.21 1.33 

10m Wind 1.3km MAE  0.49 - 2.00 2.09 1.30 1.40 1.32 

10m Wind 1.3km ME -0.01 - +1.68 +1.72 +0.80 +0.51 +0.53 

10m Wind 1.3km RMSE 0.49 - 2.00 2.09 1.30 1.40 1.32 

10m Wind 1.3km FBAR 1.24 - 2.92 2.97 2.04 1.75 1.78 

2m Temp 12km MAE  - 1.56 3.13 3.18 2.88 2.89 2.91 

2m Temp 12km ME - +0.71 -1.99 -2.06 -1.60 -2.07 -2.22 

2m Temp 12km RMSE - 1.56 3.13 3.18 2.88 2.89 2.91 

2m Temp 12km FBAR - 4.19 1.50 1.43 1.88 1.49 1.27 

2m Temp 4km MAE  0.81 - 3.02 2.87 2.87 2.89 3.10 

2m Temp 4km ME -0.34 - -2.13 -1.82 -2.58 -2.61 -2.84 

2m Temp 4km RMSE 0.81 - 3.02 2.87 2.87 2.89 3.10 

2m Temp 4km FBAR 3.14 - 1.35 1.66 0.90 0.88 0.65 

2m Temp 1.3km MAE  0.81 - 2.87 2.86 2.51 2.51 2.71 

2m Temp 1.3km ME -0.34 - -1.66 -1.55 -1.88 -2.14 -2.42 

2m Temp 1.3km RMSE 0.81 - 2.87 2.86 2.51 2.51 2.71 

2m Temp 1.3km FBAR 3.14 - 1.82 1.93 1.60 1.34 1.06 

2m Dpt 12km MAE  - 2.30 1.82 1.72 1.96 1.81 1.97 

2m Dpt 12km ME - +1.98 +0.61 +0.22 +1.82 +1.13 +1.36 

2m Dpt 12km RMSE - 2.30 1.82 1.72 1.96 1.81 1.97 

2m Dpt 12km FBAR - -3.75 -5.12 -5.51 -3.92 -4.60 -4.37 

2m Dpt 4km MAE  0.70 - 1.76 1.46 2.38 2.44 2.05 

2m Dpt 4km ME -0.08 - +1.17 +0.67 +2.06 +1.24 +1.68 

2m Dpt 4km RMSE 0.70 - 1.76 1.46 2.38 2.44 2.05 

2m Dpt 4km FBAR -5.82 - -4.56 -5.06 -3.67 -4.50 -4.05 

2m Dpt 1.3km MAE  0.70 - 1.55 1.48 2.55 1.92 2.10 

2m Dpt 1.3km ME -0.08 - +0.74 +0.36 +2.16 +1.01 +1.09 

2m Dpt 1.3km RMSE 0.70 - 1.55 1.48 2.55 1.92 2.10 

2m Dpt 1.3km FBAR -5.82 - -4.99 -5.38 -3.57 -4.72 -4.65 
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Figure 4.1. Figure showing counties and elevation (in meters) in western North Carolina. The Yakin-Pee Dee River Basin is outlined in purple, as well as Wilkes and 

Caldwell counties (white) in the Upper Yadkin Valley. Withheld weather stations are shown in yellow. 
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Figure 4.2. HPC Surface Analysis of the United States, valid at 00 UTC on 19 February, 2010. 
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Figure 4.3. HPC Frontal analysis with infrared satellite imagery of the United States, valid at 21 UTC on 19 February, 2010. 
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Figure 4.4. METAR surface stations observations valid at 2107 UTC on 19 February, 2010. 
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Figure 4.5. METAR surface stations observations valid at 1507 UTC on 19 February, 2010. 
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Figure 4.6. HPC Frontal analysis with infrared satellite imagery of the United States, valid at 15 UTC on 20 February, 2010. 
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Figure 4.7. HPC Surface Analysis of the United States, valid at 12 UTC on 21 February, 2010. 
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Figure 4.8. All surface station observations (blue dots) over the middle 4km domain from MADIS. Observations 

valid 04 UTC on 20 February 2010. 

 

 

 

 

Figure 4.9. All Aircraft observations (blue dots) over the middle 4km domain from MADIS. Observations valid 04 

UTC on 20 February 2010. 
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Figure 4.10. RTMA analysis of 10m surface winds, shown as vectors in m/s. Valid at 00 UTC on 19 February, 2010. 

The domain has been zoomed to match the 4km WRF domain. 
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Figure 4.11. RTMA analysis of 10m surface winds, shown as vectors in m/s. Valid at 10 UTC on 20 February, 2010. 

The domain has been zoomed to match the 4km WRF domain. 
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Figure 4.12. RTMA analysis of 10m surface winds, shown as vectors in m/s. Valid at 06 UTC on 21 February, 2010. 

The domain has been zoomed to match the 4km WRF domain.  
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Figure 4.13. RTMA analysis of 10m surface winds, shown as vectors in m/s. Valid at 18 UTC on 20 February, 2010. 

The domain has been zoomed to match the 1.3km WRF domain. 
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Figure 4.14.  RTMA analysis of 10m surface winds, shown as vectors in m/s. Valid at 21 UTC on 20 February, 2010. 

The domain has been zoomed to match the 1.3km WRF domain. 


































































































