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ABSTRACT 

 

A SENSITIVITY ANALYSIS OF WRF-SIMULATED COLD AIR DAMMING USING 

VARIABLE PARAMETERIZATION SCHEMA 

by 

Morgan M. Simms 

Plymouth State University, December, 2017 

 

Cold air damming (CAD) is a common phenomenon in Northern New England 

U.S.A. in which cold air persists to the south and east of the northern Appalachian 

Mountains during region-wide warm air advection. CAD often allows for wintry 

precipitation to persist for extended periods and can negatively impact transportation and 

local commerce in Northern New England, especially during the winter months. 

Numerical models are known to struggle with the evolution of CAD, particularly the 

erosion process and the portrayal of the vertical temperature profile and precipitation 

type. Numerical models often mix-out the cold air too soon, which can lead to the 

unanticipated continuation of hazardous wintry weather. 

This study assessed how the WRF-ARW simulated surface cold pool evolution 

associated with CAD, and the changes to this evolution associated with different 

planetary boundary layer (PBL) and microphysical parameterization schema. The project 

repeated this analysis for three different classes of CAD based on the classification 

scheme of Bailey et al. (2003) to generate respective eight-member ensembles of 2-meter 



 xvi 

temperature forecasts, as well as time-height analyses of temperature and vertical 

temperature gradients from the surface to 800 hPa. 

 Analysis of the ensembles showed that more definitive temperature biases existed 

between PBL schema, while no distinct temperature bias existed between microphysical 

parameterizations. The local Mellor-Yamada-Janjic (MYJ) scheme simulated an erosion 

of the surface cold pool more in line with observations than the non-local Yonsei 

University (YSU) scheme. However, both PBL schemes completed the erosion process 

quicker than observations and produced warmer temperatures than observed in the three 

analyzed cases. The sample size of cases is too small to definitively say whether the WRF 

accurately simulates a particular class of CAD better than another, or whether a clear 

temperature bias occurs during the entire CAD event rather than just the erosion process. 
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CHAPTER ONE 
 

1. Background 

a. Motivation 

Cold air damming (CAD) in both Northern New England and the east-central 

United States develops in association with the generation or displacement of cooler air to 

the south and east of the Appalachian Mountains (Fig. 1.1) due to a flow pattern 

influenced by the presence of an anticyclone (Bell and Bosart 1988). The air fails to flow 

over the orographic barrier and results in a shallow cold pool along the eastern side of the 

range due in combination to its high density and blocking by the mountains. Depending 

on synoptic regimes, warmer air is forced to flow over the cold pool, creating a stable 

boundary layer inversion that can prevent the cooler air from being mixed mechanically 

or thermodynamically with the free troposphere. In some cases, particularly in the central 

Appalachians as noted in Bell and Bosart (1988), a barrier jet stream can develop in the 

cold pool (Fig. 1.2).  A combination of favorable synoptic-scale conditions and/or 

diabatic processes can allow CAD to persist for a day or more. 

Baker (1970) first noted the presence of pressure ridges east of the Appalachians 

characterized by cold and shallow airflows capped by strong low-level inversions; 

Richwien (1977) later noted this phenomenon as “damming.” Richwien (1977) stated that 

forecast models did not accurately simulate the pressure ridge associated with CAD. 

Studies by Stauffer and Warner (1986) and Bell and Bosart (1988) mentioned additional 

sources of model inaccuracies, including the evolution and erosion of the cold pool. 

CAD also occurs over Northern New England. For example, CAD occurred 

across New Hampshire and Maine on 18 October 2016 with cold pool temperatures of 
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~12°C and non-cold pool temperatures at or above 20°C over Vermont and 

Massachusetts (Fig. 1.3). Visible satellite showed a low stratified cloud deck over the 

dammed region (Fig. 1.4). Outside the cold pool in Vermont and Massachusetts, 

temperatures were at or above ~20° C with little or no cloud cover. Chapter 5 contains 

further analysis on this particular event. 

CAD is hypothesized to have major economic and sociological impacts during 

winter months. Under certain circumstances, the inversion that develops from the cold 

pool creates a vertical temperature profile favorable for the development of freezing rain. 

For example, a CAD event on 13–14 January 1980 east of the Appalachians from 

Pennsylvania to North Carolina produced ice accumulations as high as 12.5 mm (Forbes 

et al. 1987). These ice accumulations can cause power outages and be hazardous to health 

(Forbes et al. 1987). Similar impacts have been observed during CAD events in Northern 

New England. Chapter 3 discusses one of these cases in more detail. 

b. CAD overview 

Bailey et al. (2003) describes the development of CAD in the central 

Appalachians as a geostrophic readjustment process. Conditions required are an 

anticyclone to the north, a flow of cooler air towards a mountain range, isobars oriented 

perpendicular to the mountain range, and a stably stratified atmosphere (Bailey et al. 

2003). As the air approaches the range, it slows down due to mass accumulation and the 

development of locally higher pressure (Smith 1982; Bailey et al. 2003). The reduction in 

speed results in the unbalancing of the pressure gradient force (PGF) and the Coriolis 

force, and therefore ageostrophic flow (Fig. 1.5). In order to regain geostrophic balance, 

the flow turns towards the south to compensate for the weakening Coriolis force. With 
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established northerly flow, the Coriolis effect deflects air towards the barrier on the 

eastern side, and away on its western side. This process results in an accumulation of 

mass to the east and a reduction of mass to the west, resulting in respective increases and 

decreases in pressure. The resultant “U-shaped” ridge that forms on the eastern side of 

the orographic barrier is a classic signature of CAD in both the central Appalachians 

(Bell and Bosart 1988), and in Northern New England (Fig. 1.6). 

The geostrophic readjustment process can occur assuming sufficient terrain 

blocking is in place. The Froude number, as described by Lackmann (2012), is the ratio 

of the inertia of the approaching air to the energy needed to surmount an orographic 

barrier. The equation is 

𝐹𝑟 =
𝑈
𝑁𝐻 ,

(1.1) 

where U is the barrier-normal wind speed, H is the height of the barrier, and N is a 

measurement of static stability known as the Brunt-Väisälä frequency. The equation for N 

is: 

𝑁, =
𝑔
𝜃
𝑑𝜃
𝑑𝑧 ,

(1.2) 

where g is gravity, θ is potential temperature, and dθ/dz is the potential temperature 

gradient with height. If Fr is ≥1, flow over the barrier is not blocked and not favorable 

for the development of CAD. Fr values <1 indicate blocking and therefore a favorable 

environment for the development of CAD. 

Bailey et al. (2003) created an objective climatology of CAD in the central 

Appalachians and developed a classification scheme based on the location of the parent 

anticyclone and the presence of precipitation. The six classes are: 
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• Classical diabatically enhanced: The anticyclone is north of 40°N and 

between 100°W and 65°W, and its central pressure must be ≥1030 hPa. In 

addition, precipitation must be reported within six hours of CAD onset 

although CAD in these cases is heavily influenced by synoptic processes, 

diabatic effects such as evaporational cooling can further lower the 

temperature of the associated cold pool. 

• Classical dry onset: Similar to the classical diabatically enhanced 

classification, except no precipitation is reported within six hours of CAD 

onset. In this class, the placement and damming of cooler air is solely 

influenced by anticyclonic flow. Both classical classes are the most intense of 

all classes in that they have the largest spatial extent (Fig. 1.7). 

• Hybrid: If the anticyclonic is north of 40°N, it must be centered between 

100°W and 65°W with a central pressure of <1030 hPa. If it is south of 40°N, 

it must be centered between 100°W and 70°W with no consideration to its 

central pressure. It also must have precipitation reported within six hours of 

onset. In this class, diabatic processes play a larger role in CAD formation, 

although synoptic processes still play a role. 

• Weak Dry: Same anticyclone requirements as a hybrid event but no 

precipitation is reported. This class, as well as hybrid classes, have smaller 

spatial extents than the two classical classes (Fig. 1.7) 

• In Situ: If the anticyclone is north of 40°N, it must be centered east of 65°W. 

If it is south of 40°N, it must be centered east of 70°W. Precipitation must 



 5 

occur within six hours of onset. In this class, the anticyclone is too far east to 

aid in CAD leaving diabatic processes as the primary controller. 

• Unclassifiable: None of the above criteria are met, except CAD still occurs. 

Events in this class, along with in situ events, were found to have the smallest 

spatial extent (Fig. 1.7) 

Lackmann (2012) outlines the five physical mechanisms that erode CAD in 

the mid-Atlantic and the southern United States. Many of the processes are associated 

with the approach of synoptic cyclones or frontal features. These mechanisms 

include: 

• Cold air advection aloft: The introduction of cooler air aloft weakens the 

inversion and allows for mixing and westerly downslope flow that can 

introduce drier air and inhibit any diabatic processes occurring in the cold 

pool. 

• Solar heating: Assuming that patchy (spots of exposed sky) or no stratus exists 

within CAD, solar heating can cause temperatures to rise at the surface and 

erode CAD from the bottom up. The erosion process is similar to that of 

radiational inversions after daybreak. 

• Near-surface divergence: Divergence in the cold pool is indicative of 

subsidence which can erode any existing cloud cover in the pool. Divergence 

will move mass out of the cold pool, reducing its vertical extent and therefore 

causing its weakening or total erosion. 
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• Shear-induced mixing: Strong wind shear directly above an inversion can 

induce a top-down erosion of the cold pool via mixing. The process is 

especially common if a cyclone is approaching from the west. 

• Frontal advance: Erosion by frontal advance is observed more commonly in 

the central Appalachians with the advancing of a warm front while the cold 

pool is being mixed. As the dam erodes, the boundary of cooler air (and 

therefore the position of the warm front) advances inland before the front 

completely overruns the pool. 

c. Numerical simulations of CAD 

There are few published studies on numerical simulations of CAD. Bosart and 

Bell (1988) and Lackmann (2012) both briefly mention that numerical simulations of 

such events are poor, especially for erosion processes. Stauffer and Warner (1986) 

conducted a study of CAD in the Appalachians using the National Center for 

Atmospheric Research (NCAR) Mesoscale Model (MM) to simulate and analyze the 

structure of a CAD that contributed to an ice storm during 13–14 January 1980. The 

model used fifteen vertical levels, eight of which were below 800 mb, and a 50-km 

horizontal grid spacing. The simulations illustrated that the MM could simulate features 

associated with CAD that were consistent with observations, but it over-forecast surface 

temperatures within the dammed region by ~1–5°C. Of particular interest is that the 

authors noted if one wanted to analyze the structure of the ridge on the eastern side of the 

range, at least three levels below 800 mb must exist to resolve the cold pool, the 

inversion, and the ambient atmosphere. 
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A major limitation of the MM model in Stauffer and Warner (1986) was that it 

excluded the effects of evaporation. As it is now known from Bailey et al. (2003), in-situ 

CAD events tend to be driven almost entirely by diabatic processes. Therefore, the 

numerical simulations in the Stauffer and Warner study would not have been able to 

simulate any damming episodes dominated by diabatic processes due to the lack of 

utilized microphysical parameterization schema. 

d. Current work 

This study extends earlier numerical simulations of CAD by employing the 

Advanced Research Weather Forecasting and Research (WRF-ARW) Model Version 3.9 

in order to simulate three CAD events – one hybrid, one in-situ, and one classic dry 

onset– at high horizontal and vertical resolution. This study examines the resulting data to 

determine how well current numerical modeling and methods illustrate the CAD process 

with foci on cold pool onset, duration and intensity, and erosion. The WRF-ARW 

simulated each of these CAD events eight times to construct an ensemble of variable 

planetary boundary layer (PBL) and microphysical parameterization schema. These 

ensembles are designed to further analyze whether some model configurations resolve 

CAD process better than others. 

The following chapters discuss the configuration and use of the WRF-ARW to 

create the ensembles, the post-processing to develop imagery visualizing CAD, and 

analysis of how the simulations handled the three cases. Chapter 2 outlines the use of the 

WRF-ARW and the post-processing of the resultant data. Chapters 3–5 discuss the results 

of simulations of a classic CAD event in January 2012, a hybrid event in January 2014, 

and an in situ event in October 2016, respectively. Chapter 6 discusses the sensitivity of 
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the various model configurations to CAD processes such as onset, duration, etc. Chapter 

7 includes the study conclusion and avenues for future research. 
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Figure 1.1: Topographical map of New England (elevation in meters, filled). Image 

adapted from https://www.uwgb.edu/dutchs/Graphics-

Geol/StateGeolMaps/Topo/NewEng-Topo.png 
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Figure 1.2: Diagram of air flows associated with cold air damming in the central 

Appalachians with the warm air flow over the cold pool (red arrow) and the low-level 

wind maximum also known as the barrier jet (LLWM, blue arrow). Figure is from Bell 

and Bosart (1988).  
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Figure 1.3: NOAA Weather Prediction Center (WPC) surface analysis chart for 1800 

UTC 18 October 2016. Image from http://www.wpc.ncep.noaa.gov/html/sfc-zoom.php. 
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Figure 1.4: GOES visible satellite imagery of New England at 1815 UTC on 18 October 

2016. Image from http://www2.mmm.ucar.edu/imagearchive/ 
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Figure 1.5: Idealized diagram of geostrophic adjustment. Figure from Bailey et al. (2003). 
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Figure 1.6: As in Figure 1.3, but at 1500 UTC 12 January 2012. Image from 

http://www.wpc.ncep.noaa.gov/html/sfc-zoom.php. 
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Figure 1.7: Classification of CAD events by the ratio of diabatic and synoptic influences 

(x-axis) and the intensity of the event (y-axis). Figure from Bailey et al. (2003). 
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CHAPTER TWO 
 

 
2. Data and Methods 

This chapter provides an overview of the Weather Research and Forecasting 

(WRF) Model, the microphysical and planetary boundary layer schema used in this study, 

a discussion of tools used for verification purposes, and the methods employed. 

a. WRF-ARW overview 

The WRF model is a numerical weather prediction (NWP) and atmospheric 

simulation system developed by multiple agencies for both research and operational 

applications (Skamarock 2008). The model can simulate meteorological phenomenon of 

all sizes, from mesoscale and orographic features to synoptic scale patterns. The WRF 

model can also perform both real (i.e., assimilation of actual observations) and idealized 

(e.g., purely hypothetical) simulations. 

There are two versions of WRF dynamic solvers or components that solve the 

governing equations of NWP (Warner 2011). The National Center for Atmospheric 

Research (NCAR) developed the Advanced Research WRF (WRF-ARW) core, and the 

National Centers for Environmental Prediction (NCEP) developed the Nonhydrostatic 

Mesoscale Model (WRF-NMM) core. Although both solvers utilize the same framework 

of the model system (Fig. 2.1), there are some capability differences between the two 

when it comes to physics packages (Skamarock 2008). This study utilizes the WRF-

ARW. The WRF Preprocessing System (WPS) defines the domains of the simulation and 

interpolates meteorological data from a model grid to a simulation grid (Wang et al. 

2017). The ARW dynamical solver performs the calculations of the NWP governing 
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equations and thus the simulation. Finally, the post-processing and visualization tools 

allow users to display analysis and forecast data from the simulation using software, such 

as the NCAR Graphics Command Language (NCL). The following section discusses the 

WPS in more detail. 

i. WRF PREPROCESSING SYSTEM (WPS) 

The WPS is composed of three programs designed to prepare and assimilate real 

meteorological data into the model for simulations (Fig. 2.2, cf. Wang et al. 2017). The 

GEOGRID program defines the simulation's domain and interpolates terrestrial 

information to the specified (i.e., user defined) grids (Wang et al. 2017). The UNGRIB 

program deconstructs model data, whether it be from the North American Model (NAM) 

or the Global Forecast System (GFS), and writes it in "intermediate format" (Wang et al. 

2017). The METGRID program interpolates the data from the "intermediate format" file 

to the user-defined domains (Wang et al. 2017).  

This study utilized WRF Version 3.9, released in April 2017. Some of the 

significant changes from the previous version is a hybrid sigma-pressure vertical 

coordinate, in that coordinates are terrain-following near the surface before transitioning 

to a constant pressure coordinate higher in the modeled atmosphere (Wang et al. 2017). 

UCAR released an update of the WPS, Version 3.9.0.1, on 13 July 2017. It 

accommodated the upgrade of NCEP GFS model data (WRF Users Page). One of the 

changes to the GFS data was a more accurate land-sea mask field (i.e., the boundary 

between the land and ocean were better defined). This study used WPS Version 3.9.0.1 

due to the proximity of the study region to the Gulf of Maine. 

b. Simulation Overview 
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i. WRF SIMULATIONS 

The goal of this study is to analyze the sensitivities of combinations of 

microphysical and planetary boundary layer parameterization schema in a high-resolution 

NWP model system for three different CAD cases. This study considers a classical with 

diabatic enhancement, hybrid, and in-situ event as defined by Bailey et al. (2003) to 

determine whether some combinations are more accurate in synoptically or diabatically 

influenced events. Note that the Bailey et al. (2013) classification applies only to CAD in 

the Central Appalachians, and at the time of writing this thesis no classification scheme 

for Northern New England CAD currently exists. This study analyzed evolution of CAD-

related cold pool and surface temperature characteristics at Fryeburg, Maine, Plymouth, 

New Hampshire, and Waterville, Maine. 

The three cases and their respective classifications are: 

• Classic: 0000 UTC 11 January 2012 – 1800 UTC 14 January 2012 

• Hybrid: 0000 UTC 10 January 2014 – 1200 UTC 12 January 2014 

• In situ: 0000 UTC 17 October 2016 – 1800 UTC 19 October 2016 

The WRF model used a triple-nested domain as shown in Figure 2.3 with grid 

spacing of 27 km, 9 km, and 3 km respectively. The respective horizontal terrain 

resolution were 10 arc minutes (~19 km), 2 arc minutes (~4 km), and 30 arc seconds 

(~0.9 km). The model contained 47 vertical pressure levels that included isobaric surfaces 

every 10 hPa starting at 1030 hPa up to 800 hPa. This high vertical resolution is in the 

region where a CAD-related cold pool is most likely to evolve. 

The WRF initialized using the six-hourly NCEP GFS 0.5° x 0.5° resolution 

analysis data provided from the NOAA Operational Model Archive and Distribution 
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System (NOMADS). The WRF simulated each case eight times, with the only variations 

being a new combination of the PBL (and respective surface layer physics) and 

microphysical parameterization schema. Each combination defined a member of the 

ensemble. 

ii. PLANETARY BOUNDARY LAYER PARAMETERIZATION SCHEMA 

There are two PBL schema used in this study.  

• The Mellor-Yamada-Janjic (MYJ) scheme is a local, 1.5-order closure 

parameterization. The scheme is designed to perform well in stable and slightly 

unstable regimes, but it is more susceptible to error as flow reaches the free-

convection limit (Mellor and Yamada 1982). This parameterization can only be 

run if surface layer physics are set to “Eta similarity" (Wang et al. 2017). 

• The Yonsei University (YSU) scheme is a non-local, first-order closure 

parameterization. One of the scheme's significant features is the explicit treatment 

of entrainment processes at the top of the PBL (Hong et al. 2005). As a result, the 

YSU scheme increases boundary layer mixing during thermally induced free 

convection regimes while reducing it for mechanically induced forced convective 

regimes (Hong et al. 2005). This parameterization can only be run if surface layer 

physics are set to "MM5 similarity" (Wang et al. 2017).  

The closure of a PBL parameterization scheme describes the number of equations 

used to predict the state variables and covariance terms in the governing equations. The 

higher the closure (i.e., YSU compared to MYJ), the higher-order of a predictive equation 

that is retained (Warner 2011). High-closure equations may be more accurate, but they 

can also be more computationally expensive. 
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Closures are either local or non-local. Local closures (i.e., the MYJ) describe a 

system of equations that have no undefined variables; therefore, the parameterized term is 

only affected by local conditions. In a vertical grid point system, a local closure system 

would have a point directly impacted by adjacent grid points and vice versa (Fig. 2.4a). 

Local parameterization schema better resolve turbulence caused by smaller eddies that 

are locally induced (Warner 2011). 

Non-local closures (i.e., the YSU) more efficiently parameterize turbulent eddies 

that span the entire boundary layer (Warner 2011). In the vertical grid point system, a 

particular point can influence all others in the system, and vice versa (Fig. 2.4b, Fig. 

2.4c). The result is more turbulent boundary layer and a vertical profile more susceptible 

to mixing. While this may be potentially advantageous in unstable situations, it is not 

necessarily suitable for processes in a stable environment. 

iii. MICROPHYSICS PARAMETERIZATION SCHEMA 

There are four microphysical parameterizations used in this study. 

• The Lin et al. (1983) scheme is a single-moment bulk parameterization with water 

vapor, cloud water, cloud ice, rain, snow, and graupel variables. Lin et al. (1983) 

simulates the melting of graupel and snow as well as accretion and aggregation of 

other hydrometers. (Lin et al. 1983) 

• The WRF Single-Moment 6-Class (WSM6) scheme is a single-moment bulk 

parameterization with water vapor, cloud water, cloud ice, snow, rain, and graupel 

variables. The scheme is similar to Lin et al. except that it computes the 

sedimentation of hydrometeors first instead of microphysics (Hong and Lin 

2006). 
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• The New Thompson scheme is a bulk parameterization with single-moment cloud 

water, rain, cloud ice, snow, and graupel variables with a double-moment ice 

variable (Thompson et al. 2008). A new study by Thompson et al. (2014) showed 

that observed super-cooled liquid droplet concentrations on Mount Washington 

were higher than what was assumed in the New Thompson scheme. 

• The Morrison double-moment scheme is a bulk parameterization scheme with 

double-moment cloud droplets, cloud ice, snow, rain, and graupel variables 

(Morrison et al. 2008). It is more computationally expensive than the schema 

since every hydrometeor species is a double-moment. 

When parameterizing microphysical processes, there are two ways to resolve the 

size distribution of the particles. Bin models, as described by Warner (2011), take the size 

spectrum and divide them into intervals, and then predict the concentrations in each. 

Although this may be more accurate, the computational cost is expensive. Alternatively, 

Warner (2011) describes bulk microphysical parameterizations as assuming a prescribed 

analytic form for the size spectrum of each particle type and then predicting the evolution 

of the size spectrum. 

The moment of a bulk parameterization describes the characteristics of the 

predicted size spectrum. Single-moment schema (i.e., Lin et al. (1983), WSM6, and some 

of Thompson) only predict the mixing ratio of each particle, while double-moment (i.e. 

New Thompson ice, Morrison) predicts both the mixing ratio and the particle number 

concentration (Warner 2011). 

c. Observational tools used for verification 

i. COLD AIR DAMMING INDEX (CADINX) 
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The Cold Air Damming Index (CADINX) is an experimental product developed 

by the Plymouth State University Department of Atmospheric Science and Chemistry 

that quantifies the average horizontal surface potential temperature gradient around a 

station. The index calculates potential temperature gradients at three different horizontal 

directions from the location, as shown in Figure 2.5 and using the equation: 

∇56666⃗ 𝜃 =
∆𝜃
∆𝑛 ,

(2.1) 

where ∇56666⃗ 𝜃 is the horizontal potential temperature gradient, ∆𝜃 is the difference in 

potential temperature in Kelvin, and ∆𝑛 is the distance between stations in kilometers. 

The CADINX is the average of these gradients, or: 

𝐶𝐴𝐷𝐼𝑁𝑋 = ∇56666⃗ 𝜃
?????, (2.2) 

across five locations in Northern New England (Fig. 2.6). When used to define a CAD 

"event," the central station must be colder than the surrounding locations in the system. If 

the central station is warmer than any of the other three, the individual station’s CADINX 

is zero. Also, the sea-level pressure gradient along the White Mountains must be from the 

southwest to the northeast. Finally, three of the five central stations must meet the 

previous for at least six consecutive hours for an official CAD event to have occurred 

(Strickland et al. 2017). 

This study uses the CADINX to verify cold air pooling on the eastern side of the 

White Mountains while the required pressure gradient is present. In two of the cases 

studied, CADINX did not define an event due to a failure to meet the three-central station 

requirement. However, in those cases, two stations had large gaps in their data, and 

observational data suggested damming occurred. For this reason, this study uses non-zero 

CADINX values at the five locations to determine the times when CAD is occurring. If 
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the CADINX does define an event, the study considers the start and end times of a period 

when three central stations meet the criteria for at least six consecutive hours. 

ii. MOUNT WASHINGTON AUTO ROAD VERTICAL PROFILE (ARVP) 

The ARVP is a network of six meteorological observation stations located along 

the Mount Washington Auto Road, on the eastern slope of Mount Washington. The 

lowest station (i.e., the base station) is located on a roof peak of a garage at the base of 

the road at an elevation of ~488 meters. The next site is located at an elevation of ~701 

m, with stations every 305 m, thereafter to the summit station at ~1916 m. An 

observation site at ~1219 meters is omitted in this study due to insufficient usable data. 

All ARVP stations report air temperature. The garage and summit sites also report wind 

direction and speed. All sites except for the summit also report instrument temperature 

and relative humidity information. All stations report at five-minute intervals; the summit 

reports at one-minute intervals. 

The temperature data in the ARVP are used in this study to calculate 

environmental lapse rates (ELRs) between stations. The ELR is calculated using centered 

finite-differencing as: 

ΓA = −
(𝑇, − 𝑇D)
(𝑧, − 𝑧D)

, (2.3) 

where ΓA is the environmental lapse rate in °C km–1, 𝑇, and 𝑧, are the temperature (in °C) 

and height (in kilometers) of the higher elevation station, and 𝑇D and 𝑧D are the 

temperature and height of the lower elevation station. This study calculated five lapse 

rates along the Auto Road, which can help determine where stable layers or even 

temperature versions exist along the slope of Mount Washington. In cold-air damming 

scenarios, the cold pool is absolutely stable; that is, lapse rates are less than 6.5°C km–1. 
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Inversions could indicate the point where warmer air caps the cold pool, as defined by 

Bell and Bosart (1988). 

d. Post-processing 

This study employed the NCAR Graphics Command Language (NCL) and 

Microsoft Excel to visualize model output data. NCL generated model sea-level pressure, 

simulated reflectivity and potential temperature, and Skew-T/Log-P plots in order to 

compare model output to observations. Time-height diagrams were also created 

calculating the vertical temperature gradient every 10 hPa [units of °C (10 km) –1]. 

Markers indicated the level of the maximum temperature gradient at each hour to track 

temperature inversions, and therefore the top of the cold pool. The same style of plots 

was also generated displaying temperature (°C) with height. 

Microsoft Excel aided in the creation of ensemble plumes of temperature for the 

three locations with observations overlaid, and error statistics calculated for each 

member. Microsoft Excel also visualized time series of lapse rates along the Mount 

Washington ARVP, as well as time series of CADINX at the five stations as outlined 

above. 
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Figure 2.1. Flow chart of the WRF Modeling System. Figure from Wang et al. (2017). 
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Figure 2.2. Flow chart depicting the major components of the WRF Preprocessing 

System (WPS). Figure from Wang et al. (2017). 
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Figure 2.3. WRF domain configuration used in this study. 
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Figure 2.4. Schematic of grid point interactions in PBL parameterization schema with 

local closures (a), and non-local closures (b and c). Figure from Figure 4.15 of Warner 

(2011). 

 

 

 

 

 

 

 



 29 

 

Figure 2.5. Schematic of a generic station system used to calculate CADINX. Adapted 

from the conference presentation of Strickland et al. (2017).  
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Figure 2.6. The complete station network used to calculate CADINX in Northern New 

England. Central stations denoted in orange. Heights are station elevations. Adapted from 

the conference presentation of Strickland et al. (2017). 
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CHAPTER THREE 

 

3. Results: 12–13 January 2012 Classic CAD Event  

 This chapter discusses observations and WRF simulations of a classic CAD event 

in Northern New England on 12–13 January 2012, as defined by the parent anticyclone 

criteria in Bailey et al. (2003) and discussed in Chapter 1. 

a. Observational analysis 

i. SYNOPTIC AND SURFACE OBSERVATIONS 

The 12–13 January 2012 CAD event over Northern New England was the most 

spatially expansive and longest lasting event out of the three cases in this study, and the 

only event that contained a distinctive pressure ridge over Maine and New Hampshire on 

Weather Prediction Center (WPC) surface analysis charts (Fig. 3.1). The CADINX 

(discussed in Chapter 2) indicated that CAD persisted for 17 hours from 1200 UTC on 12 

January to 0500 UTC on 13 January (Fig. 3.2). 

WPC surface analyses indicated an anticyclone (1025 hPa) in central Quebec and 

a cyclone over the southern Ohio River Valley (999 hPa) at 1200 UTC 11 January (Fig. 

3.1a). The anticyclone strengthened slightly to 1027 hPa (Fig. 3.1b) by 0000 UTC 12 

January and began to push cooler Canadian air towards the eastern side of the White 

Mountains. The parent cyclone was occluded, but a secondary cyclone was analyzed in 

the Carolinas (999 hPa). The secondary cyclone lifted north to Virginia by 0600 UTC 12 

January. Radar indicated precipitation ahead of the cyclone warm front over southwestern 

New Hampshire at 0553 UTC 12 January (Fig. 3.3a), extending across the state by 1223 

UTC 12 January (Fig. 3.3b). Fryeburg, Maine (KIZG), and Plymouth, New Hampshire 
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(K1P1) both reported light snow by 1223 UTC 12 January. Waterville, Maine (KWVL) 

reported precipitation accumulation but not the precipitation type (Fig. 3.3b). Respective 

reported temperatures were –4.4°C, –3.5°C, and –8.0°C at 1200 UTC 12 January (not 

shown). 

The secondary cyclone deepened to 999 hPa across southern New Jersey at 1200 

UTC 12 January (Fig. 3.1c) while the Canadian anticyclone remained firmly in place and 

a weak ridge of higher pressure extended southwest over Northern New England. The 

ridge suggested that the cold pool was dammed against the Appalachians by 1200 UTC 

12 January. The pressure ridge became more amplified as the secondary cyclone lifted 

north towards Cape Cod, forcing more cooler air against the mountains. Radar indicated 

the precipitation shield had extended into western Maine at 1753 UTC 12 January (Fig. 

3.3c) as the warm front continued to propagate north. The three analyzed stations all 

continued to report precipitation, with both Fryeburg and Plymouth reporting snow. 

Respective reported temperatures for Fryeburg and Plymouth at 1800 UTC 12 January 

were –5.0°C and –1.3°C. The Waterville temperature sensor was inoperable at the time 

(not shown) 

Precipitation was widely scattered across Northern New England at 2323 UTC 12 

January (Fig. 3.3d) as the secondary cyclone lifted towards Casco Bay at 0000 UTC 13 

January (Fig. 3.1d). By this time Fryeburg and Plymouth reported freezing rain and 

unknown precipitation, respectively. Reported temperatures of –3.3°C at Fryeburg and 

0.7°C at Plymouth (not shown), indicated that the surface continued to warm throughout 

the event. The switch to freezing rain may have been a result of both rising surface 
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temperatures and a further strengthening of the boundary layer inversion atop the cold 

pool.  

The National Operational Hydrologic Remote Sensing Center (NOHRSC) 

analyzed a swath of 4–10-inch snow depth across Northern New England at 0600 UTC 

13 January 2012 (Fig. 3.4b). The prior snow depth analysis at 0600 UTC 12 January 2012 

(Fig. 3.4a) indicated no snow in the same region, indicating the 4–10-inch swath fell 

during the passage of the secondary cyclone. The parent cyclone passed over Northern 

New York at 1200 UTC 13 January (Fig. 3.1e) and then Northern Maine by 0000 UTC 

14 January (Fig. 3.1f). The passage of the cold front was seen at all three stations as a 

spike in temperature as warmer air mixed to the surface. Thus, the CAD-related cold pool 

fully eroded due to reduced stability caused by cold air advection aloft associated with 

the cold front passage. Temperatures decreased during the following hour as colder air 

behind the front moved into Northern New England. The time of the increase and 

maximum temperature at the three analyzed stations was 0.6°C at 2100 UTC 12 January 

at Fryeburg, 1.6°C at 2000 UTC 12 January in Plymouth, and 1°C at 2300 UTC 12 

January at Waterville (not shown). 

ii. MOUNT WASHINGTON AUTO ROAD VERTICAL PROFILE OBSERVATIONS 

CAD events are characterized by a stable air mass where environmental lapse 

rates (ELRs) are typically lower than 6.5°C km–1. An ELR less than 0°C km–1 indicates a 

temperature inversion. The Mount Washington Auto Road Vertical Profile (ARVP) 

indicated an absolutely stable boundary layer, as indicated by an average lapse rate of 

~6.0°C km–1 between all stations at 1200 UTC 12 January (Fig. 3.5), the start of the CAD 

event as defined by the CADINX. The summit (1916 meters) was an exception, with an 
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inversion indicated by a 1916–1615-m ELR of –1.1°C km–1. The inversion does not 

persist long enough to likely influence the development of the surface cold pool. 

A stable environment existed at 1900 UTC 12 January between 701 and 488 m 

but no inversion occurred. It is possible that there was a cold pool but it was too shallow 

for the ARVP to detect. An inversion developed between 701 m and 488 m at 0000 UTC 

13 January, and remained until 1500 UTC. The inversion intensity peaked twice. The first 

peak was at 0500 UTC 13 January with a 701–488-m ELR of –11.5°C km–1, at the end of 

the event as specified by the CADINX. The second peak was at 1400 UTC 13 January, 

with a 701–488-m ELR of –12.1°C km-1 before the environment gradually became less 

stable. The cause of this inversion could be re-pooling of cooler air, as discussed in a later 

section. By 1700 UTC, the base layer became fully mixed prior to the passage of the cold 

front, as suggested by lapse rates returning to near moist adiabatic. 

A brief inversion developed between 1916 and 1615 meters at 0200 UTC and 

0300 UTC 13 January as indicated by a respective minimum ELR of –4.3°C km–1. The 

inversion lowered and intensified by 0400 UTC, indicated by a 1615–1311 meter ELR of 

–7.8°C km–1. The inversion descended below 1311 meters and intensified further as 

indicated by a 1311–1006 meter ELR minimum of –17.2°C km–1 at 0700 UTC 13 

January. The inversion continued to descend below 1006 meters and remained strong 

with a minimum 1006–701 meter ELR of –17.3°C km–1 at 1200 UTC 13 January. By 

1800 UTC 13 January the inversion at 1006–701 meters broke, and at 2100 UTC 13 

January a stable environment was no longer present at any point along the ARVP. When 

compared to WPC surface analyses, the data suggest that this sinking inversion is 
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associated with the approach of the warm front and the erosion of the surface cold pool 

associated with the parent cyclone.  

Despite a cooler air mass in place along the ARVP through 1800 UTC 13 

January, the CADINX suggested the event ended at 0500 UTC. However, the CADINX 

was non-zero at two stations from 0600 UTC to 1300 UTC 13 January (Fig. 3.1), and 

then up to four stations from 1400 UTC to 1700 UTC 13 January. The non-zero 

CADINX values suggests that the requirement of three stations reporting non-zero values 

for at least six consecutive hours may cause the CADINX to miss entrenched cooler air 

that could still have an impact on precipitation type.  

b. WRF simulation results 

The WRF was initialized at 0000 UTC 11 January 2012 and ran for 90 hours 

through 1800 UTC 14 January 2012. The model simulated a weaker anticyclone over 

central Quebec (1022 hPa) at 1200 UTC 11 January (Fig. 3.6a) compared to the WPC 

analysis. The anticyclone strengthened (1024 hPa) by 0000 UTC 13 January (Fig. 3.6b), 

and the occluded cyclone (999 hPa) was present over southern Ohio. At 0600 UTC 12 

January the WRF simulated a weak developing cyclone over Washington D.C. (not 

shown).  By 1200 UTC (Fig. 3.6c), the secondary cyclone lifted towards central New 

Jersey, and the pressure ridge over Maine and New Hampshire was resolved. The WRF 

simulated the cold pool extending into southern New Hampshire at 1200 UTC (Fig. 3.6c). 

At 1800 UTC the coastal cyclone lifted into Cape Cod and the pressure ridge became 

better defined. By 0000 UTC on 13 January (Fig. 3.6d) the secondary cyclone was due 

east of Portsmouth in the Gulf of Maine (997 hPa), and the parent cyclone was beginning 

to move northeast into Quebec. At 1200 UTC (Fig. 3.6e) the simulated parent cyclone 
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was in eastern New York, and by 0000 UTC 14 January (Fig. 3.6f) the WRF simulated 

the low in Northern Maine. The WRF therefore simulated the synoptic pattern well in 

terms of the timing, strength, and placement of features. Since GFS analysis fields are 

assimilated every 6 hours little deviation from the observed synoptic pattern is expected. 

There were some slight variations in the resolving of CAD across all eight 

ensemble members as expected at Fryeburg, Maine (KIZG), Plymouth, New Hampshire 

(K1P1), and Waterville, Maine (KWVL). The focus of the rest of this chapter is on the 

resolution of cold pool evolution, as well as errors between observations and model 

output. Sensitivities between individual ensemble members are discussed more in 

Chapter 6. All heights in this section are above mean sea level (MSL) unless explicitly 

mentioned. All figures except for ensemble plots show results from the MYJ-Lin 

ensemble member. 

The progression of events across Fryeburg, Plymouth, and Waterville were 

similar in terms of the evolution of the cold pool, with a few minor differences in pool 

timing and characteristics, as well as model temperature biases. The event’s evolution at 

those locations is discussed in detail in the following section. 

i. COLD POOL EVOLUTION AT INDIVIDUAL LOCATIONS 

Simulation time–height diagrams indicated a temperature inversion in place at 

Fryeburg (Fig. 3.7a) and Plymouth (Figure 3.8a) at 2000 UTC 11 January, and at 

Waterville (Fig. 3.9a) as early as 1100 UTC. The diagrams depicted respective inversion 

onset heights of ~1040-m, ~1120-m, and ~560-m at KIZG, K1P1, and KWVL. The 

inversion at the three locations is likely a result of subsidence from the large area of weak 

high pressure over Northern New England, as seen in model sea-level pressure plots (Fig. 
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3.6a). The inversion height rose to respective maximum heights of ~1360-m, ~1440-m, 

and 1280-m and weakened across all ensemble members as high pressure further 

weakened and the secondary cyclone approached from the south. 

The WRF simulated a surface wind shift likely associated with the development 

of the cold pool at the three locations. Winds at K1P1 shifted at ~0100 UTC 12 January 

easterly flow, and to northerly flow at KWVL and KIZG at ~0500 UTC and ~0600 UTC, 

respectively. The easterly wind at K1P1 is likely a result of its location in the west-east 

oriented Baker River Valley, and model Skew-T/Log-P plots showed very shallow 

inversions (≤ 20 hPa) at both K1P1 (Fig. 3.10) and KWVL (3.11) that indicated the cold 

pool may have already started to develop. The CAD-indicative pressure ridge developed 

at 1200 UTC 12 January and the CADINX suggested an event had begun. 

 The cold pool evolved similarly at the three analyzed sites. The WRF simulated 

the development of the cold pool capping inversion at heights of ~480-m at KIZG and 

K1P1, and ~320-m at KWVL. The pool depth slowly increased through ~1800 UTC 12 

January as depicted by the level of maximum vertical temperature gradients. The 

deepening of the cold pool is theorized to be the accumulation of high-density air against 

the mountain barrier, as described by the geostrophic readjustment process in Bailey et al. 

(2003). Model surface charts continued to indicate a CAD-indicative pressure ridge with 

the secondary surface cyclone centered over eastern Rhode Island (not shown). 

 The cold pool depth increased to its event maximum at ~0000 UTC 13 January at 

KIZG and K1P1, and at ~2000 UTC at KWVL. The maximum depth of the cold pool was 

~800-m at KIZG and K1P1, and ~740-m at KWVL. Further aloft, the subsidence 

inversion began to erode over KIZG and K1P1 at ~2200 UTC 12 January and over 
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KWVL at ~0000 UTC 13 January. A shift to southerly flow associated with the erosion 

likely marks the approach of the coastal low approach to Casco Bay. 

 The warmer air continued mixing closer to the surface and reached the top of the 

cold pool over K1P1 at ~0300 UTC 13 January and over KIZG and KWVL at ~0500 

UTC. The rate of erosion was similar at the three analyzed locations. Surface wind shifts 

to southerly flow indicated the cold pool completely eroded at KIZG and K1P1 by ~0700 

UTC and ~0600 UTC, respectively. At KWVL, the surface flow became more 

northeasterly but did not turn southerly. The CADINX indicated the event ended at 0500 

UTC 13 January.  

 The WRF simulated a second shift to northerly and easterly flow over KIZG and 

K1P1, respectively, starting at ~1200 UTC. Time-height diagrams for KIZG (Fig. 3.7b) 

indicated the development of a secondary, shallower cold pool corresponding to the wind 

shift. This second cold pool persisted for ~4 hours before breaking at ~1800 UTC as the 

parent cyclone cold front moved over Northern New England. The model did not 

simulate the redevelopment of a cold pool over K1P1 despite its wind shift. At KWVL, 

the original cold pool appeared to still be in place until the cold front’s passage. 

ii. TWO-METER TEMPERATURE FORECAST V. OBSERVATIONS 

All ensemble members had a cold bias at the start of the CADINX-indicated event 

at 1200 UTC 12 January. KIZG (Fig. 3.12) and KWVL (Fig. 3.14) had the largest biases 

of ~4°C, while K1P1 (Fig. 3.13) had a bias of ~2°C. The ensemble members accurately 

simulated the increase in temperature after 1200 UTC. By the time observed and 

simulated temperatures stabilized at ~0000 UTC 13 January, the model ensembles were 

within 1°C of observations at KIZG and K1P1. The MYJ ensemble members and YSU 
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ensemble members appeared to have respective warm bias of ~1°C and ~3°C at KWVL, 

although with missing data from the station this estimation is uncertain. 

The WRF ensemble members accurately simulated the stabilized temperature 

trend after 0000 UTC 13 January at the three analyzed locations with a warm bias of ~1–

2°C at KIZG. The aforementioned biases were still present at KWVL. The ensemble 

member spread at K1P1 was directly on top of the observed temperature with the YSU 

ensemble members having a warm bias of ≤1°C and the MYJ ensemble members having 

a cold bias of ≤1°C. 

The most significant divergence of the ensemble members from observations 

occurred attempting to simulate the mixing of warmer air to the surface immediately 

before the passage of the cold front, portrayed as a rapid increase in temperature at ~1800 

UTC 13 January. At the three analyzed sites, all ensemble members simulated the mixing 

too early and had a warm bias. At KIZG and K1P1 the MYJ ensemble members 

simulated a maximum temperature ~1°C warmer than observations and ~2 hours too 

early. The YSU ensemble members simulated a maximum temperature ~5°C and ~4°C 

too warm and ~4 and ~3 hours too early at KIZG and K1P1, respectively. 

c. Discussion 

The following section will discuss the cold pool evolution and the synoptic 

environment as resolved by the WRF. Sensitivities regarding cold pool evolution and 

structure between ensemble members are discussed in Chapter 6. 

i. ASSESSING COLD POOL DEPTH AND STRENGTH 

The depth and definition of the cold pool associated with the CAD event evolved 

in similar manners in Waterville, Fryeburg, and Plymouth, but the extent varied at each 
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site. These variations can paint a physical representation of what the cold pool looks like 

from a spatial perspective.  

To assess the top of the cold pool, the maximum vertical gradient of temperature 

was plotted on time-height plots using the assumption that the largest positive gradient is 

likely the location of the inversion capping the cold pool. However, the vertical wind 

profile suggests that in this particular case, the veering of the winds with height (turning 

from northerly to easterly flow in Waterville and Fryeburg and easterly to southerly flow 

at Plymouth) is a more reasonable indicator. In the case of Waterville and Fryeburg, the 

largest gradient in the vertical profile was with the warm front aloft – not the cold pool. 

In the case of Plymouth, the cold pool-related temperature inversion was so weak that no 

large temperature gradient was depicted. 

The varying depth of the cold pool is hypothesized to be due to the accumulation 

of mass against orographic barriers that aided in the geostrophic readjustment process. In 

addition, the maximum depth of the cold pool is thought to be related to the distance at 

which each station is from the topography. Waterville is ~50 miles to the southeast of the 

highest peaks in Maine’s White Mountains while Plymouth and Fryeburg are less than 

half the distance. The WRF indicated a maximum cold pool depth of 800 meters for both 

Plymouth and Fryeburg, while Waterville only reached 720 meters. 

The strongest vertical temperature gradients between the cold pool and the 

overrunning warm air were in Waterville, followed by Fryeburg and then considerably 

weaker gradients in Plymouth. During the dam and temperature plateau, temperatures at 

all three sites were within a 4°C range. The origin of the warmer air aloft, as explained by 
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model SLP plots, is likely from the easterly flow off the Atlantic as it is forced over the 

dammed air (Fig. 3.15).  

Recall that an air parcel forced aloft will cool. When taking into account the 

height of the cold pool, an air parcel lofted over the cold pool in Waterville will not cool 

as much as one forced over the pool in Plymouth, although the temperature difference of 

the two air parcels would be within 1°C. Also recall that the observed temperature at 

Plymouth was as much as 3–4°C warmer than Fryeburg and Waterville. Weaker vertical 

temperature gradients at Plymouth should be expected considering the warmer surface 

temperatures compared to Fryeburg and Waterville. 

ii. EROSION OF CAD 

Data from time-height diagrams and WPC surface analysis charts suggest that the 

cold dome at all stations eroded due to the passage of a warm front associated with the 

parent low. This is observed at all stations by the descent of warmer air to the surface as 

seen in height analyses of temperature, as well as model Skew-Ts (Fig. 3.16). The front 

reached Plymouth at 1500 UTC, Fryeburg at 1700 UTC, and Waterville at ~1900 UTC. 

The complete disappearance of any inversion shortly before or at these times at the 

respective sites further supports this conclusion. 

The rapid breaking of inversions observed in the Mount Washington ARVP data 

likely marks the approach of the warm front, with the inversion descending down the 

slope of the mountain as the front approaches from the south. Using Fryeburg as a 

comparison, the WRF moves the front in too quickly – by the time the inversion descends 

past 1615 m at 0400 UTC, model output places it at 800 m. In addition, the inversion 

break at 1310 meters one hour later gives a descent rate of approximately 300 m/hr. WRF 
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simulations descend the inversion at about half the speed. In regard to the initial erosion, 

compared to ARVP observations the WRF starts the process too early, but then descends 

too slowly. 

Both ARVP data and WRF simulations corroborate the persistence of the 

temperature inversion after this approach of the warm front. WPC surface analysis 

indicated that the parent cyclone slowed between 1200 UTC and 1500 UTC, therefore 

stalling the passage of the warm front. Interestingly, the 701–488-m and 1006–701-m 

ELRs on Mount Washington indicated inversions breaking at 1500 UTC and 1700 UTC 

respectively, suggesting bottom-to-top erosion and contradicting model output. These 

lower stations are located in a canopy, however, and thus the reported temperatures may 

not be reflective of true conditions. 

It should be noted there is considerable uncertainty in whether to consider the 

final hours before frontal passage – noted by wind shifts returning to directions 

associated with the cold pool – is a new and brief damming event, persistence of the older 

event, or not one at all. Synoptic analysis suggests that the synoptic setup required for 

CAD, albeit weaker, are present. Pressure does increase from southwest to northeast (the 

parent cyclone over New York at 989 hPa, and the secondary cyclone in Atlantic Canada 

at 991 hPa, as seen in Fig. 3.6e), and colder air is still capped by the inversion during this 

time. Although CADINX does not consider this occurrence an event due to its short 

duration, the pressure check did pass and up to 4 stations reported non-zero values for 4 

hours up to 1700 UTC – including the three stations in this study. It is possible that this 

short event was a redevelopment of a brief cold air dam, suggesting that the parent driver 

of CAD may not necessarily need to be an anticyclone. As long as the pressure gradient 
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is oriented northeast to southwest, as is the case with a stronger cyclone over New York 

and a weaker cyclone over Atlantic Canada, CAD can still occur. 
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Figure 3.1. (Previous Page) NOAA WPC surface analysis charts for a) 1200 UTC 11 

January 2012, b) 0000 UTC 12 January 2012, c) 1200 UTC 12 January 2012, d) 0000 

UTC 13 January 2012, e) 1200 UTC 13 January 2012 and f) 0000 UTC 14 January 2012. 

Images adopted from 

http://www.wpc.ncep.noaa.gov/archives/web_pages/sfc/sfc_archive.php 
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Figure 3.2. Time series of CADINX values at individual stations from 0000 UTC 12 

January – 1700 UTC 13 January 2012. Light blue is Millinocket, Maine (KMLT), orange 

is Waterville, Maine (KWVL), gray is Fryeburg, Maine (KIZG), yellow is Plymouth, 

New Hampshire (K1P1), and dark blue is Orange, Massachusetts (KORE). Red box 

denotes time period when CADINX indicates an event. 
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Figure 3.3. New England composite radar mosaic at a) 0553 UTC 12 January 2012, b) 

1223 UTC 12 January 2012, c) 1753 UTC 12 January 2012, and d) 2323 UTC 12 January 

2012. Image adapted from http://www2.mmm.ucar.edu/imagearchive/index.html 
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Figure 3.4. NOHRSC snow depth analysis at a) 0600 UTC 12 January 2012, and b) 0600 

UTC 13 January 2012. Image adapted from 

https://www.nohrsc.noaa.gov/nsa/index.html?region=Northeast&year=2012&month=1&

day=13&units=e  
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Figure 3.5. Environmental lapse rates calculated from data at the Mount Washington 

Auto Road Vertical Profile observing sites from 0000 UTC 11 January 2012 – 1800 UTC 

14 January 2012. Red line indicates ELR of 6.5°C km–1, blue line indicates 701–488-m 

ELR, orange line indicates 1006–701-m ELR, gray line indicates 1311–1006-m ELR, 

yellow line indicates 1615–1311-m ELR, and green line indicates 1916–1615-m ELR. 

Red box indicates CADINX-identified CAD event. 
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Figure 3.6: Model surface analysis plot using the MYJ-Lin scheme at 27-km horizontal 

resolution at times a) 1200 UTC 11 January 2012, b) 0000 UTC 12 January, c) 1200 UTC 

12 January, d) 0000 UTC 13 January, e) 1200 UTC 13 January, and f) 0000 UTC 14 

January. Plotted is temperature (°C, shaded at 2-degree intervals), wind (knots; barbs in 

standard notation), and sea level pressure (shaded every 2°C according to scale). 
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Figure 3.7. Time/height diagrams of 3-km horizontal resolution MYJ-Lin modeled: a) 

vertical gradient of temperature (°C [10 mb]-1, shaded), maximum positive gradient 

(black dots) and wind barbs (knots, standard notation), and b) temperature (°C, shaded) at 

Fryeburg, Maine (KIZG) from 0000 UTC 11 January 2012 – 1800 UTC 14 January 2012. 

Red box denotes CADINX-indicated CAD. 
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Figure 3.8. As in Figure 3.7, but for Plymouth, New Hampshire (K1P1). 
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Figure 3.9. As in Figure 3.7, but for Waterville, Maine (KWVL). 
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Figure 3.10. Model Log-P/Skew-T diagram for Plymouth, New Hampshire (K1P1) at 

0600 UTC 12 January 2012 using the MYJ-Lin scheme with a 3-km horizontal 

resolution. 
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Figure 3.11. As in Figure 3.10, but for Waterville, Maine (KWVL). 
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Figure 3.12. Temperature observations from 0000 UTC 11 January 2012 – 1800 UTC 14 

January 2012 for KIZG (red line), and 3-km horizontal resolution WRF ensemble 

temperature forecasts (MYJ ensemble members in blue, YSU ensemble members in 

green). Red box denotes CADINX-indicated CAD. 
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Figure 3.13. As in Figure 3.12 but for Plymouth, New Hampshire (K1P1). 
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Figure 3.14. As in Figure 3.11 but for Waterville, Maine (KWVL). 
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Figure 3.15. Model surface analysis plot using the MYJ-Lin scheme at 3-km horizontal 

resolution at 1500 UTC 12 January 2012. Plotted is temperature (°C, shaded at 2°C 

intervals), wind (knots; barbs in standard notation), and sea level pressure (shaded every 

2°C according to scale). 



 60 

 

Figure 3.16. 3-km horizontal resolution model analyses of the erosion of the cold pool as 

demonstrated in Log-P/Skew-T diagrams for Waterville, Maine (KWVL) at a) 1400 UTC 

13 January 2012, b) 1600 UTC 13 January 2012, c) 1800 UTC 13 January 2012, and d) 

2000 UTC 13 January 2012 using the MYJ-Lin scheme. 
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CHAPTER FOUR 

 

4. Results: 10-12 January 2014 Hybrid CAD Event 

This chapter discusses observations and WRF simulations of a hybrid CAD event 

in Northern New England on 10-12 January 2014, as defined by the parent anticyclone 

criteria in Bailey et al. (2003) and discussed in Chapter 1. 

a. Observational analysis 

i. SYNOPTIC AND SURFACE OBSERVATIONS 

The 10–12 January 2014 CAD event was short-lived (~8 hours) and contained a 

shallower cold pool as compared to the synoptic event discussed in the previous chapter. 

As will be shown, no U-shaped pressure ridge appeared on WPC surface charts at any 

time during this case. The CADINX, although non-zero at multiple stations from 0500 

UTC 11 January to 0000 UTC 12 January (Fig. 4.1), did not classify this case as an event 

due to not having three stations recording CAD for 6 consecutive hours (refer to Chapter 

2 for CADINX description). 

WPC analyzed a broad and strong (1039 hPa) anticyclone centered over New 

England at 0000 UTC 10 January (Fig. 4.2a), moving slowly east to over the Atlantic by 

1200 UTC (Fig. 4.2b). At 0000 UTC 11 January (Fig. 4.2c) broad high pressure remained 

in place over Northern New England despite the anticyclone center shifting further east, 

and a cyclone developed (1000 hPa) over Iowa. Although weak, the southerly flow from 

the anticyclone may have aided in pushing cooler air against the White Mountains. 

KIZG, K1P1, and KWVL recorded respective temperatures of –8.3°C, –7.0°C, and –

6.0°C at 0000 UTC 11 January.  
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The first non-zero CADINX values occurred at 0500 UTC 11 January 2014. The 

KIZG ASOS reported freezing rain and K1P1 began reporting unknown precipitation at 

~0900 UTC. These reports are corroborated by shower activity observed via radar 

analysis across central and southern New Hampshire at 0857 UTC 11 January 2014. The 

presence of freezing rain at Fryeburg suggests that the temperature inversion capping the 

cold pool was present at that time. The aforementioned cyclone deepened (992 hPa) and 

propagated to over Lake Superior by 1200 UTC 11 January 2014 (Fig. 4.2d), and a band 

of precipitation stretched over far western Maine into northern New Hampshire at 1159 

UTC 11 January 2014 (Fig. 4.3b). Surface temperatures continued to warm with the 

approach of the warm front, except at Waterville. KIZG, K1P1, and KWVL recorded 

respective temperatures of –3.3°C, –1.6°C, and –7.0°C at 1200 UTC 11 January. 

The cyclone deepened further (987 hPa) and New England was firmly in the 

warm sector at 1800 UTC 11 January 2014 (not shown). The stationary boundary now 

extended into southern New Hampshire as the cold pool in New Hampshire expanded 

southeast. Radar analysis at 1757 UTC 11 January 2014 indicated heavier precipitation 

falling over the western border of New Hampshire and most of Vermont as the cyclone 

cold front moved east (Fig. 4.3c). KIZG reported a change to unknown precipitation at 

~1530 UTC, K1P1 continued to report unknown precipitation with occasional periods of 

snow, and KWVL began reporting precipitation accumulations starting at ~1300 UTC. 

As with the last case, KWVL did not report precipitation type. The ongoing precipitation 

and resulting diabatic processes (discussed in Chapter 1) likely aided the persistence of 

the cold pool. Despite this, KIZG, K1P1, and KWVL continued to report surface 

warming with respective 2-m temperatures of 0.0°C, 0.2°C, and 0.0°C. That all stations 
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reported similar temperatures suggested the placement of a uniform air mass over the 

dammed region, possibly due to mixing of the warmer air aloft and therefore the start of 

the cold pool erosion. 

The CADINX at the five stations (see Chapter 2) was zero at 0100 UTC 12 

January, indicating that no CAD was present. Surface temperatures, however, did not 

change at the three analyzed stations except at Waterville. KIZG, K1P1, and KWVL 

reported respective temperatures of 0.6°C, 0.5°C, and 6°C at 0000 UTC 12 January 2014. 

Like the previous case, the data suggest cooler air remained in place along the White 

Mountains despite CADINX suggesting no damming occurred. Waterville’s temperature 

increase may have been due to the advance of a coastal front, and therefore warmer air 

from the Gulf of Maine. 

ii. MOUNT WASHINGTON AUTO ROAD VERTICAL PROFILE OBSERVATIONS 

A strong inversion at the base of the Auto Road (701–488 meters) existed since 

the beginning of the analysis period at 0000 UTC 10 January, but slowly began to 

weaken starting at 0500 UTC 11 January (Fig. 4.4) from a respective minimum ELR of 

13.5°C km–1. The inversion slowly weakened through 0000 UTC 12 January and 

breaking by 0100 UTC. This weakening occurred due to steady warming at the 488-m 

station. The lack of rapid development and then breaking of inversions at higher levels 

suggests the warming at the station is not due to mixing of warmer air aloft. The entire 

vertical profile along the Auto Road became moist adiabatic by 0600 UTC 12 January 

with the passage of the cold front.  

The environment at the 1615–1006-m layer remained moist adiabatic from 0500 

UTC 11 January to 0000 UTC 12 January. The exception was near the summit, which 
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recorded a strong inversion (–30.8°C km–1) between 1915–1615-m at 0500 UTC 11 

January. The inversion rapidly broke and returned the summit to most adiabatic 

conditions at 0700 UTC 11 January, becoming superadiabatic and remaining so up to 

0000 UTC 12 January. The highest recorded ELR between 1916-1615 m was 27.6°C km–

1 at 2200 UTC 11 January. The only meteorological conditions recorded that coincided 

with the superadiabatic rate was a switch from west-southwesterly flow to west-

northwesterly flow at the summit (not shown). It is theorized that the directional switch 

may have contributed to downslope winds, causing air to warm as it descends the slope of 

the mountain and therefore increasing the lapse rate. Alternatively, it is possible that 

warm air was advected at the summit before 0500 UTC 11 January and then rapidly 

mixed to 1615-m level after 0500 UTC 11 January as seen by the rapid drop of the 1915–

1615-m ELR. As mentioned previously, there was no observational evidence that 

warming air proceeded any further down the mountain. 

b. WRF Simulation Results 

The WRF was initialized at 0000 UTC 10 January 2014 and ran for 60 hours 

through 1200 UTC 12 January 2014. It accurately simulated the large anticyclone (1038 

hPa) over New England at 0000 UTC 10 January (Fig. 4.5a), and its progression eastward 

through 0000 UTC 11 January 2012 (Fig. 4.5b). The model simulated the parent cyclone 

just slightly deeper (991 hPa) and slightly farther east than observations at 1200 UTC 

(Fig. 4.5c). The cyclone lifted north over Quebec (988 hPa) by 1800 UTC (Fig. 4.5d), 

with the cold pool evident from northern Maine into New Hampshire. The WRF 

simulated a cold front across Eastern New York at 0000 UTC 12 January (Fig. 4.5e), and 

by 0600 UTC (Fig. 4.5f) the front resided across the border of Vermont and New 
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Hampshire. The simulation results are similar to observations and therefore suggest the 

WRF resolved the synoptic pattern accurately. 

As with Chapter 3, sensitivities between individual ensemble members regarding 

cold pool evolution is discussed in Chapter 6. The following discussion of cold pool 

evolution at Fryeburg, Maine (KIZG), Plymouth, New Hampshire (K1P1), and 

Waterville, Maine (KWVL) is in the same format as Chapter 3. All time-height figures 

and model Skew-T/Log-P plots in this section show results from the MYJ-Lin ensemble 

member. 

i. COLD POOL EVOLUTION AT INDIVIDUAL LOCATIONS 

Unlike the case analyzed in Chapter 3, there was not any significant synoptic 

feature evident on simulated time-height diagrams with the exception of the cold front at 

~0600 UTC 12 January. The WRF simulated the development of a temperature inversion 

at ~0800 UTC 11 January and ~0400 UTC 11 January at KIZG (Fig. 4.6a) and K1P1 

(Fig. 4.7a) respectively. The time-height diagram for KWVL (Fig. 4.8a) depicted strong 

vertical temperature gradients exceeding 0.2°C [10 hPa]–1 starting as early as 0000 UTC 

11 January.  

The simulated cold pool depths for this case were shallower than the classic case 

discussed in Chapter 3. The time-height diagrams indicated event-maximum heights of 

~640-m, ~720-m, and ~560-m for KIZG, K1P1, and KWVL respectively. The WRF did 

not simulate persistent northerly flow at KIZG and KWVL, and easterly flow at K1P1 

while the cold pool was in place. There are brief periods of easterly flow at K1P1 from 

~0700 UTC – 1100 UTC 11 January, and of northerly flow at KIZG and KWVL from 



 66 

~1200 UTC – 1600 UTC 11 January. These simulated surface winds do not appear to be 

correlated to a maximum in cold pool depth. 

The cold pool began to erode over KIZG and K1P1 at ~1600 UTC as warmer air 

began to mix to the surface layer. The surface layer became fully mixed, as indicated by a 

lack of vertical temperature gradients, at ~0100 UTC 12 January and ~0000 UTC 12 

January over KIZG and K1P1, respectively. All CADINX values were zero by 0100 

UTC, suggesting that for these two stations the WRF accurately simulated the timing of 

the cold pool erosion.  

Time-height diagrams for KWVL did not show a descent of maximum vertical 

temperature gradients, but did indicate that temperature gradients decreased from 

~0.20°C [10 hPa]–1 at 0500 UTC 11 January to ~0.05°C [10 hPa]–1 at ~1600 UTC 11 

January. These gradients are a result of a shallow cold pool seen on the temperature time-

height diagram (Fig. 4.8b). Given the early morning timing of this cold pool it may 

simply be a result of radiational cooling. The wind shift to northerly from ~1200–1600 

UTC 11 January suggests that the cold pool may have briefly existed during that time 

period but not nearly as long as KIZG and K1P1. This observation suggests KWVL may 

have only been on the edge of the cold pool. 

ii. TWO-METER TEMPERATURE FORECASTS V. OBSERVATIONS 

All ensemble members had a warm bias for the entire CADINX-specified period 

at the three analyzed sites, unlike the classic event discussed in Chapter 3. Ensemble 

members for KIZG (Fig. 4.9) had biases as high as 6°C at 0900 UTC 11 January, while at 

K1P1 (Fig. 4.10) the biases were as high as 5°C. Biases at KWVL (Fig. 4.11) ranged 

from ~3–6°C for the entire CADINX-specified period.  



 67 

All ensemble members simulated the stabilization of the surface temperature ~5 

hours too early at KIZG. At K1P1, the MYJ ensemble members simulated the 

stabilization at approximately the same time as observations. The YSU ensemble 

members failed to simulate any stabilization and continued to warm temperatures. The 

brief period of stable temperatures observed at KWVL (1800–2100 UTC 11 January) 

were simulated by a few ensemble members, and a few ensemble members simulated 

slight cooling. 

As in the previous chapter, all ensemble members simulated the full mixing of the 

surface layer (indicated by the rise in temperature at KIZG and K1P1 at 0500 UTC 11 

January) too early compared to observations. The YSU ensemble members simulated the 

temperature increase ~12 hours earlier than observed at KIZG and simulated a maximum 

temperature ~8 hours too early. The MYJ ensemble members simulated the temperature 

increase ~6 hours too early and simulated a maximum temperature ~5 hours too early. 

The MYJ ensemble member maximum temperature was 1°C cooler than observations 

while the YSU ensemble members were within 1°C. K1P1 saw similar biases except that 

all ensemble members simulated a maximum temperature 2–3°C too warm. 

c. Discussion 

i. HYBRID OR IN SITU? 

There is uncertainty in whether or not this case should be classified as a hybrid or 

an in-situ event due to the difficulty of ascertaining which synoptic-scale processes 

influence CAD over Northern New England. The most obvious influence would be the 

parent anticyclone that shifts east early in the case; however, by the time the cold pool 

actually forms and the CADINX becomes non-zero, the anticyclone is well to the east of 



 68 

New England. It is possible that the southerly flow across southern New England into 

New Hampshire and Maine forced cooler air up against the White Mountains. At this 

point, diabatic processes could have enhanced the evolution of the cold pool. 

Model Skew-T/Log-P plots illustrate these processes that likely contributed to the 

evolution of the cold pool. At 0000 UTC 11 January (Fig. 4.12a), no portion of the layer 

from the surface to 700 hPa is saturated. At 0300 UTC (Fig. 4.12b), saturation begins to 

occur at the surface, and by 0600 UTC the entire layer up to ~800 hPa is saturated (Fig. 

4.12c). Condensation would be occurring by 0600 UTC at 800 hPa, resulting in latent 

heat release and warming the surrounding atmosphere, strengthening the inversion 

capping the cold pool. This can be seen at 0900 UTC as the temperature contour shifts 

right (Fig. 4.12d). The same process is observed in model Skew-T/Log-P for Plymouth 

during the same time periods (Fig. 4.13).  

In order for an event to be classified as a hybrid event, there must be some 

synoptic processes that contribute to the formation and damming of the cold pool. It is 

possible that, despite the unfavorable location of the parent anticyclone, southerly flow 

from the Atlantic towards the White Mountains contributed to the physical damming of 

the air, and the diabatic processes noted above contributed to the development and 

strengthening of the capping inversion. However, the lack of a U-shaped pressure ridge 

on both surface analyses and WRF simulations, indicating geostrophic readjustment, 

suggests this contribution would likely be small or even non-existent. The synoptic 

contributions to the cold pool evolution are too uncertain to definitively say whether this 

case is classified as hybrid, in situ, or something else entirely. 

ii. COMPARISONS TO THE CLASSIC CASE 
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There were a few key differences in the evolution and structure of the cold pool 

when compared to the classical event in Chapter 3. The most noticeable difference was 

that the maximum inversion height for Fryeburg, Plymouth, and Waterville in the hybrid 

case were all lower than their respective heights in the classic case. As observed in the 

previous case, Waterville had the shallowest inversion, followed by Fryeburg with the 

next shallowest and then Plymouth with the deepest. It is unclear why these inversion 

heights differ. It was initially hypothesized that the height of the inversion could be 

related to whether synoptic-scale or diabatic processes were at play, but as it will be 

shown in Chapter 5, this may not be the case. 

A second major difference in the cold pool’s evolution and structure was the 

shorter duration of north-northeasterly surface winds at KIZG and KWVL, and easterly 

winds at K1P1. At Plymouth and Waterville, these winds were simulated for ~4 hours in 

the whole event. Fryeburg was the exception with north-northeasterly flow resolved for 

~13 hours. The classic event had these winds from onset to erosion. However, with less 

synoptic influence winds at all locations were calm for a significant period during the 

event (not shown). The difference between the two cases suggests that the WRF does 

resolve wind direction accurately when wind speeds are expected to exceed a certain 

threshold (in this case probably higher than 5 knots), and produces erroneous directional 

and speed forecasts when winds are calm. 

iii. MODELED TEMPORAL ERRORS IN COLD POOL EROSION 

The errors in the erosion of the cold pool were similar to those observed in the 

classic case in Chapter 3 such that all ensemble members began warming the 

environment too quickly after the CADINX stopped indicating CAD. In this case, the 
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number of hours between simulated warming and observed warming was much larger 

than those in the classical case. As in the classic case, the MYJ ensemble members kept 

the cooler air in place longer than the YSU ensemble members. The exception was at 

Waterville, which did not have simulated consistent temperatures despite a 3-hour period 

where such an environment existed (1800–2100 UTC 11 January). 

Despite the poor performance on temperature, the ensemble members did 

accurately portray the breaking of the temperature inversion when viewed in time-height 

diagrams. For example, at Fryeburg the MYJ ensemble members broke the inversion only 

an hour too early than suggested by CADINX (0000 UTC 12 January), while the YSU 

did so 3–4 hours too early. The accuracy of the inversion breaking, but not the post-CAD 

temperature trends, suggests that the problem with the WRF when simulating CAD is not 

necessarily the breaking of the inversion itself, but rather holding the cooler air in place 

before the frontal passage. The descent of warmer air associated with the warm front, 

which the WRF immediately mixed to the surface at all three analyzed stations, supports 

this hypothesis. 
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Figure 4.1. As in Figure 3.1, but from 0000 UTC 10 January 2014 – 1200 UTC 12 

January 2014. The CADINX did not meet the necessary requirements to consider this 

case an event. 
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Figure 4.2. (Previous Page) As in Figure 3.2, but for a) 0000 UTC 10 January 2014, b) 

1200 UTC 10 January 2014, c) 0000 UTC 11 January 2014, d) 1200 UTC 11 January 

2014, e) 0000 UTC 12 January 2014 and f) 0600 UTC 12 January 2014. Images adapted 

from http://www.wpc.ncep.noaa.gov/archives/web_pages/sfc/sfc_archive.php 
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Figure 4.3. As in Figure 3.3, but at a) 0857 UTC 11 January 2014, b) 11159 UTC 11 

January 2014, c) 1757 UTC 11 January 2014, and d) 2358 UTC 11 January 2014. Image 

adapted from http://www2.mmm.ucar.edu/imagearchive/index.html 
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Figure 4.4. As in Figure 3.5, but from 0000 UTC 10 January 2014 – 1200 UTC 12 

January 2014. Red box indicates non-zero CADINX values. 
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Figure 4.5. As in Figure 3.6, but at a) 0000 UTC 10 January 2014, b) 0000 UTC 11 

January, c) 1200 UTC 11 January, d) 1800 UTC 11 January, e) 0000 UTC 12 January, 

and f) 0600 UTC 12 January.  
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Figure 4.6. As in Figure 3.7, but from 0000 UTC 10 January 2014 – 1200 UTC 12 

January 2014. Red box denotes non-zero CADINX values. 
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Figure 4.7. As in Figure 4.6, but for Plymouth, New Hampshire (K1P1). 
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Figure 4.8. As in Figure 4.6, but for Waterville (KWVL), Maine. 
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Figure 4.9. As in Figure 3.8, but from 0000 UTC 10 January 2014 – 1200 UTC 12 

January 2014. Red box denotes non-zero CADINX values. 
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Figure 4.10. As in Figure 4.7, but for Plymouth (K1P1), New Hampshire. 
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Figure 4.11. As in Figure 4.7, but for Waterville (KWVL), Maine. 
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Figure 4.12. 3-km horizontal resolution model analyses of the development of the cold 

pool as demonstrated in Log-P/Skew-T diagrams for Fryeburg (KIZG), Maine at a) 0000 

UTC 11 January 2014, b) 0300 UTC 11 January 2014, c) 0600 UTC 11 January 2014, 

and d) 0900 UTC 11 January 2014 using the MYJ-Lin scheme. 
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Figure 4.13. As in Figure 4.12, but for Plymouth, New Hampshire (K1P1). 
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CHAPTER FIVE 

 

5. Results: 17–19 October 2016 In-Situ CAD Event 

This chapter discusses observations and WRF simulations of an in-situ CAD 

event in Northern New England on 17–19 October 2016, as defined by the parent 

anticyclone criteria in Bailey et al. (2003) and discussed in Chapter 1. 

a. Observational analysis 

i. SYNOPTIC AND SURFACE OBSERVATIONS 

The 17–19 October 2016 CAD event persisted longer than the hybrid event 

discussed in Chapter 4, and exhibited a deeper cold pool. Like the hybrid event, no “U-

shaped” pressure ridge appeared on WPC surface charts at any point during the event. 

The CADINX did not classify this case as an event due to not having three stations 

recording CAD for 6 consecutive hours, but did have non-zero values from 0000 UTC to 

2300 UTC 18 October (Figure 5.1). See Chapter 2 for a discussion of the CADINX. 

WPC surface analyses illustrated a cold front just north of the U.S.–Canadian 

border associated with a cyclone (997 hPa) in eastern Quebec at 0000 UTC 17 October 

2016 (Fig. 5.2a). A broad and weak anticyclone (1021 hPa) was located over Virginia 

and North Carolina, and a second anticyclone (1022 hPa) lagged behind the cold front in 

Canada. The cold front moved into Maine and far northern New Hampshire by 1200 

UTC 17 October (Fig. 5.2b) with the Canadian anticyclone strengthening behind it (1027 

hPa). The front stalled across central New Hampshire by 0000 UTC 18 October (Fig. 

5.2c) with the Canadian anticyclone strengthening further (1029 hPa) and the southern 

anticyclone becoming elongated and weaker (1017 hPa).  The cold air behind the front 
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would eventually become the air mass eventually dammed against the White Mountains. 

The first non-zero CADINX values occurred starting at 0000 UTC 18 October 2016, with 

KIZG, K1P1, and KWVL recording respective temperatures of 10.0°C, 12.5°C, and 

19.4°C. 

A low overcast deck developed overnight at the three analyzed stations and 

persisted through the day on 18 October 2016. K1P1 reported overcast skies starting at 

0315 UTC 18 October, followed by KWVL and KIZG at 0550 UTC and 0645 UTC, 

respectively. The cloud deck is visible across the dammed region on visible satellite 

imagery (Fig. 5.3). The low cloud deck acted as an insulator from solar radiation and 

prevented temperatures from rapidly rising after daybreak, contributing to sharp 

temperature gradients along the cold pool’s edge. 

A backdoor cold front developed from southern Vermont into Massachusetts at 

1200 UTC 18 October (Fig. 5.2d), marking the southern extent of the CAD-related cold 

pool. At the same time, a new cyclone over far eastern Ontario (987 hPa) propagated 

eastward towards New England. The cold pool and attendant overcast deck remained in 

place. KIZG, K1P1, and KWVL reported respective temperatures of 11.1°C, 12.3°C, and 

8.9°C at 1200 UTC 18 October. No station reported any precipitation except for 

Watervillle, which began reporting light rain from ~1900 UTC to ~2230 UTC (not 

shown). 

The cyclone occluded and lifted north into far northern Quebec (986 hPa) at 0000 

UTC 19 October 2016 (Fig. 5.2e), with a stationary boundary still in place over New 

Hampshire as the cold pool retreated northeast.  The cyclone cold front resided west of 

New York at the same time. Despite the front’s location, the CADINX at all stations went 
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to zero at 0000 UTC 19 October 2016. KIZG, K1P1, and KWVL reported respective 

temperatures of 10.0°C, 10.6°C, and 11.7°C at 0000 UTC 19 October 2016, a small 

change from observations twelve hours earlier and evidence that the cold pool was still 

likely entrenched against the White Mountains. The cold front eventually moved through 

Northern New England by 1200 UTC 19 October 2016 (Fig. 5.2f).  

ii. MOUNT WASHINGTON AUTO ROAD VERTICAL PROFILE 

An inversion developed at the base of the Mount Washington Auto Road from 

0400 UTC 18 October through 0000 UTC 19 October (Fig. 5.4). The inversion was 

strongest from 1100 UTC to 1500 UTC, with an event minimum 701–488-m ELR of –

21.98°C km–1 at 1400 UTC. The depth of the absolutely stable air mass extended up to 

1006 meters through 1900 UTC 11 October as indicated by the 1006–701 meter ELR 

remaining absolutely stable until 1800 UTC. In this case, these inversions captured by the 

ARVP may have indicated the top of the cold pool along Mount Washington’s eastern 

flank.  

The ARVP data suggests that the cold pool initially eroded rapidly from the top 

down, as suggested by the 1006-701 ELR becoming conditionally unstable at 1800 UTC, 

one hour before the base inversion weakened as indicated by a 701–488-m ELR of –

16.09°C km–1 at 1800 UTC to –2.79°C km–1 at 1900 UTC. The atmosphere at the base 

returned close to moist adiabatic by 0300 UTC 19 October. 

ARVP data indicated a five-hour period (1600 UTC to 2100 UTC 18 October) 

where the atmosphere near the summit became absolutely stable, with an inversion 

developing at the 1615–1311-m level from ~1700 UTC to ~2000 UTC as indicated by a 

respective minimum ELR of –9.76°C km–1 at 1900 UTC. It is unclear what caused this 
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inversion but the lack of any similar feature forming at the 1311–1006 or 1006–701-m 

level suggests its development was inconsequential to the cold pool evolution. 

b. WRF Simulation Results 

The WRF was initialized at 0000 UTC 17 October 2016 and ran for 66 hours 

through 1800 UTC 19 October 2016. The MYJ-Lin ensemble member accurately 

simulated the anticyclone over the Carolinas (1020 hPa) at 0000 UTC 17 October (Fig. 

5.5a) as well as the cold front across southern Quebec and Ottawa. The modeled cold 

front moved into northern New Hampshire and Vermont by 1200 UTC (Fig. 5.5b) and 

also strengthened the anticyclone to the north. However, the anticyclone across the 

Carolinas was weaker than observed on WPC analyses.  

The WRF stalled the cold front across central New Hampshire at 0000 UTC 18 

October (Fig. 5.5c). The backdoor cold front (the boundary of the cold pool) extended 

into southern New Hampshire by 1200 UTC 18 October (Fig. 5.5d), but not into 

Massachusetts as indicated by WPC surface analysis. The cold pool retreated into Maine 

at 0000 UTC 19 October (Fig. 5.5e). As in previous cases, the WRF resolved a less 

spatially expansive cold pool than analyzed by WPC. The WRF accurately simulated the 

parent cyclone-associated cold front over far southeastern New Hampshire and most of 

Maine by 1200 UTC 19 October (Fig. 5.5f) 

Despite no precipitation being reported at the three analyzed stations (with the 

exception of Waterville) from 0000 UTC to 2300 UTC 18 October, the WRF did 

simulate precipitation from ~0800 UTC to ~1100 UTC 18 October (Fig. 5.6). Radar 

composite analyses showed no such precipitation at those same times (Fig. 5.7). In fact, 

the robust simulation precipitation occurred as early as 0500 UTC. It is unclear why 
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precipitation is overdone in these simulations, but it is hypothesized that with the WRF 

topography field, shorter peaks and shallower valleys may not correctly resolve 

downsloping or other orographic processes that could hinder precipitation development. 

As with the previous two chapters, sensitivities between individual ensemble 

members regarding cold pool evolution is discussed in Chapter 6. The following 

discussion of cold pool evolution at Fryeburg, Maine (KIZG), Plymouth, New Hampshire 

(K1P1), and Waterville, Maine (KWVL) is in the same format as the previous chapters. 

All figures in this section except for ensemble plots show results from the MYJ-Lin 

ensemble member. 

i. COLD POOL EVOLUTION AT INDIVIDUAL LOCATIONS 

The WRF simulated a wind shift to northerly flow at KIZG (Fig. 5.8a) and 

KWVL (Fig. 5.10a) at 0200 UTC 18 October and 0300 UTC 18 October, and a shift to 

easterly flow at K1P1 (Fig. 5.9a) at 0300 UTC 18 October. Inversions developed at KIZG 

and K1P1 at ~0600 UTC. The WRF simulated maximum cold pool depths of ~880-m and 

~960-m at KIZG and K1P1, respectively. At KWVL, the maximum cold pool depth was 

~1200-m at ~1000 UTC 18 October. The model erroneously simulated surface 

precipitation at the same time, which suggests that this inversion may have not actually 

occurred. This observation is corroborated by the lack of an inversion on the 1200 UTC 

18 October Gray, Maine (GYX) sounding at ~850 hPa, unlike the model sounding at 

Waterville for 1200 UTC 18 October (Fig. 5.11). 

The time-height diagrams for all three locations depicted similar patterns of cold 

pool erosion. Shortly after the simulated precipitation ended, the cold pool began to 

become shallower. At KIZG, the temperature inversion capping the cold pool descended 
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and then deepened twice (1200 – 1400 UTC 18 October and 1400 – 1800 UTC 18 

October) before finally descending to ~320-m at 0200 UTC 19 October. The first two 

inversion descents were possibly due to the evaporation of rain as unsaturated air 

descended in the boundary layer. The evaporation possibly cooled the atmosphere due to 

latent heat of evaporation, and therefore weakened the inversion. This process is 

exhibited by a time series of model Skew-T/Log-P plots (Fig. 5.12). This second descent 

fully eroded the cold pool as indicated by a shift to southerly flow. The final inversion 

descent was likely due to the advance of the warm front, also seen on a model Skew-T 

plot (Fig. 5.13). KWVL saw a similar descent starting at ~1400 UTC and reaching the 

surface at ~2100 UTC. Surface winds at KWVL became southerly at ~0000 UTC. The 

inversion over K1P1 began descending at 1600 UTC 18 October and reached the surface 

at 0000 UTC 19 October. Surface winds became easterly at ~0100 UTC 19 October. 

ii. TWO-METER TEMPERATURE FORECASTS V. OBSERVATIONS 

Ensemble members simulated the onset of the cold pool differently at the three 

analyzed locations. At KIZG (Fig. 5.14) the ensemble members had a warm bias of 1–

3°C as temperatures fell at 0200 UTC 18 October. At K1P1 (Fig. 5.15) the ensemble 

members had a bias of ~3°C at 0200 UTC due to a brief period of simulated warming. 

The ensemble members for KWVL (Fig. 5.16) simulated the drop in temperature at 0200 

UTC with a cold bias of ~2°C. It is unclear what caused the simulated warming at K1P1, 

but given that no warming trend was observed in simulations for KIZG and KWVL, it is 

more likely that the error was more due to local topography or boundary layer 

interactions, and not because of a systematic model bias. 
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All ensemble members at the three analyzed sites depicted a stabilization of 

temperature starting at ~0900 UTC, ~0700 UTC, and ~0600 UTC at KIZG, K1P1, and 

KWVL respectively. At all sites, ensemble members had a cold bias of ~3–4°C. As in the 

previous two cases, the WRF continued to warm the surface layer too quickly. All 

ensemble members simulated warming at Fryeburg ~4 hours early but simulated a 

maximum temperature ~1 hour before observed. K1P1 saw a much larger temporal bias, 

warming temperatures ~13 hours too early and erroneously simulating a local maximum 

in temperature at 0500 UTC 19 October. 

KWVL saw the only instance where the MYJ and YSU ensemble members were 

consistently different during the cold pool erosion. The YSU ensemble members began 

simulating a warming trend faster than the MYJ ensemble members starting at ~1300 

UTC. From there the two groups of ensemble members differed by ~4°C. The MYJ 

ensemble members had a cold bias of ~2°C by 2300 UTC 18 October while the YSU 

ensemble members had a warm bias of ~2°C. The more robust warming of the YSU 

members is possibly due to the schema being non-local, therefore creating larger 

boundary layer circulations. These larger circulations act to more rigorously mix the 

boundary layer than the MYJ, and therefore bring the warmer air aloft to the surface 

faster. The larger discrepancy between the YSU and MYJ temperature simulations could 

be explained by Waterville’s flatter topography, and therefore in an area where the effects 

of strong PBL mixing would be more pronounced.   

c. Discussion 

i. MODEL AND OBSERVED IMPACTS OF PRECIPITATION 
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As previously discussed, the WRF simulation produced excessive precipitation 

over Northern New England due to the oversaturation of the lowest levels of the 

boundary layer as compared to observed upper air soundings from Gray (GYX) Maine. 

Despite this error, the simulation did account for diabatic processes aloft, which were 

corroborated by data from the Plymouth State University Snow Level Radar (SLR). The 

snow-level radar is designed to detect the point in the atmosphere where hydrometeor 

phase change occurs (SLR FAQ, PSU 2016), and the vertical extent of precipitation. 

The SLR data (Fig. 5.17) showed precipitation aloft from ~7000 m to ~3600 m 

starting at ~0300 UTC 18 October, although none of this was observed at the surface. 

The SLR captured more precipitation aloft from ~0830 UTC to ~0900 UTC, extending 

from ~3000 m to less than 600 m. The WRF simulation brought precipitation in 

Plymouth from ~0800 UTC to ~0900 UTC 18 October 2016 (Fig. 5.6a, Fig. 5.6b). It is 

possible that the SLR-observed precipitation aloft was the source of the robust simulated 

precipitation. The WRF possibly translated this precipitation into erroneous surface 

accumulations due to oversaturation of the boundary layer. The oversaturation likely 

resulted in too cool a cold pool, and therefore a more robust temperature inversion than 

observed. 

ii. EROSION ERRORS 

As observed in the previous two cases, time-height diagrams suggest that the 

WRF simulations accurately resolves the onset and erosion times of the cold pool as 

compared to time periods when the CADINX is non-zero. The temporal evolution of the 

cold pool appears to be more accurately portrayed by the shift in surface flow when it is 

present (such as this case and the classic case analyzed in Chapter 3), instead of the 
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development of a temperature inversion. Model output for Fryeburg best displayed this 

observation, indicated a change to north-northeasterly flow ~4 hours before the 

temperature inversion developed. 

The biggest issues with model solutions is that the surface layer warms too 

quickly. It is hypothesized that the difficulty in resolving the end of CAD events is that 

both the MYJ and YSU mix out the cold pool too quickly, when observations suggest the 

cooler air remains entrenched along the orographic barrier for a few hours after the 

temperature inversion erodes. The reason for this may be the topographical resolution 

used in the model. A 3-km horizontal resolution will produce lower peaks and shallower 

valleys, which would present an environment more favorable for mixing. A higher 

resolution topography field may more accurately portray the post-event entrenchment of 

cooler air before a frontal passage. 
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Figure 5.1. As in Figure 4.1 but from 0000 UTC 17 October – 1800 UTC 19 October 

2016.  
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Figure 5.2. (Previous Page) As in Figure 3.2, but for a) 0000 UTC 17 October 2016, b) 

1200 UTC 17 October 2016, c) 0000 UTC 18 October 2016, d) 1200 UTC 18 October 

2016, e) 0000 UTC 19 October 2016 and f) 1200 UTC 19 October 2016. Images adapted 

from http://www.wpc.ncep.noaa.gov/archives/web_pages/sfc/sfc_archive.php 
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Figure 5.3. Visible satellite imagery of New England at 1815 UTC 18 October 2016. 

Image adapted from http://www2.mmm.ucar.edu/imagearchive/. 
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Figure 5.4. As in Figure 4.4, but from 0000 UTC 17 October 2016 – 1800 UTC 19 

October 2016. 
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Figure 5.5. As in Figure 3.6, but at a) 0000 UTC 10 January 2014, b) 0000 UTC 11 

January, c) 1200 UTC 11 January, d) 1800 UTC 11 January, e) 0000 UTC 12 January, 

and f) 0600 UTC 12 January.  
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Figure 5.6. WRF 9-km horizontal resolution plots of simulated base reflectivity (dBz, 

shaded) and equivalent potential temperature (2 K intervals, red lines) at a) 0800 UTC 18 

October 2016, b) 0900 UTC 18 October 2016, c) 1000 UTC 18 October, and d) 1100 

UTC 18 October 2016. 

 



 101 

 

Figure 5.7. As in Figure 3.3 but at a) 0755 UTC 18 October 2016, b) 0855 UTC 18 

October 2016, c) 0955 UTC 18 October 2016, and d) 1055 UTC 18 October 2016.  
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Figure 5.8. As in Figure 4.6 but from 0000 UTC 17 October 2016 – 1800 UTC 19 

October 2016. 
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Figure 5.9. As in Figure 5.8, but for Plymouth, New Hampshire (K1P1). 
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Figure 5.10. As in Figure 5.8, but for Waterville, Maine (KWVL). 
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Figure 5.11. Comparison of a) Model Skew-T/Log-P diagram for Waterville (KWVL) 

Maine and b) 1200 UTC 18 October 2016 upper-air sounding from Gray (GYX), Maine. 

Gray sounding image adapted from http://vortex.plymouth.edu/myo/upa/raobplt-a.html 
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Figure 5.12. Time series of 3-km horizontal resolution model Skew-T/Log-P diagrams 

for Fryeburg (KIZG), Maine using the MYJ-Lin scheme at a) 0800 UTC 18 October 

2016, b) 0900 UTC 18 October 2016, c) 1000 UTC 18 October 2016, and d) 1100 UTC 

18 October 2016. Red arrows mark the base of the unsaturated layer. 
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Figure 5.13. 3-km horizontal resolution Model Skew-T/Log-P diagram at 2200 UTC 18 

October 2016 for Fryeburg (KIZG), Maine. 
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Figure 5.14. As in Figure 4.7 but from 0000 UTC 17 October 2016 – 1800 UTC 19 

October 2016. 
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Figure 5.15. As in Figure 5.14, but for Plymouth, New Hampshire (K1P1). 
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Figure 5.16. As in Figure 5.14, but for Waterville, Maine (KWVL). 

 

 

 

 

 

 

 

 

 

 



 111 

 

Figure 5.17. Plymouth, New Hampshire Snow Level Radar (SLR) signal-to-noise ratio 

plot from 0000 UTC 17 October 2016 to 0000 19 October 2016. 
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CHAPTER SIX 

 

6. Sensitivity Analyses 

This chapter presents the results of a simple sensitivity analysis of simulated 2-

meter temperature to variable microphysical and PBL parameterization schema, followed 

by a discussion of the results. 

a. Sensitivity analysis overview 

Simple sensitivity analyses, as described by Warner (2011), involve analyzing 

differences between a control version model and then a second run with slight 

modifications. In basic cases, the differences between the modified and control runs can 

provide information on potential biases or impacts of different configurations. 

To determine the sensitivity of modeled temperatures to variable PBL 

parameterizations, this study calculated the difference between times series using the 

YSU and MYJ schema but with the same microphysical package. This calculation is 

repeated four times to assess whether any microphysics may have an additional impact on 

the effects of the PBL parameterization. The study utilizes the same approach for the 

impacts of microphysical schema on sensitivity, but instead with the same PBL package. 

b. Varying PBL Schema 

Figure 6.1 shows plots of the temperature differences between the YSU and MYJ 

with the four microphysics schema (Lin et al., WSM6, Morrison, and New Thompson) 

for Fryeburg, Maine (Fig. 6.1a); Plymouth, New Hampshire (Fig. 6.1b); and Waterville, 

Maine (Fig. 6.1c) for the 2012 event discussed in Chapter 3, with the red box indicating 

the time frame the CADINX classified an event. Positive differences indicate warmer 
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YSU ensemble members, while negative differences indicate warmer MYJ ensemble 

members. Note that these plots only show differences between the schema and do not 

indicate their accuracy in regard to observations. 

At Fryeburg (Fig. 6.1a) and Waterville (Fig. 6.1c), the YSU modeled similar or 

warmer surface temperatures during CAD. Plymouth simulations (Fig. 6.1b) had slightly 

warmer temperatures with the MYJ although these differences were less than 1°C. At 

Fryeburg, the largest differences on average were ~1°C, and at Waterville the difference 

was larger, reaching a maximum of ~3.9°C warmer temperatures associated with the 

YSU.  

Temperature differences for Plymouth and Fryeburg do not change much with 

different microphysical packages. Waterville, however, had a spread of 2°C between 

Morrison and Lin schema at 0400 UTC 13 January 2012 (Fig. 6.1c). The Morrison 

scheme, as discussed in Chapter 2, is a double-moment scheme. Additionally, the YSU 

indicated temperatures of –0.5°C. It is possible that microphysical processes simulated in 

the scheme, combined with the rigorous mixing of the YSU, resulted in this warm 

anomaly. Of particular note is the spike in anomalies at ~1800 UTC 13 January 2012. As 

discussed in the previous chapter, this corresponds to the YSU rapidly mixing out the 

boundary layer well before the MYJ due to the non-local YSU scheme simulating larger 

circulations within the PBL. 

Figure 6.2 shows the same temperature differences but for the January 2014 event 

discussed in Chapter 4. Both Fryeburg (Fig. 6.2a) and Plymouth (Fig. 6.2b) had warmer 

temperatures with the MYJ at 0500 UTC 11 January 2014, before both schema modeled 

similar temperatures. Near the end of the event the YSU once again resolved warmer 
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temperatures, again likely due to the rigorous mixing of warmer air to the surface. The 

difference between microphysical packages was within 1°C.  

Differences in Waterville (Fig. 6.2c) spanned from a 2°C warmer MYJ at 0800 

UTC 11 January 2014 to a 2°C warmer YSU at 1600 UTC the same day. Recall in 

Chapter 4 that the model resolved a very weak and brief cold pool at Waterville but 

otherwise continued warming at the surface, corroborating observations. Since Fryeburg 

and Plymouth were in a more robust cold pool, the sensitivity analysis for Waterville is 

likely not representative of typical sensitivities for a hybrid CAD event. 

Figure 6.3 is the same as the previous figures but for the October 2016 event 

discussed in Chapter 5. For the bulk of the CAD event at Fryeburg and Plymouth, the 

YSU and MYJ were within 1°C of each other. The YSU progressively produced warmer 

temperatures near the end of the event at the three analyzed stations. At Fryeburg (Fig. 

6.3a) and Plymouth (Fig. 6.3b) the YSU was as much as 3°C warmer than the MYJ, 

while at Waterville (Fig. 6.3c) the YSU was 5°C warmer. 

With regards to PBL parameterization schema, a similar relationship between the 

YSU and MYJ exists for the three analyzed cases. While the cold pool is present, the 

temperature differences between the YSU and MYJ are usually within 1°C of each other. 

When erosion begins, the YSU warms surface temperatures much faster than the MYJ. 

This observation emphasizes those made in the previous three chapters and is likely due 

to the YSU tendency to simulate more vigorous mixing. That this pattern is the same for 

a classic, hybrid, and in situ case suggests that the PBL parameterization bias is not 

necessarily sensitive to the classification of the CAD event.  
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Less certainty exists in systematic biases between the two PBL schema related to 

the onset of a cold pool, but the sensitivity analyses suggest the MYJ produces either 

similar or warmer temperatures than the YSU. It is unclear whether this bias is 

systematic. Since the three CAD cases started at different times, the MYJ could simply be 

carrying over a bias from not properly simulating radiational cooling or other processes. 

c. Varying microphysical schema 

Figure 6.4 shows plots of temperature differences between the Lin et al. and the 

WSM6, Thompson, and Morrison schema for the January 2012 event. The differences are 

plotted for both the YSU and the MYJ to see if interactions between the microphysical 

and PBL schema result in larger variations in temperature. The differences between 

microphysical schema, for both the MYJ and YSU, were within 1°C at both Fryeburg 

(Fig. 6.4a) and Plymouth (Fig. 6.4b). The largest differences occurred at ~1800 UTC 13 

January 2014, corresponding to the complete erosion of the cold pool well after the 

CADINX went to zero. For Fryeburg, the Lin et al. scheme was up to 3°C warmer than 

the Thompson scheme for both the YSU and MYJ. It is thought that the modified vertical 

temperature profile, as a result of the eroded cold pool, impacted hydrometeor 

classifications and processes causing lower simulated temperatures. Whether this is a 

result of schema being single or double moment is unclear. 

Waterville (Fig. 6.4c) had larger simulated differences of up to 2°C between 

schema during the event. The Lin et al. scheme was up to 1.5°C cooler than the Morrison 

scheme using the YSU scheme, and 1°C cooler using the MYJ scheme at 1200 UTC 12 

October 2012. Compared to the Morrison scheme, the Lin et al. temperature for the YSU 

scheme was ~1.5°C too cool at 0500 UTC 13 January 2012. Using the MYJ, however, 
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the Lin et al. was 0.5°C warmer. This large difference between schema suggests that 

impacts of the microphysical schema are not necessarily independent of those from PBL 

schema. Also of note are the differences at the end of the erosion at Waterville. The Lin 

et al .scheme is ~1.5°C cooler than the Thompson scheme at ~1800 UTC 13 October, 

compared to being ~3°C warmer at Fryeburg. The differences between the same scheme 

combination at different locations suggests that local model topography and its influences 

could also impact simulated microphysical processes. 

Figure 6.5 is the same as Figure 6.4, but for the January 2014 hybrid event. As in 

the previous case, variations between the different microphysical schema are consistently 

within 1–2°C of each other during the event, as seen for Plymouth (Fig. 6.5b). At 

Fryeburg (Fig. 6.5a), the Lin et al. scheme for YSU was ~2°C cooler than the Morrison at 

0700 UTC 11 January 2014. When using the MYJ scheme, the Lin et al. was ~3°C cooler 

than the WSM6 scheme at 1100 UTC 11 January 2014. Again, the reasons for these 

sudden changes in temperature are unclear, especially since they occur with different 

PBL schema and strictly single-moment and double-moment schema. At Waterville (Fig. 

6.5c), large changes in differences occurred throughout the event. These differences may 

be related to ensemble members resolving different vertical temperature profiles, and 

therefore different microphysical processes, due to the interactions with a possible coastal 

front. The mean differences between all schema, however, still appeared to be within 1°C 

of each other. 

The data indicates that some variations exist between the same ensemble 

members for different locations at CAD onset. For example, when using the YSU 

scheme, the Lin was less than 1°C warmer than the WSM6 scheme at 0500 UTC 11 
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January 2014 at Fryeburg (Fig. 6.5a). At Plymouth (Fig. 6.5b), the Lin was ~1°C cooler 

than the WSM6 at 0500 UTC 11 January 2014. The variations between different 

locations using the same microphysical schemes for comparison lends further credence to 

the hypothesis that local model topography could influence simulated microphysical 

processes. 

Figure 6.6 is the same as Figure 6.4, but for the October 2016 in situ event. Once 

again, there is a lack of a clear bias in any of the microphysical schema. Any large 

temperature difference that are noted are exclusive to the analyzed site and a specific 

scheme. The only repetitive signal noted in all three stations is the YSU-Lin being ~2°C 

cooler than the Morrison scheme. The timing of this signal occurs at 0300 UTC 18 

October 2016 in Fryeburg (Fig. 6.6a), 0100 UTC 18 October 2016 in Plymouth (Fig. 

6.6b), and from 0400 UTC to ~1200 UTC 18 October 2016 at Waterville (Fig. 6.6c). 

Waterville also records large differences between Lin et al. and Morrison for the MYJ 

that do not appear at Fryeburg or Plymouth. 

The lack of signals of temperature differences between the Lin et al. scheme and 

others, for all three cases, suggests that different schema may resolve microphysics better 

for certain locations than others. Unfortunately, different packages cannot be utilized for 

various locations without adding additional domains and increasing computational cost. 

Disregarding anomalous temperature differences, the variation of temperature between 

microphysical packages during any given CAD event is within 1°C. The small variation 

suggests that microphysical processes do not significantly affect temperature forecasts as 

much as PBL schema do during CAD. It is unclear what causes the anomalous 

temperature differences. It could be due to changing microphysical processes due to PBL 
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schema resolving different vertical temperature profiles, but it could also be interactions 

with different topographic fields at the three sites. 

d. Comparing start and end times of CAD using CADINX 

The CADINX uses potential temperature gradients to determine whether CAD is 

occurring in Northern New England, as explained in Chapter 2. This study used the index 

to determine start and end times of CAD events. The analysis used WRF model output to 

recreate the CADINX (not shown) to attempt a direct comparison of the cold pool 

lifespan, but the data were inconclusive. The time-height diagrams do show full cold pool 

evolution and therefore could be used as a comparison to the CADINX. However, as 

noted in previous sections, the start of the temperature inversion between the cold pool 

and the rest of the layer is not necessarily an indicator of the start of CAD. Surface wind 

shifts to northerly flow in Fryeburg and Waterville, and easterly flow in Plymouth, 

appear to be more reasonable indicators of a CAD cold pool.  

This study did attempt to reconstruct the CADINX from model output of potential 

temperature in order to assess model biases with start and end times. However, the 

reconstruction only considered start and end times at the individual stations, and not the 

times of non-zero values across the five stations as discussed in Chapter 2. Therefore, the 

study did not include these results. This omission left the time-height diagrams as the 

main resource to determine the temporal biases. However, pinpointing the exact 

formation time of CAD based on 2-m temperature data, wind shifts, and the development 

of a temperature inversion is difficult to do objectively. The analysis, however, does 

suggest that shifts to northerly and easterly flow may correspond better to the CADINX 
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than the development of the temperature inversion capping the cold pool. This 

implication of this finding on the CADINX are beyond the scope of this study. 
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Figure 6.1. Plot of forecast 3-km resolution 2-m temperature differences between the 

YSU and MYJ PBL schema from 0000 UTC 11 January 2012 to 1800 UTC 14 January 

2012 for a) Fryeburg, Maine (KIZG); b) Plymouth, New Hampshire (K1P1); and c) 

Waterville, Maine (KWVL). Lines represent differences with the Lin et al. (blue), WSM6 

(orange), Morrison (gray), and Thompson (yellow) microphysical schema, as well as the 

difference average (black). Red line denotes 0°C difference. The red box indicates a 

CADINX-specified event. 
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Figure 6.2. As in Figure 6.1, but for the time range 0000 UTC 10 January 2014 to 1200 

UTC 12 January 2014. 
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Figure 6.3. As in Figure 6.1, but for the time range 0000 UTC 17 October 2016 to 1800 

UTC 19 October 2016. 
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Figure 6.4. Plot of forecast 3-km resolution 2-m temperature differences between the Lin 

et al., WSM6, Thompson, and Morrison schema from 0000 UTC 11 January 2012 to 

1800 UTC 14 January 2012 for a) Fryeburg, Maine (KIZG); b) Plymouth, New 

Hampshire (K1P1); and c) Waterville, Maine (KWVL). Lines represent difference with 

the WSM6 (light blue), Morrison (orange), and Thompson (gray) schema with the YSU 

PBL scheme, and WSM6 (yellow), Morrison (dark blue), and Thompson (green) with the 

MYJ PBL scheme. The red box indicates a CADINX-specified event. 
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Figure 6.5. As in Figure 6.4, but for the time range 0000 UTC 10 January 2014 to 1200 

UTC 12 January 2014. 
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Figure 6.6. As in Figure 6.4, but for the time range 0000 UTC 17 October 2016 to 1800 

UTC 19 October 2016. 
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CHAPTER SEVEN 

 

7. Conclusions and Future Work 

a. Conclusions 

This study simulated three cold-air damming events in Northern New England 

using the WRF to analyze the evolution of the cold pool and its sensitivities to different 

microphysical and planetary boundary layer parameterization schema. The analysis 

investigated three case studies across the CAD spectrum using the classification scheme 

from Bailey et al. (2003), to determine whether certain parameterizations resolved 

different cases differently. 

In all three analyzed cases the WRF YSU PBL parameterization scheme eroded 

the surface cold pool more quickly than the MYJ PBL scheme, likely due to the tendency 

to rigorously mix the boundary layer. Both schema, however, mixed out the cold pool too 

quickly. This result is especially true for Fryeburg and Plymouth where observations 

suggest cooler air may still be dammed against the White Mountains even if the 

CADINX suggests an event is over. The exaggerated mixing may be a result of a 

smoothed modeled terrain field. During CAD events the two schema resolved similar 2-

m temperatures, but there was no definitive cold or warm bias. 

Although varying microphysical parameterizations did produce some differences 

in resolved temperature, the variations appeared to be random with no clear bias in any 

particular scheme. The data suggest that impacts from such schema may be based on a 

combination of factors such as location or local topography and PBL parameterization. 

Thus, in the context of simulating cold-air damming in Northern New England, 
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microphysics does not appear to have a major impact on simulations of cold pool 

temperatures. 

This study did show value for viewing previous CAD events, and potentially 

forecasting future ones, using time-height diagrams. In the three cases, the diagrams 

displayed the evolution of the cold pool, as determined by surface wind shifts and the 

temperature inversion between the pool and the PBL. The diagrams also showed other 

factors impacting the pool, such as the approach of a warm front or diabatic processes 

and their impact on the temperatures. In particular, the vertical temperature gradient 

analysis provided valuable information on the maximum depth of the cold pool, as well 

as its onset and erosion. These tools could be invaluable for forecasters to anticipate the 

development and hazards of CAD. 

b. Implications for forecasters 

In the three analyzed cases, the YSU scheme mixed out the boundary layer more 

quickly than the MYJ scheme, likely due to the YSU being a non-local PBL scheme. This 

analysis suggests that the MYJ is more optimal for simulating the timing of CAD erosion, 

as the scheme has local closure and therefore better simulates smaller scale stable layers. 

It is possible other local closure PBL schemes could yield similar results. However, the 

three analyzed cases showed both the MYJ and YSU schema simulated maximum 

temperatures associated with cold pool erosion earlier than observations. Thus, 

forecasters may need to prolong the time frame localized cold air is forecast to be present 

a few hours beyond model guidance. 

For cases where surface flow is not light and variable, the presence and depth of 

CAD-indicative winds (northerly flow for KIZG and KWVL, easterly for K1P1) can be a 
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good indicator of cold pool evolution and depth. The winds can be particularly helpful if 

the capping temperature inversion is weak, as was the case for K1P1 in the classic CAD 

case discussed in Chapter 3. 

It is not clear if any particular classification of CAD is more accurately simulated 

by the WRF. Although the classic and in situ events were more clearly depicted by the 

cold pool inversion and the depth of the CAD-indicative winds in comparison to the 

hybrid event, it is important to note that this study analyzed only three cases, and only 

one case per classification. More cases need to be analyzed in similar fashion in order to 

conclude whether certain classifications of CAD are better simulated by NWP than 

others. 

c. Future work 

Because CAD has not been extensively studied in Northern New England, there 

are multiple avenues for potential study. Another study is currently creating a local 

classification of CAD and as a result has compiled a fifteen-year history of events, as 

defined by the CADINX. This study analyzed three cases, a small sample size not large 

enough to make any definitive conclusions about model biases in cold pool evolution. A 

larger pool of case studies could aid in finding more definitive biases, potentially in PBL 

schema while a cold pool is present or finding a signal in microphysical schema. Once 

the local classification scheme is complete, new cases should be considered using that 

information and the Appalachian-centric Bailey et al. (2003) classification scheme. 

There are additional PBL and microphysical parameterizations not mentioned in 

this study. It is possible one of these other schema could simulate cold pool evolution and 

temperatures with a higher degree of accuracy. More focus on using higher-closure PBL 
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schema, which are more accurate but computationally expensive, may better resolve the 

cold pool evolution. 

Chapter 1 mentioned the study by Stauffer and Warner (1986) that stated at least 

three vertical levels below 800 hPa must exist to accurately resolve the cold pool. In this 

study, twenty levels were used. Simulations of the same three cases in this study, using 

fewer levels (a level every 20 hPa resulting in ten levels, for example) could demonstrate 

at which point the vertical resolution of the model is too coarse to resolve the cold pool. 

Conversely, vertical resolution could be increased to see at what point model skill 

plateaus. 

A study similar to this one could certainly be performed for CAD in the Central 

Appalachians and other regions. Using the same time-height diagrams in those regions 

could show different cold pool structures than those observed in Northern New England, 

as well as differences in the processes that define their evolution. Additionally, it is 

possible that parameterization schema may behave differently depending on the 

geography and topography of the region analyzed. The resulting data could have 

implications for local forecasters on how to approach both temperature and precipitation 

forecasts. 

The only two regular sources of vertical temperature observation in the region of 

study is the Mount Washington ARVP (discussed more in Chapter 2) and twice-daily 

upper-air soundings from National Weather Service in Gray, Maine at 0000 and 1200 

UTC. A field campaign in the White Mountains to deploy temperature and humidity 

sensors along local slopes where CAD frequently occurs could provide a higher temporal 

and vertical resolution of data to compare to the model simulations. 
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