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ABSTRACT 
 
 
 

MONITORING INTERACTIONS BETWEEN CLOUD BASE AND THE  

SUBALPINE-ALPINE ENVIRONMENTS OF THE PRESIDENTIAL RANGE 

by 
 

Joshua Alexander Roberti 
 

Plymouth State University, December, 2011 
 
 
 
 The exposure to clouds has both positive and negative implications to subalpine 

and alpine ecosystems.  In a negative perspective, clouds deposit pollutants considered 

harmful to montane environments (Schlesinger and Reiners 1974; Kimball et al. 1988). 

They also contribute to ice loading and mechanical degradation of the forest, a major 

determinant of where the treeline-alpine ectone boundary exists in the northeastern 

United States (Kimball and Weihrauch 2000).  The purpose of this research was to 

determine the frequency of cloud base occurrence near the treeline-alpine ectone 

boundary of the Presidential Range. 

Different mathematical procedures were performed to acknowledge height 

characteristics of cloud bases within the Presidential Range.  Statistical comparisons were 

generated for cloud data on the east and west side of Mt. Washington.  It was found that 

Mt. Washington’s western slope was subjected to more cloud base interaction than the 

eastern slope.  Principal Components Analysis (PCA) of cloud heights was produced to 

determine how the heights varied with each other within a seventy-kilometer radius 

(mesoscale) of the Presidential Range.  This analysis revealed that cloud base heights 
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fluctuated differently at each site, and more importantly, on the two sides of Mt. 

Washington.  PCA of relative humidity was generated for the eastern slope of Mt. 

Washington (microscale).  This analysis exhibited that the eastern slope had three distinct 

modes of relative humidity.   

Cloud base height data from nearby ASOS/AWOS ceilometers proved to be 

inaccurate representations of cloud heights at Mt. Washington.  Therefore, cloud base 

heights from surrounding areas should neither be extrapolated nor interpolated to account 

for cloud heights within areas of complex terrain.  The use of in-situ hygrometers provide 

an inexpensive solution to the extrapolation / interpolation problem of ceilometer data.  

However, the high degree of topographic heterogeneity and the lack of a high-density 

sampling network, particularly hygrometers, limit the ability to accurately extrapolate or 

interpolate cloud base heights within the Presidential Range.  Therefore, hundreds of 

hygrometers should be deployed throughout the Presidential Range in order to account 

for topographic effects.
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CHAPTER 1 

1.  Introduction and background 

a. Synopsis  

Understanding the subalpine and alpine biota’s exposure to clouds within the 

Presidential Range is important in the effort to determine pollutant and nutrient loading 

and causes of treeline location.  The research presented in this paper investigates the 

frequency of potential interaction between these two variables as part of a larger effort to 

understand climate changes and air pollutant impacts to northeastern subalpine and alpine 

ecosystems.  In order to accomplish this task, three methods were used: 

1) Heights of the lowest reportable cloud base within the Presidential Range were 

computed as functions of wind direction, time of year, and time of day.   

2) Principal Components Analysis (PCA) of cloud heights was produced to 

determine how the heights varied with each other at multiple locations within a 

seventy-kilometer radius (mesoscale) of the Presidential Range. 

 3) PCA of relative humidity (RH) was produced for the eastern slope (base to 

summit) of Mt. Washington. This was a microscale approach.  

The basis of this study began with the works of Matthew Bedard (former 

Plymouth State graduate student) and Dr. Samuel Miller (Associate Professor of 

Meteorology at Plymouth State University).  Bedard (2010, unpublished manuscript), 

compared heights of the lowest, reportable cloud base observed by Mt. Washington’s 

Auto Road ceilometer with RH data recorded by seven hygrometers.  These sensors were 

placed at seven different elevations along the Mt. Washington Auto Road (eastern slope, 

see MWO 2011b).  Relative humidity values were used as a proxy for cloud because it is 
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likely (although not guaranteed) that a cloud is present given a RH of 100% (Wallace and 

Hobbs 2006).  Bedard (2010, unpublished manuscript) created four conditions: true 

positive, false positive, true negative and false negative to classify how well observations 

from the ceilometer and Auto Road RH profile compared to one another.  Additionally, 

he used North American Regional Reanalysis (NARR) to compute composite synoptic 

and mesoscale phenomena that were associated with each of the four conditions.  His 

results displayed that the lowest, cloud height by ceilometer measurement and height of 

the lowest, ‘potential’ cloud (RH) correlated poorly.  Additionally, Miller (2010, 

unpublished manuscript) attempted to determine a dependent relationship between cloud 

heights within the Presidential Range and several different, independent, atmospheric 

variables (e.g. wind direction and speed, Planetary Boundary Layer depth, etc.).  He 

found that cloud height correlated poorly (R2 < 0.2) when considered a function of 

individual atmospheric variables.  Given his results, Miller (2010, unpublished 

manuscript) concluded that cloud heights could not be accurately forecast using this 

method. 

In addition to referencing the works of Bedard and Miller, the following section 

includes background information concerning complex terrain, cloud, and direct 

interactions between the two.  Finally, instrumentation is discussed in order to better 

understand the processes by which cloud and relative humidity are detected, and to 

acknowledge the challenges associated with each. 

b. The Presidential Range 

 The Presidential Mountains, NH (Figure 1), are located in the northern part of the 

Appalachian Mountain Range.  The 11.8 mi (19 km) Ridgeline of the Presidential Range 
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extends northeastward from Crawford to Pinkham Notch (MWO 2011).  This mountain 

range is unique because it contains the highest peak (Mt. Washington, 6288 ft., 1917 m 

ASL) in the northern Appalachians, and a majority of the alpine habitat in the eastern 

United States resides here.  Of the 13.1 mi2 (34 km2) of alpine zones east of the 

Mississippi River, approximately 4.4 mi2 (11.3 km2) are located within the Presidential 

Range, and in total, the alpine and subalpine regions of the Presidential Range cover an 

area of roughly 10.6 mi2 (27.5 km2) (Kimball and Weihrauch 2000).   

 
Figure 1. The Presidential Mountain Range (Image created by Google Earth 2011).  A scale is not 
shown because the view of this image is oblique.  Note: the ridgeline in roughly 19 km in length, the 
Auto Road ceilometer ‘AR’ is 6 km from Mt. Washington’s summit, and the Cog ceilometer ‘cog’ is 4 
km from the summit.  
 

1) CLIMATE 
 

The climate of an area is ultimately determined by four factors: latitude, altitude 

(elevation), distance from large bodies of water, and exposure to regional circulations 
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(Whiteman 2000).  Given its location, New England has a unique climate in comparison 

to other midlatitude regions.  Its proximity to the Atlantic Ocean and influence of three 

different air masses: continental polar (cP), maritime polar (mP), and maritime tropical 

(mT) create a dynamic climate.  Although altitude does not play a large role in the overall 

climate for a majority of New England, it is important for mountainous environments 

such as the Presidential Range.  Since temperature and the effects of friction decrease 

with altitude, environments at higher elevations (subalpine and alpine) endure harsher 

climates (Oke 1979).  Bliss (1963) suggested that the climate of the Presidential Range’s 

alpine zone is comparable to that of the arctic tundra, though this is an overly simplistic 

comparison.  What is obvious is that this harsh environment impedes tree growth and 

gives rise to some of the lowest elevated alpine ecosystems for this latitude in the world 

(Kimball 2011, personal communication).  Krummholz (stunted and crooked trees) mark 

the transition area between alpine and subalpine zones, in a boundary region known as 

treeline.  The treeline within the Presidential Range varies from approximately 3600 ft. 

(~1100 m) to 5600 ft. (~1700 m) ASL (Kimball and Weihrauch 2000).  It has been 

theorized that the northeastern montane treeline is mostly dependent on exposure to wind 

and wintertime snow cover; both can vary greatly within a mountain range (Bliss 1963).  

The variations of these factors within a single mountain range can be related to the 

complexity of terrain and microclimates.   

A microclimate is defined as a specific, small area near the earth’s surface where 

the climate differs greatly from that of the surrounding area (Geiger 1965).  These 

microclimates can enhance or reduce the effects of the overall climate at specific 

locations.  The idea that mountainous terrain consists of countless microclimates is 
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documented in various studies (e.g., Oke 1979; Markus et al. 1991; Whiteman 2000; 

Fridley 2008).  Given the size of the Presidential Range, it is logical to assume that 

multiple microclimates exist.  The fact that the treeline varies greatly in elevation over a 

short horizontal distance (Kimball and Weihrauch 2000) indicates that microclimates and 

topographic features have a major effect on the spatial distribution of biota of the 

Presidential Range.   

Bedard (2010, unpublished manuscript) found that a ceilometer located near the 

eastern base of Mt. Washington and RH sensors located along the eastern slope of the 

mountain were only in agreement half of the time.  The best results occurred when both 

instruments simultaneously reported that no clouds were present.  A “false positive” 

(ceilometer reported clear skies, while RH sensor acknowledged cloud) rate of nearly 

40%, and a “false negative” (ceilometer and RH sensors acknowledged the lowest cloud 

at different heights) rate of about 11% were discovered.  Although he does not 

specifically mention microclimates as a factor, Bedard’s (2010, unpublished manuscript) 

results hint that the complex terrain, and therefore microclimates of Mt. Washington 

might have played a role in the poor correlations between the ceilometer and RH sensors.  

Because of his results, an analysis of RH modes along the eastern slope of Mt. 

Washington was completed for the third part of this research. 

2) CLOUD FORMATION 
 

The formation of clouds is complex.  The microphysical processes of nucleation 

and diffusion are responsible for cloud formation, and can occur synergistically (Young 

1993).  In order for these processes to successfully generate visible water clouds, the air 

must be supersaturated and contain condensation nuclei. Convection, conduction, 
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convergence, lifting along fronts and lifting along terrain (orographic lift) are 

mechanisms in which air may become supersaturated (Danielson et al.1998; Whiteman 

2000).  Once supersaturated, the atmosphere is capable of producing clouds.   

The differences in cloud cover over a region are mostly induced by synoptic-scale 

weather phenomena (Markus et al. 1991; Fridley 2008).  However, localized winds 

within complex terrain can enhance or reduce cloud formation.  These localized wind 

systems spawn as a result of thermal differences within mountain-valley environments, 

and are most noticeable with weak large-scale flow (Oke 1979; Whiteman 2000).  

Anabatic (upslope), channeling winds, and leeside convergence are examples of cloud 

promoting mountain-valley winds normally found in complex terrain.   

In addition to localized winds, other factors of mountain-valley environments 

promote the formation of clouds, for example radiation (valley) fog.  Valley fog forms 

during the overnight hours in a stable environment when there is a net loss of long wave 

radiation at the earth’s surface (Danielson et al. 1998 and Whiteman 2000).  It develops 

when cooling, dense air drains into the valleys, comes into contact with the colder earth’s 

surface and reaches its dewpoint.   

Several studies have used ASOS data from airports to estimate the regional cloud 

ceiling (Richardson et al. 2003).  It is untested as to how the complex terrain of a 

mountain range distorts the extrapolation of these airport cloud data to nearby mountains.  

It is known that nearby low elevation weather data can be problematic when extrapolated 

to nearby mountains (Kimball and Keifer 1988).  This study further compares the validity 

of using nearby airport ASOS/AWOS cloud data sets to actual mountain conditions. 
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3) CLOUD INTERACTIONS 

Given its relatively close proximity (120 km) to the Atlantic Ocean, the 

atmosphere of the Presidential Range is exposed to considerable atmospheric moisture 

that enhances the formation of cloud and fog.  Using data from 1935 through 2004, 

Seidel et al. (2007) found that the summit of Mt. Washington is shrouded in fog 

approximately 57% of the year; summer and fall fog frequency trended upwards during 

this period of record. These findings are of great importance to this study, and may offer 

insight regarding cloud-biota interactions within the Presidential Range. 

Numerous environmental studies (Schlesinger and Reiners 1974; Olson et al. 

1981; Lovett et al. 1982) support the theory that cloud droplet deposition of pollutants on 

subalpine forests may influence red spruce decline in this region.  The enhanced chemical 

input from cloud water deposition is important because the concentration of pollutants is 

greater in cloud than in precipitation (Weathers et al. 1988; Kimball et al. 1998), and 

sites with high elevations are often encased in cloud (Falconer and Falconer 1980; 

Waldman et al. 1982; Lovett et al. 1982; and Dollard et al. 1983).  Therefore, 

determining cloud height patterns within the Presidential Range is ecologically important.  

On these montane environments it is of greater importance to determine the cloud base 

height, rather than the vertical extent of clouds because the highest concentration of 

pollutants is usually found just above the base of a cloud (Markus et al. 1991).  

Determining the height at which cloud base occurs most frequently on the mountain 

range would enhance our understanding of cloud pollutant deposition loads.  The 

challenge is in determining the frequency of cloud occurrence at exact locations or 

elevations within complex terrain.  As stated previously, differences in cloud cover over a 
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region are mostly induced by synoptic-scale weather phenomena.  However, site-specific 

locations in mountainous environments are highly influenced by microscale effects 

(Markus et al. 1991; Fridley 2008).  The resulting microclimates and lack of high-density 

instrumentation is problematic, as illustrated by Bedard (2010, unpublished manuscript) 

where he recorded numerous false negative and false positive readings on the presence of 

clouds.  Microscale effects can cause a cloud to be present on the surface to tens of 

meters of the mountainside while a ceilometer beam may be too far off the mountainside 

to acknowledge a clouds existence.      

b. Instrumentation  

 1) CEILOMETERS    

Laser ceilometers are often used to detect the presence of cloud.  Cloud bases are 

detected with Light Ranging and Detection (LIDAR) technology.  Laser pulses are sent 

out by the ceilometer and then backscattered by clouds.  Using the speed of light and time 

delay between the emitted pulse and detection of the backscattered signal indicates the 

height of the cloud base (Vaisala 2011a).  Unfortunately, precipitation can cause 

problems in detection of cloud height because the precipitation particles attenuate the 

laser pulse (Brock and Richardson 2001).  Although every laser ceilometer operates using 

the same concept, the companies that manufacture ceilometers equip each model with 

different capabilities.  For example, this study used data from six different ceilometers, 

representing three different models of ceilometers (Table 1).  The sites included three 

Automated Surface Observing System (ASOS) and one Automated Weather Observing 

System (AWOS) that used the CT12K model, while the research locations at Mt. 

Washington used both CT25K and LD40 models.  The use of the three different models 
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between six stations caused a slight problem because the vertical resolution, highest 

reportable height, and reportable increments differed for each ceilometer model.  The 

solution to this problem is described in the data and methods section of this paper, but is 

mentioned here as a precursor in order to acknowledge the limitations of our ceilometer 

data.  Additionally, ceilometers are expensive, and only monitor a relatively small area of 

the sky.  Because of this, ceilometer coverage throughout the United States cannot 

represent the effects of most meso and microscale cloud occurrence. 

Table 1. Vertical Resolution and Highest Reportable Cloud Height for three Vaisala Models (NWS 
2005; Vaisala 2006; Vaisala 2011a) 

Ceilometer Model Vertical Resolution (ft.) Highest Reportable 
Height (ft. AGL) 

CT12K 50 12,000 
CT25K 50 25,000 
LD40 25 43,000 

 

It should be noted that the LD40 ceilometer, located at the base of Mt. 

Washington’s western slope, is angled at 60∘ toward the summit of Mt. Clay and not 

toward Mt. Washington.  Although this difference was accounted for and did not 

significantly impact this research, the angle of this LD40 is presented in order to instruct 

the reader that this ceilometer did not monitor conditions in the very same manner as the 

CT25K.  The CT25K ceilometer (located at the base of Mt. Washington’s eastern slope) 

is not tilted, and monitors cloud conditions directly above its location. 

2) HYGROMETERS 

Hygrometers are used to attain the RH of the atmosphere.  For the third portion of 

this research, RH data from seven Vaisala HMP45 hygrometers were acquired.  The 

HMP45 probe is designed to measure the temperature, dewpoint, and relative humidity of 
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the atmosphere.  Unfortunately, the HMP45 has an error rate of +/- 3% RH with values 

above 90% (Vaisala 2011b).  However, these seven probes provided valuable data for 

this research and without them microscale data would have been nonexistent.  Bedard 

(2010, unpublished manuscript) considered a cloud to be present if the RH value at any 

given sensor was 97% or higher, while Markus et al. (1991) considered the onset of cloud 

to occur with a sharp rise in RH to approximately 100% followed by a leveling off (both 

are considered subjective approaches). Although the thresholds used by Bedard (2010, 

unpublished manuscript) and Markus et al. (1991) can theoretically over predict cloud 

occurrence, they account for the error rates of their respective RH sensors. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



11 
 

CHAPTER 2 
 
 
2.  Data and methodology 
 
a. Data 

 
1) CLOUD  
 

 The first objective of this project consisted of gathering hourly cloud data from 

both Mt. Washington ceilometers and four surrounding ASOS/AWOS stations (Table 2).  

Table 2. Locations of ceilometers (AOPA 2011; FAA 2011; K. Kimball, AMC, 2011, personal 
communication); heights are displayed in units of feet and meters 
Site: Alt. (ft.) ASL Lat. (dN): Lon. (dW): 

Mt. Washington’s Auto Road 
ceilometer (East side) 

1561 (476 m) 44.289 -71.228 

Mt. Washington’s Cog Railway 
ceilometer (West side) 

2601 (793 m) 44.272 -71.358 

K1P1 - Plymouth, NH 505 (154 m) 43.779 -71.754 
KBML - Berlin, NH 1161 (354 m) 44.575 -71.176 

KHIE - Whitefield, NH 1072 (327 m) 44.368 -71.545 
KIZG - Fryeburg, ME 452 (138 m) 43.991 -70.948 

 

Scripts written in the Perl programming language were implemented in order to extract 

and manipulate cloud data from each site.  Raw cloud data from both Mt. Washington 

sites were supplied by Stephen Welsh (2010, personal communication) of the Mt. 

Washington Observatory, while data from each ASOS/AWOS station were decoded from 

raw METARs.  The original dataset from both Mt. Washington ceilometers consisted of 

multiple years of data, but much of the data were missing for extended periods of time.  

The most ideal dataset (least discrepancy) spanned from January 2008 through November 

of 2009.  However, in order to equally account for each season, the dataset was truncated 

to one continuous year spanning from June 1, 2008 through May 31, 2009.  The final 

dataset consisted of one year’s worth of hourly heights (ft. AGL) of the lowest reported 
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cloud base.  The cloud heights recorded by the LD40 were previously adjusted to correct 

for the tilt of the ceilometer, and all values are represented in units of feet AGL with 

respect to the ground level at the site where the ceilometer is positioned (Ken Rancourt, 

WMO, 2011, personal communication). 

2) RELATIVE HUMIDITY 

Hourly, averaged, relative humidity data from seven Vaisala HMP45 sensors 

located on Mt. Washington were acquired.  Six of these sensors are located along Mt. 

Washington’s Auto Road (eastern slope), and the seventh is located atop the mountain’s 

summit (Table 3).  Like the cloud dataset, this dataset spanned from June 1, 2008 through 

May 31, 2009.   

Table 3. Locations and altitude of Mt. Washington’s weather stations (MWO 2011) 
Site: Height (ft.) ASL Lat. (dN): Lon. (dW): 

1 1600 (488 m) 44.289 71.227 
2 2300 (701 m) 44.280 71.248 
3 3300 (1006 m) 44.288 71.267 
4 4000 (1219 m) 44.295 71.279 
5 4300 (1311 m) 44.289 71.280 
6 5300 (1615 m) 44.283 71.289 

7 (summit) 6288 (1917 m) 44.271 71.304 
 

 Unfortunately there were no relative humidity data for the Cog Railway (western) 

side of Mt. Washington.  The only data for the western side of the mountain were the 

cloud data gathered by the Cog Railway ceilometer.  Therefore, a RH analysis was only 

completed for Mt. Washington’s eastern slope. 

b. Methodologies 

 1) COMPARISIONS  

For this portion of the research, the cloud data were binned, and designated a 

centroid height. This process was completed in order to represent the vertical profile of 
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cloud occurrence on both sides of Mt. Washington (Table 4) in a simple manner.  Since 

ceilometers in the United States of America are programmed to report cloud heights in 

units of feet, the bin sizes and centroid heights were created with respect to units of feet.  

The units were also converted to meters and are shown in Table 4. 

Table 4. Cloud base heights and corresponding centroid bin heights.  All heights are listed in units of 
feet AGL.  

Cloud Base Height  
[ft. AGL] 

Cloud Base height  
[m AGL] 

Centroid Bin 
Height [ft. AGL] 

Centroid Bin 
Height [m AGL] 

0 - 600 0 – 183 350 107 
700 - 1200 214 – 366 950 290 
1300 - 1800 396 – 549 1550 472 
1900 - 2400 579 – 732 2150 655 
2500 - 3000 762 – 914 2750 838 
3100 - 3600 945 – 1097 3350 1021 
3700 - 4200 1128 – 1280 3950 1204 
4300 - 5000 1311 – 1524 4650 1417 
5500 - 6500 1676 – 1981 6000 1829 
7000 - 12000 2134 – 3658 9000 2743 

CLR (<12000) CLR(<3658) 9999 3048 
 

Although both of Mt. Washington’s ceilometers are capable of reporting cloud 

much higher than 12,000 ft. (3658 m) AGL, the ASOS/AWOS ceilometers only report 

cloud bases up to this height.  Therefore any cloud occurrence over that benchmark was 

discarded due to the limitations of the ASOS/AWOS ceilometers.  Furthermore, cloud 

occurrence above the height of Mt. Washington’s summit (6288 ft. / 1917 m ASL) is of 

little to no importance to this study because this research focuses on the direct interaction 

of cloud with alpine and subalpine environments. 

An area known as the Surface – Summit (S-S) Region was created for each side 

of Mt. Washington.  This region extended from the surface to 5000 ft. (1524 m) AGL and 

from the surface to 4200 ft. (1280 m) AGL on the eastern and western sides of Mt. 
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Washington, respectively (Figure 2).  The reason for creating this area was to account for 

the frequency of cloud that directly interacted with Mt. Washington via deposition.   

 
Figure 2. Simple diagram of Mt. Washington.  The bins are displayed by boxes located above each 
ceilometer and are denoted by numbers 1 through N.  Each S-S region is shown in the color gray.  
This diagram is not drawn to scale. 
 

Comparisons and generalizations to cloud heights within the S-S region were 

made with wind direction, time of year, and time of day upon completion of the binning 

process.  850 hPa wind analyses consisting of U and V wind components from the North 

American Regional Reanalysis (NARR 2011) were acquired for the one-year time period 

of this study. The 850 hPa level was chosen because it is the closest “mandatory” level to 

the mean annual station pressure of 802 hPa (Seidel et al. 2007) at Mt. Washington’s 

summit.  Barnes (1964) analysis was used to interpolate the data to the exact locations of 

both Mt. Washington ceilometers (Miller 2010, unpublished manuscript).  Unfortunately, 

the NARR (2011) data were not hourly, but three-hour datasets based on cardinal and 

sub-cardinal hours (00, 03, 06, 12, 15, 18, and 21 GMT).  All binned data not falling on 

30�	  

Rotated 
angle 
pointing 
towards Mt. 
Clay 
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these hours were discarded for this portion of the research.  The wind data were broken 

down into oktas of 45° (Figure 3).  A frequency analysis comparing wind direction with 

centroid height was completed for each date (incremented at 3 hours). 

 

Figure 3. Wind Rose with numbered wind sectors.  Sectors are in 45 degree segments.  

The second and third analyses compared centroid height with time of year and 

time of day.  Frequency values of each centroid height with respect to time of year 

(season and month), and time of day were output. Each analysis was done independently. 

Upon completion, all the data were analyzed for bulk statistics.  These were 

generated with respect to each wind sector and with respect to total hours of the dataset.  

The statistical analyses were generated in this fashion in order to depict how frequently 

wind prevailed from certain directions, and how frequent the occurrence of cloud was 

with respect to each prevailing wind direction.  Statistics for time of year and day were 

made with respect to each season, month, and three hour increment of a day; these were 

not generated with respect to total hours of the dataset because they are not arbitrary 

factors.  

2) PRINCIPAL COMPONENTS ANALYSIS 

 Numerous atmospheric studies have made use of Principal Components Analysis 

(PCA) to study patterns within observational data (e.g., Clarke and Peterson 1973; 
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Dreveton and Guillou 2004; Hannachi et al. 2007; Hardy and Walton 1978; Stidd 1967). 

The purpose of PCA is to create a set of uncorrelated or orthogonal data that represent a 

high percentage of the original data’s variance, while using fewer variables (Dreveton 

and Guillou 2004). Clarke and Peterson (1972) found that eight (less than half of their 

original components) principal components explained over 94% of the variance between 

the urban heat island effect, land use purposes, and surface air temperature of St. Louis, 

Missouri.  Miller and Shippee (2008, unpublished manuscript) established that seven 

principal components accounted for 90% of the variations in background levels of 

atmospheric radioactivity around the Seabrook, New Hampshire civil nuclear reactor.   

Stidd (1967) used PCA to examine the precipitation climate within Nevada, and found 

that out of his sixty original components, three principal components accounted for 93% 

of the original data’s variance.   The use of PCA has proven beneficial because it allows 

researchers to determine the influence of each factor in a group of multiple (sometimes 

hundreds of) factors.  A step-by-step analysis of PCA is described below. 

PCA begins with a collection of observational data, usually taken at one or more 

locations over an extended period of time.  These data are then stored in a rectangular 

matrix.  The general form of this matrix X(t, s) represents the value of an observational, 

scalar parameter, such as surface temperature, at time t and spatial position s (Hannachi et 

al. 2007; Equation 1).  

               

  

€ 
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X11  X1p
  
Xn1  Xnp

⎛ 

⎝ 
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⎟ 
⎟ 
⎟ 
	  	  	  	  	  	  	  	                            (1) 
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The value of surface temperature X at specific time ti, and location sj	  	  is denoted by xij.  

The values of i and j range from 1… n and 1… p respectively.  For this research, the 

matrix consisted of the lowest reported cloud height (ft. AGL) at six locations.   

 Once all the original data are stored in the first matrix, a second matrix is created.  

If multiple atmospheric variables with different units of measurement are used for a study 

(i.e. precipitation, station pressure, wind speed etc.) a correlation matrix is generated.  

However, if all the data consist of one variable, such as cloud height, a covariance matrix 

is generated.  This matrix represents how the observations fluctuate with one another over 

time, and consists of individual covariant coefficients (0 to +1.0).  It is important to note 

two features of the covariance matrix.  First, all data are normalized.  Second, the total 

variance between all the parameters is equal to 1.0 within the covariance matrix. 

Monahan et al (2009) explains the creation of this matrix (Equation 2). 

€ 

C = ΧΧT( ) ,	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  (2) 

where X denotes the original matrix and the	  probabilistic	  expectation	  is	  denoted	  by	  the	  

angled	  brackets. The principal components (PCs) are then defined by:  	  

€ 

Cek = ukek                                                 (3) 

where eigenvectors and associated eigenvalues are denoted by 

€ 

ek  and 

€ 

uk , respectively.  

Principal components are arranged in descending order (k) based on the variance depicted 

by the eigenvalues, and they are considered to be orthogonal or independent from one 

another (Hardy and Walton 1978; Ludwig et al. 2004).  The first principal component 

accounts for a majority of the variance and represents the overall average pattern 

displayed by the original dataset.  The remaining components account for progressively 

smaller amounts of the variance (Stidd 1967). 
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 (i)  Mesoscale  

For this section, PCA was completed with hourly, “raw” cloud base heights 

recorded by each ceilometer.  The three-hour, centroid heights used in association with 

the previous method were not used with this part of the analysis.  Although cloud base 

heights in this section are deemed “raw”, heights were corrected to account for instances 

when a ceilometer reported clear conditions.  Ceilometers that report “CLR” (clear) skies 

are not assigned a cloud height (NWS 2005).  In order to account for this, clear 

conditions were given a height of 13,000 ft. AGL; therefore, the total range of cloud 

heights extended from 0 to 13,000 ft. AGL.  Although this method skewed the data 

towards middle étage cloud heights (6,500 – 23,000 ft. AGL, WMO 1975), the 

occurrence of clear skies below 12,000 ft. AGL accounted for a high percentage of the 

overall data and could not be discarded.  In addition, one more correction was made to 

the cloud heights.  Since the range of reportable height increments differed between the 

CT12K, CT25K, and LD40 ceilometers (NWS 2005; Vaisala 2006, 2011a), the 

reportable increments were broadened to reflect those of the CT12K model (Table 5). 

Table 5. Increments of Reportable Sky Cover for CT12K (NWS 2005) 
Range of Height Values (ft. AGL) Reportable Increment (ft. AGL) 

0 to 5,000 To nearest 100 
>5,000 to 10,000 To nearest 500 
>10,000 to 12,000 To nearest 1000 

	  
The heights from each site were loaded into ‘AirSea’, a Matlab-based toolbox that 

manages meteorological and oceanic data (Miller 2011; Mathworks 2010).  With use of 

this program, the cloud data from all six sites were reduced into six principal 

components.  Contoured depictions of each component were also generated using Barnes 

(1964) analysis.  Each depiction was considered an oscillatory surface, and there were 
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two interpretations for each principal component (forward and backward).  For example, 

the forward interpretation of a component may have depicted that cloud heights were low 

at point A, high at point B, and intermediate (average) at point C.  However, the reverse 

interpretation for the same component would have depicted high cloud heights at point A, 

low heights at point B, and once again intermediate heights at point C.  The variations of 

height depicted by each component were relative to the mean height of each grid point, 

and not to the grid as a whole.  Each component was independently plotted on a 110 X 

80km grid with a grid spacing of 5 km (Figure 4).   

 

Figure 4. Locations of ceilometers denoted by blue stars and numbers: 1) Mt. Washington's Auto 
Road Ceilometer, 2) Mt. Washington's Cog Railway Ceilometer, 3) K1P1, 4) KBML, 5) KHIE, 6) 

KIZG. Mt. Washington’s summit is represented by a black dot (Image created using AirSea 
Toolbox). 
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In order to interpolate variances of cloud height throughout the grid, Barnes 

(1964) Analysis was performed, and each principal component was interpolated onto the 

grid with a 30 km radius of influence extending from each ceilometer.  Within the AirSea 

suite, the first PC was normalized from 0 to +1.0, with 0.5 representing the mean value, 

while the remaining components were normalized from -1.0 to + 1.0, with 0.0 

representing the mean (Miller 2011). 

Specific instances that best matched each interpretation of every PC were 

extracted.  The AirSea Toolbox (Miller 2011) ran through each date within the dataset 

and found dates in which cloud heights best represented each interpretation of every 

principal component.  An upper tolerance level of 5% was chosen for this date matching 

process.  This 5% tolerance level should be thought of as the 95% confidence interval 

used in statistical analyses, in that it allows little room for discrepancy when matching PC 

modes to actual cloud heights on a given date.  Although beneficial, the use of a small 

upper tolerance level can be disheartening because it may only return a small number of 

matching dates.  One way to adapt to this is to increase the tolerance level.  However, 

when this level is increased, the difference between a given principal component and the 

normalized observations also increases.  The quality of the data was more important than 

quantity for this research, and therefore the 5% tolerance level was used. 

The corresponding dates associated with each principal component were fed into 

NOAA’s NARR (2011) website.  This use of this website was of much importance to this 

study because it has the capability of generating composite maps of different atmospheric 

conditions based on dates input by the user.  In order to use the NARR (2011) website, 

the hours of each input date must be reduced from 1-hr to 3-hr intervals. Therefore, the 
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resulting dates for each principal component were rounded to the nearest cardinal or sub-

cardinal hour with the Perl programming language.  Composites of: 

1. Mean Sea Level Pressure (MSLP) 

2. 850 hPa vectors, temperatures, and geopotential heights  

3. 500 hPa geopotential heights  

4. 250 hPa vectors  

were composed for each set of dates associated with each mode of the principal 

components. 

Upon completion, the NARR composites were analyzed.  Different characteristics 

at the specified levels of the atmosphere were depicted in the attempt to classify each 

mode of every PC with specific atmospheric phenomena (Table 6).  Ultimately, this 

method was accomplished in order to back predict the cloud height field using the 

atmospheric scenarios from the NARR composites as a classification.  If the modes of 

each PC can be associated with specific characteristics of the atmosphere, the back 

prediction of cloud height may be possible.  Although the 500 and 250 hPa levels were 

analyzed, close attention was paid to the lower troposphere (i.e. Surface and 850 hPa) 

because this study focused on the boundary layer and lower portion of the free 

atmosphere.  Overall, atmospheric phenomena at the 850 hPa level were deemed as the 

most important rather than those at the surface.  This decision was made for two reasons.  

First, the 32 km resolution used by NARR (2011) cannot account for the complexity of 

terrain located at the earth’s surface.  Additionally, the 850 hPa level gives a better 

representation of synoptic scale patterns without the effects of friction and complex 

terrain.   
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Table 6. Description of atmospheric variables used within this study 
Level Variable Purpose for Analyzing:  

Surface MSLP • Note positions of pressure systems, troughs and 
ridges. 

850 hPa Temperature, 
Geo. Heights, 
and Wind 
Vectors 

• Acknowledge the positions of troughs and ridges 
• Denote wind directions and speed 
• Determine if warm or cold air advection (WAA and 

CAA, respectively) were present 
500 hPa Geo. Heights • Acknowledge the positions of troughs and ridges 
250 hPa Wind Vectors • Acknowledge the behavior and position of the jet 

stream and corresponding jet streak(s) (if applicable) 
 

(ii) Microscale  
 
PCA was also completed for the relative humidity dataset.   This method was 

nearly identical to that of mesoscale PCA, but there were some differences worth noting.  

The grid used for this section was 7 X 4 km with a grid spacing of 0.5 km (Figure 5).  

This dataset had seven components rather than the six associated with the cloud dataset.  

The NARR composites were acquired in the same fashion as the mesoscale analysis.  

However, due to the large number of matching dates associated with each component, the 

composites were generated with respect to each meteorological season, and not to the 

entire year.  Therefore, the analysis from this section was more detailed than that of the 

mesoscale section. 

 



23 
 

 

Figure 5. A) Mt. Washington’s eastern slope (Image created by Google Earth 2011).   The view of this 
image is oblique and therefore a scale is not shown. Note: the ARVP 1600’ hygrometer is 6 km from 

the summit of Mt. Washington. B) Grid of Mt. Washington’s eastern slope (Image created by 
‘AirSea’); both images denote the locations of relative humidity sensors.  
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CHAPTER 3 
 

3. Results 
 
a. Comparisons  
  

1) WIND DIRECTION 
   

Because the cloud data were broken into three-hour increments for this section, 

the available dataset was truncated from 8760 to 2920 hours.  However due to missing 

data, roughly 91.2% (2663 hours) and 96.4% (2815 hours) were of use for the eastern and 

western ceilometers of Mt. Washington, respectively. 

The data display similar trends on either side of Mt. Washington (Figure 6).  As 

noted in the methodology section, the wind data were interpolated to the locations of each 

ceilometer.  Since the ceilometers are positioned roughly 6 mi (10 km) apart, the wind 

frequencies at each side are nearly identical to one another, but do differ slightly.  From 

June 1, 2008 through May 31, 2009, winds with a westerly component were present 86% 

of the year, while winds with an easterly component only accounted for 14% of the year.  

Winds from the WNW were most common, while winds from the ENE were least 

common. Cloud occurrence within the S-S region accounted for approximately 37% of 

total hours at the eastern side and 41% of all hours at the western side of Mt. Washington. 

It is important to keep in mind that the depth of the S-S region on the western side 

of Mt. Washington was smaller than that of the eastern side.  Although the frequency of 

cloud occurrence only differed by 4% between the two sides, the presence of cloud per 

area (occurrence of cloud divided by vertical extent of S-S region) was much greater on 

the western side of Mt. Washington. 
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Figure 6. Histogram showing normalized frequencies of overall hours (red) and S-S cloud (blue) 
occurrences with respect to 850 hPa wind direction for east and west sides of Mt. Washington. 

 Although Figure 6 displays similar trends of wind direction frequency, the 

occurrence of S-S cloud with respect to each wind sector varies greatly (Figure 7).  This 

figure shows that clouds within the S-S region were twice as likely to occur with 

southerly winds when compared to northerly winds at both sides of the mountain.  Note 

that the percentages in Figure 7 are shown with respect to each wind sector and are not 

normalized by overall hours.  For example, on the eastern side, a cloud was present 

within the S-S region 65.5% of the time when a SSE (136-180∘) wind prevailed at 850 

hPa.  However, Figure 6A shows that wind from this direction only occurred 5.2% of the 

entire year.  Therefore, the occurrence of SSE winds at 850 hPa accompanied by cloud 
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within the S-S region was small (3.4% of total hours) on the eastern side of Mt. 

Washington.  On the contrary, a cloud was present 32.6% of the time when winds where 

prevailing from the WNW (271-315∘).  Winds from this direction occurred nearly 34% of 

the year (Figure 6A).  Although cloud occurrence within the S-S region during episodes 

of WNW winds was not that common, these winds occurred most frequently.  Therefore 

the largest frequency of S-S cloud with respect to total hours (11%) occurred with winds 

from the WNW (Figure 6A). 

 
Figure 7. Histogram showing frequencies of S-S cloud occurrence with respect to 850hPa wind 

direction. Percentages are based on total observational hours per wind sector and are not normalized 
by total hours of dataset. 

 



27 
 

The most common height of the lowest cloud base varied greatly with respect to 

each side of Mt. Washington (Figure 8).  It should be noted that the term ‘most common 

height’ will reference that of the lowest cloud base for the remainder of this paper.  The 

eastern side of the mountain displayed the most common height varied (350 to 2750 ft. 

AGL) when accompanied by winds from the NNE to SSW, while 3350 ft. AGL was the 

most common height when accompanied by winds from the WSW to NNW.  On the 

contrary, the western side of Mt. Washington exhibited that the most common height 

varied little with directional change of the 850 hPa winds, and it appears that 350 and 950 

ft. AGL were the most common, lowest heights. 

 
Figure 8. Height(s) of most common, lowest cloud bases with respect to each 850 hPa wind sector.  In 
situations where a blue diamond and red square reside with the same wind sector, both heights had 

identical rates of occurrence. 
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2) TIME OF YEAR 

On either side of Mt. Washington, the occurrence of cloud within the S-S region 

was greatest during fall (Figure 9).  Additionally, the eastern side of Mt. Washington 

displayed a relatively high rate of cloud occurrence during winter.  This is further 

displayed in Figure 10; both November and December of 2008 revealed a high rate of 

cloud occurrence.  However, a large drop off in cloud frequency took place during the 

month of January on the western side of Mt. Washington, but remained fairly high for the 

eastern side.   

 
Figure 9. Histogram showing frequencies of S-S cloud occurrence with respect to season. Percentages 
are based on total observational hours per season, and are not normalized by total hours of dataset. 

 



29 
 

Despite the fact that the Mt. Washington ceilometers are only about 6 mi (10 km) 

apart, cloud occurrence at either side of the summit was quite different (Figure 10).  As 

stated before, the highest frequency of cloud occurrence took place during the month of 

November at both sides of Mt. Washington.  There was a decrease (30%) of cloud 

occurrence from November to March on the eastern side, and a sharp decrease (40%) 

from November to January on the western side.  The lowest frequency of cloud 

occurrence within the S-S region took place in March and January for the eastern and 

western sides of the mountain, respectively.   

  
Figure 10. Histogram showing frequencies of S-S cloud occurrence with respect to month. 

Percentages are based on total observational hours per month and are not normalized by total hours 
of dataset. The numbers 1 through 12 represent the months of January through December. 
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The most common, lowest height as a whole varied greatly throughout the year at 

both sides of Mt. Washington (Figure 11).  The only consistency with respect to cloud 

height occurred on the eastern side from November to February where cloud occurrence 

was most commonly found at 3350 ft. AGL.  There is a noticeable similarity between 

Figures 11 and 8.  Both display that the eastern side of Mt. Washington had a larger range 

of most common cloud base heights, while the western side displayed a smaller range. 

 
Figure 11. Height(s) of most common, lowest cloud bases with respect to each month. In situations 
where a blue diamond and red square are shown for the same month, both heights had identical 

rates of occurrence. 
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3) TIME OF DAY 

  On average, there were minimal fluctuations of S-S cloud occurrence throughout 

the course of a day at both sides of the mountain.  The highest (lowest) frequencies of 

cloud were present at 6 (12) at the eastern side and at 12 (18) GMT at the western side 

(Figure 12).  One important result that is displayed in Figure 12 is the drop off of 

frequency at either side of the mountain.  Although the drop offs do not occur during the 

same time span, both show similar characteristics.  For example, the drop off periods last 

roughly six hours starting at 6 and 12 GMT (highest overall frequency for each side) and 

then end at 12 and 18 GMT (lowest overall frequency for each side). 

 
Figure 12. Histogram showing frequencies of S-S cloud occurrence with respect to hour. Percentages 

are based on total observational hours per hour and are not normalized by total hours of dataset. 
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Figure 13. Height(s) of most common, lowest cloud bases with respect to each hour. In situations 

where a blue diamond, red square, and yellow triangle are shown for the same hour, all heights had 
identical rates of occurrence. 

 

Much like Figures 8 and 11, Figure 13 shows that the eastern side of Mt. 

Washington had a larger variance of cloud base heights. Additionally, this figure exhibits 

that there was little variance of the most common cloud height for the western side.  The 

least amount of variance is portrayed from 0 to 12 GMT.  An interesting feature of this 

figure is the increase in cloud height during the hours of 12 to 15 GMT on either side of 

the mountain. 
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4) SYNOPSIS 

 
Figure 14. Histogram showing overall S-S cloud frequency with respect to overall hours of dataset.  

Note: The 4650 ft. AGL bin falls outside of the S-S region on the western side 

Recall from Figure 8B that the most common cloud heights appeared to fall 

within the 350 and 950 ft. AGL bins for the western side.  Although this is true, Figure 

14B displays that the frequencies of cloud occurrence at 350, 950, 1550, and 2150 ft. 

AGL are all within roughly one percent of each other.  All four of these heights were the 

most common for the western side of the mountain.  With the exception of the 350 and 

950 ft. AGL bins, Figure 14B also shows that cloud occurrence was progressively less 

likely to occur as the elevation increased.  On the contrary, the height of the lowest cloud 
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base present was progressively more likely to occur as the elevation increased from 950 

to 3350 ft. AGL.  

The results displayed in Figure 14 were reanalyzed in order to depict which cloud 

heights could have directly interacted with the treeline of the Presidential Range (Figure 

15).   

 
Figure 15. Replica of figure 14 (including AGL and ASL heights).  The black boxes represent the 
height range of The Presidential Range’s treeline as proposed by Kimball and Weihrauch (2000) 

 
Given the results from Figure 15, direct interaction between cloud bases and areas 

of treeline occurred more frequently on the western side (27.2% of total hours) than on 

the eastern side (21.4% of total hours).  However, the frequency of interaction was nearly 
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identical on both sides of the mountain between 4500 and 5600 ft. (~ 1370 and 1700 m) 

ASL.  Figure 16 further strengthens these results. 

 

 
Figure 16. Replicas of Figures 8, 11, and 13; plot of lowest, most common cloud height with respect to 
A) 850 hPa wind direction B) month C) hour.  The values have been corrected for Sea Level.  “Ties” 

are not shown. 

  Figure 16 clearly shows that cloud occurrence between 3600 and 5600 ft. (~1100 

and 1700 m) ASL was frequent.  There were instances in which heights of the most 

common cloud followed similar patterns.  This was noticeable from the months of July to 

November, and especially throughout the course of the day.   

b. Mesoscale PCA  

 Since the differences in cloud cover over a region are mostly induced by synoptic-

scale weather phenomena (Markus et al. 1991; Fridley 2008), the data from all six 

stations were important for the PCA section of this study.  Although data from all six 

stations were used, the overall focus of this study was concerned with cloud conditions 

within the Presidential Range.  Because the two ceilometers at Mt. Washington are the 

only ceilometers located within the Presidential Range, special attention was given to 

their data.  However, it must be kept in mind that their data (displayed in Table 3.1) are 

not entirely accurate.  As noted earlier, any time that the sky conditions were reported as 

A B C 
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“CLR” (clear), heights of 13,000 ft. (3962 m) AGL were assigned.  Since clear conditions 

were reported for nearly half of the overall hours at each ceilometer in this study, the 

statistics show the mean cloud heights are much closer to 13,000 ft. AGL since this was 

the dummy value given to clear conditions.   

Table 7. Bulk Statistics for both Mt. Washington ceilometers 
Ceilometer Min. (ft.) 

AGL 
Max. (ft.) 

AGL 
Mean (ft.) 

AGL 
Variance St. Dev. (ft.) 

AGL 
Auto Road 100 

(30.5 m) 
13,000 
(3,962 m) 

8,500 
(2,591 m) 

2,364 4,800 
(1,463 m) 

Cog 100 
(30.5 m.) 

13,000 
(3,962 m) 

7,800 
(2,377 m) 

2,927 5,400 
(1,646 m) 

 

 More than three quarters of the total variance for the six sites was explained by 

half of the principal components.  The first principal component accounted for more than 

half of the total variance, while principal components one through three explained nearly 

80% of the total variance (Table 8).  The number of matching dates with respect to each 

principal component was sufficient (with the exception of PC 1) to create NARR 

composites using an upper tolerance level of 5%.  Unfortunately, PC 1 only returned 10 

matching dates, and all were related to its reverse mode (Table 9).   

Table 8. Displays principal components with corresponding variance. Column 1 displays the 
principal component. Column 2 displays the percentage of variance for each component.  Column 3 

displays the running sum of variance. 
PC  Variance (%) Cumulative Variance (%) 
1 52.139 52.139 
2 15.3299 67.4689 
3 12.0185 79.4874 
4 9.6512 89.1386 
5 5.9159 95.0545 
6 4.9455 100 
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Table 9.  Displays the number of matching dates for each interpretation of all the principal 
components; the numbers in red are representative of the dates used to generate NARR composites.   

PC # Forward Reverse 

1 0 10 

2 168 84 

3 125 87 

4 78 76 

5 105 104 

6 0 0 

 
In order to understand the nature of the contoured interpretations for each 

principal component (PC), the cloud field should be thought of as a varying surface.  This 

surface is capable of fluctuating (vertically) concurrently at different spatial and temporal 

scales.  A good way to visualize this is to imagine different sized objects dropping onto a 

trampoline at different rates.  Dropping a cannonball will cause the trampoline’s surface 

to vary up and down slowly in one area, while dropping a baseball will cause the 

trampoline’s surface to fluctuate up and down at a fast rate in another area of the 

trampoline.  The cannonball will cause the trampoline’s surface to vary (spatially) a great 

deal more than the baseball.  The role of PCA is to determine the magnitude at which 

each object (component) varies the surface of the trampoline (or in this case, the cloud 

field).   
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Figure 17. Principal component 1.  A) Output from ‘AirSea’; the numbers located on the contours 

represent the forward mode. Variance values range from 0.0 to +1.0 and contour intervals are shown 
in 0.05 increments.  The black dots represent ceilometer locations. The cross-sections of variance are 

displayed in B) forward mode, C) reverse mode. 

PC 1 exhibits a “bulls-eye” pattern and overall there is variance of 10 - 25% from 

the mean cloud height at every location on the grid (Figure 17).  Recall that the first PC 

was normalized from 0.0 to +1.0, while the remaining PCs were normalized from -1.0 to 

+1.0.  The variance was smallest at, and to the east of Mt. Washington’s Auto Road 

ceilometer, and increased slightly toward all other sites.  The forward interpretation 

indicated that cloud heights at all points of the grid were higher than normal, while the 

reverse interpretation reveals that the cloud heights across the grid were lower than 

normal.  It is important to keep in mind that while the variance at two separate points 

across the grid may be the same (e.g. +0.7), the actual cloud heights (ft. AGL) may not be 

the same because the data were normalized relative to each grid point, and not to the 

entire grid. 
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Although there were only ten matching dates, a rough visual of the atmosphere 

was still acquired for instances when the reverse mode of PC1 was dominant (Figure 18).  

The 250 hPa vectors (Figure 18A) show a wind minimum in southern Quebec, and a 

trough over New England.  The Presidential Range did not fall within any sector of the 

jet streak associated with the trough.  The 500 hPa geopotential heights (Figure 18B) 

display a trough over New England.  Analyses of the 850 hPa charts exhibit CAA with 

northwest winds at 5 m/s (Figure 18C, D, and E).  The MSLP chart displays that the 

Presidential Range fell within a transition zone between High and Low pressure (Figure 

16F).  Written summaries of NARR composites for each PC are located toward the end of 

this section in Table 10. 
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Figure 18: Mesoscale PC 1 (R) NARR composites; A) 250 hPa vectors B) 500 hPa geopotential 

heights C) 850 hPa Temperatures D) 850 hPa vectors E) 850 hPa geopotential heights F) MSLP 

A B 

C D 

E 
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PC 2 is displayed in Figure 19.  The “bulls-eye” pattern represented by this 

component highly resembles that of PC 1.  However, unlike the first PC, the variance of 

PC 2 was greatest at, and to the east of Mt. Washington’s Auto Road ceilometer.  The 

forward interpretation shows that the heights in this region were higher than those of the 

surrounding areas with respect to each of their mean values.  On the contrary, the reverse 

interpretation exhibits that cloud heights were lowest within this region, but higher at the 

surrounding sites.  Both modes of PC 2 returned matching dates; 67% of dates 

corresponded to the forward interpretation, while 33% were associated with the reverse 

interpretation.   

 
Figure 19. Principal component 2.  A) Output from ‘AirSea’; the numbers located on the contours 

represent the forward mode. Variance values range from -1.0 to +1.0 and contour intervals are 
shown in 0.1 increments. 

 
The pattern of PC 3 (Figure 20) is similar to that of the first two components, but 

is shifted to the west.  This component also displays a “bulls-eye” pattern with the largest 
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variance from mean located at, and to the west of Mt. Washington’s Cog Railway 

ceilometer.  The forward interpretation reveals cloud heights were highest in this region 

of the grid, with lower heights farther away from the “bulls-eye”.  The reverse 

interpretation naturally reveals the exact opposite; lowest heights at, and to the west of 

the Cog ceilometer, with highest heights furthest away from the “bulls-eye”.  Both modes 

of PC 3 revealed 212 combined dates, with 59% and 41% belonging to the forward and 

reverse modes, respectively.   

 
Figure 20. Principal component 3.  A) Output from ‘AirSea’; the numbers located on the contours 

represent the forward mode. Variance values range from -1.0 to +1.0 and contour intervals are 
shown in 0.1 increments. 

PC 4 (figure 20) displays a NW – SE height gradient, and maximum variance 

(30% from the mean) was found in the northern and southeastern sectors of the grid.  The 

pattern depicted by this component does not resemble those of the first three components 

because it lacks a “bulls-eye” pattern. Additionally, PC 4 revealed that the heights of 

clouds at each side of Mt. Washington fluctuated in the same manner.  There was a total 



43 
 

of 154 matching dates for PC 4; with a near equal distribution of dates matching both 

modes. 

 
Figure 21. Principal component 4.  A) Output from ‘AirSea’; the numbers located on the contours 

represent the forward mode. Variance values range from -1.0 to +1.0 and contour intervals are 
shown in 0.1 increments. 

 
Since PCs 5 and 6 barely accounted for 11% of the total variance, both were 

considered to be insignificant and were not investigated further.   

There were many atmospheric similarities between PCs (Table 10).  For instance, 

all components were associated with CAA and westerly winds at 850 hPa, troughs at 500 

hPa and 250 hPa, and near to above average pressure at the surface.  The MSLP 

composites all exhibited an area of high pressure to the southwest of New England, and 

an area of low pressure to the northeast of New England.  The central locations of these 

systems were usually over 1000 km away from the Presidential Range.    

There were some differences in regard to the atmospheric conditions associated 

with each of the components, but these differences were rather small.  First, the positions 
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of the troughs in the upper atmosphere varied, but were either located directly above 

(vertically), or a few hundred kilometers upstream (generally to the west) of the 

Presidential Range.  Second, the NARR composites associated with PCs 2 and 3 

demonstrated that the Poleward Entrance Region of a jet streak was located in the 

atmosphere above (vertically) the Presidential Range, while the Equatorward Entrance 

Region of a jet streak was located overhead during instances when PC 4 was dominant.  

Additionally, the CAA associated with each mode of the components was not as 

prominent with some modes, but is for others. 

Table 10. NARR summaries for mesoscale PCA.  (F) represents the forward mode; (R) represents the 
reverse mode.  The description of Transition denotes times when neither a High or Low pressure 

system were within 1000 km of the Presidential Range. 

PC # 250 hPa 500 hPa 850 hPa MSLP 

1 (R) N/A; 
Trough 

Trough NW @ 5 m/s; 
CAA 

1017 hPa; 
Transition 

2 (F) P. Entrance; 
Trough  

Trough 
Slightly 

Upstream 

WNW @ 6 m/s; 
CAA 

1013 hPa;  
Transition  

2 (R) P. Entrance; 
Weak Trough 

Trough 
Slightly 

Upstream 

W @ 6 m/s; 
Weak CAA 

1015 hPa; 
Transition 

3 (F) P. (Entrance/Exit) 
Trough Slightly 

Downstream 

Trough WNW @ 7 m/s;  
CAA 

1014 hPa; 
Transition 

3 (R) P. Entrance; 
Trough  

Trough 
Slightly 

Downstream 

W @ 6 m/s; 
Weak CAA 

1015 hPa; 
Transition 

4 (F) E. Entrance; 
Weak Trough 

Trough 
Upstream 

W @ 6 m/s; 
Weak CAA 

1016 hPa; 
Transition 

4 (R) E. Entrance;  
Weak Trough 

Trough WNW @ 6 m/s; 
CAA 

1014 hPa; 
Transition 

 

c. Microscale PCA 

 It should be kept in mind that the relative humidity values used in this study 

ranged from 1 to 100%, and the HMP45 hygrometers had an error rate of +/- 3%.  Bulk 
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statistics revealed that the mean relative humidity values ranged from the upper sixties 

(base) to the mid-eighties (sensors 6 and 7).  The standard deviation demonstrated a 

spread of roughly 5%, with sensor three (ARVP 3300) having the least amount of 

variance and sensor seven (summit) displaying the most.  The range of RH values 

showed an increasing trend from the base to the summit.  Additionally, the average RH 

values from the base to summit tended to increase (with the exception of sensors 4 and 

5). The numbers in Table 11 are presented in order to better understand the characteristics 

of relative humidity at each location along the eastern side of Mt. Washington.  They 

provide extra meaning to the contoured variance patterns associated with each mode of 

the principal components.   

Table 11. Bulk Statistics for each Relative Humidity sensor 
Sensor  Min RH 

(%) 
Max RH 

(%) 
Mean RH 

(%) 
St. Dev. 
RH (%) 

1 12.9 97.0 69.5 19.6 
2 18.5 100.0 79.2 18.5 
3 17.4 100.0 79.5 17.0 
4 5.9 100.0 76.4 21.7 
5 6.4 100.0 78.2 21.3 
6 3.1 100.0 83.5 21.1 
7 0.6 100.0 83.1 23.9 

 

The microscale PCA yielded valuable results.  The first component accounted for 

over 70% of the total variance, while the first three components combined accounted for 

over 99% of the total variance (Table 12).  Unlike the mesoscale analysis there were a 

significant amount of matching dates that corresponded to each mode of the components 

(Table 13).  Since the first three components explained almost all of the variance within 

the system, their modes and associated atmospheric conditions were further explored.  
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Analyses of components four through seven were not further examined due to their lack 

of importance to the system’s overall variance. 

 
Table 12. Principal Components with corresponding variance; Column 1 displays the principal 

component. Column 2 displays the percentage of variance for each component.  Column 3 displays 
the running sum of variance. 

PC  Variance (%) Cumulative Variance (%) 
1 70.799 70.799 
2 17.0921 87.8911 
3 11.6843 99.5754 
4 0.18543 99.7608 
5 0.15912 99.9200 
6 0.06758 99.9876 
7 0.01248 100.00 

 
Table 13. Number of matching dates for each interpretation of all the principal components; the 

numbers in red are representative of the dates used to generate NARR composites.  The numbers in 
black represent the dates which were deemed unimportant due to lack of matches. 

PC # Forward Reverse 

1 1197 0 
2 2121 314 
3 498 931 

 
 Since the NARR (2011) website limits the amount of dates that can be used for a 

composite, the values in Table 13 were reduced to cardinal and sub-cardinal increments 

with the use of a Perl script.  Although some of the dates were discarded during this 

method, the amount of remaining data available for each component was sufficient.  In 

addition to reducing the number of dates, the data were also broken down into 

meteorological seasons (Table 14).  This task was accomplished in order to conceive a 

more precise description of the atmosphere for each mode of the principal components. 

Table 14. Final number of matching dates for each principal component and respective mode. 
Season PC 1 (F) PC 2 (F) PC 2 (R) PC 3 (F) PC 3 (R) 

Fall 162 296 44 55 146 
Winter 155 136 21 78 133 
Spring 173 156 84 120 128 

Summer 201 244 11 23 172 
TOTALS 691 832 160 276 579 
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 The contoured pattern of PC 1 indicates that the relative humidity at the summit 

and base acted in the same manner, while the mid-section reacted differently (Figure 22).   

 
Figure 22. Principal component 1.  A) Output from ‘AirSea’; the numbers located on the contours 
represent the forward interpretation.  Variance ranges between values of 0.0 and +1.0.  Contour 

intervals are shown in 0.1 increments.  Black dots represent locations of RH sensors. B) Variance of 
forward interpretation; C) Variance of reverse interpretation.  Both B and C are depicted from A to 

A’. 

There was an insignificant gradient (difference of variance) between sensors 3, 4, 

and 5.  However, these three stations displayed the most variance from their respective 

mean conditions.  The forward (reverse) mode suggests that conditions were moister 

(drier) halfway up the eastern side of Mt. Washington, but continually drier (moister) 

toward the summit and base with respect to each location.  Average RH values resided in 

between stations 1 and 2, and also just below the summit.  It is intriguing that absolutely 

no dates were found to match the reverse mode of this component.  
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 The contoured diagram of PC 2 is similar to that of PC 1, but there was little to no 

variance at the mid-levels of Mt. Washington’s eastern side (Figure 23).  Given the 

amount of matching dates returned, the forward mode of this component occurred almost 

seven times more frequently than the reverse mode.  Both modes demonstrated that the 

relative humidity values at sensors 3, 4, 5, and 6 were close to their mean values.  The 

forward (reverse) mode depicts that both the summit and base had moister (drier) than 

normal conditions. 

 

 
Figure 23. Principal component 2.  A) Output from ‘AirSea’; the numbers located on the contours 
represent the forward interpretation.  Variance ranges between values of -1.0 and +1.0.  Contour 

intervals are shown in 0.1 increments. 
 

The third PC displays a similar gradient to those of the first two principal 

components (Figure 24).  All three components portrayed a SW – NE gradient, which 

extended from the sensor at the summit to the sensor at the base.  Like the second 
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component, the mid-level stations displayed little variance from the mean during each 

phase of this component.  The largest variance existed at the summit and base.  The 

forward (reverse) interpretation of PC 3 exhibited higher (lower) than normal relative 

humidity values at the summit, while the base had lower (higher) than normal values of 

relative humidity. 

 
Figure 24. Principal component 3.  A) Output from ‘AirSea’; the numbers located on the contours 
represent the forward interpretation.  Variance ranges between values of -1.0 and +1.0.  Contour 

intervals are shown in 0.1 increments. 
 
 The results from the NARR composites can be found in Table 15.  Since 

examples of the NARR composites were presented in the mesoscale section, none are 

shown here.  All composites can be found in Appendix B.  Composites for the reverse 

mode of PC 1 were not gathered because no dates were found to be associated with that 

mode.  In addition, NARR composites for components four through seven were not 

gathered since they accounted for less than 1% of the total variance combined.   
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Table 15. NARR summaries for the microscale PCA.    The description of Transition denotes times when neither 
a High or Low pressure system was within 1000 km of the Presidential Range. The WAA accompanied by * 

denote situations where associated winds would normally support CAA. 
PC Season 250 hPa 500 hPa 850 hPa MSLP  

1 (F) Win. P. Entrance; 
T: Upstream 

Zonal Flow WNW @ 10 m/s; 
CAA 

1021 hPa; 
H: Mid-Atlantic States 

 Spr. P/E. Exit; 
Zonal Flow 

Weak T WNW @ 6.5 m/s; 
CAA 

1018 hPa; 
Transition  

 Sum. P. Entrance; 
Zonal Flow 

Zonal Flow WNW @ 5.5 m/s; 
Weak CAA 

1014 hPa; 
Transition 

 Fall E. Exit; 
Zonal Flow 

Weak R: Slightly 
Upstream 

NW @ 6 m/s; 
West: WAA; East: CAA 

1022 hPa; 
H: New York 

2 (F) Win. E. Entrance; 
R 

T: Upstream,  
R: Downstream 

SW @ 11.5 m/s; 
Weak WAA 

1010 hPa; 
L: S. Quebec 

 Spr. N/A; 
T: Upstream 

T: Upstream,  
R: Downstream 

SW @ 5.5 m/s 
West: CAA; East: 

WAA 

1009 hPa; 
L: S. Quebec 

 Sum. N/A; 
T: Upstream 

T  SW @ 3.5 m/s; 
Weak WAA 

1010 hPa; 
L: S. Quebec 

 Fall P. Exit; 
T: Upstream 

T : Slightly 
Upstream 

SW @ 5 m/s; 
West: CAA; East: WAA 

1013 hPa; 
L: S. Quebec 

2 (R) Win. E. Entrance; 
R 

R: Slightly 
Upstream 

NW @ 11.5 m/s; 
Weak CAA 

1025 hPa; 
H: New England/ Mid-

Atlantic States 
 Spr. E. Exit; 

Zonal Flow 
R: Slightly 
Upstream 

WNW @ 5.5 m/s; 
West: WAA; East: CAA 

1025 hPa; 
H: New York/ Vermont 

 Sum. N/A; 
Strong R 

Strong R NW @ 4 m/s; 
WAA* 

1023 hPa; 
H: Off New Jersey Coast 

 Fall N/A; 
R: Upstream 

Strong R: 
Slightly 

Upstream 

NNW @ 6 m/s; 
West: WAA; East: CAA 

1026 hPa; 
H: New York/ Vermont 

3 (F) Win. P. Exit; 
T: Upstream 

Weak T: Slightly 
Downstream 

NW @ 11.5 m/s; 
CAA 

1022 hPa; 
H: Mid-Atlantic States 

 Spr. P. Exit; 
Zonal Flow 

R: Upstream,  
T: Downstream 

WNW @ 6 m/s; 
West: WAA; East: CAA 

1024 hPa; 
H: New York 

 Sum. N/A; 
R 

R: Slightly 
Upstream 

NW @ 5.5 m/s; 
WAA* 

1018 hPa; 
H: Bermuda 

 Fall N/A; 
R: Upstream 

 

R: Slightly 
Upstream 

NW @ 5.5 m/s; 
Weak: CAA 

1025 hPa; 
H: New York 

3 (R) Win. P. Entrance; 
T: Upstream 

Weak T WNW @ 11 m/s; 
CAA 

1017 hPa; 
H: Mid-Atlantic States 

 Spr. P/E. Exit; 
Zonal Flow 

Weak T WNW @ 8.5  m/s; 
CAA 

1017 hPa; 
Transition 

 Sum. P. Entrance; 
Weak T 

Weak T WNW @ 5.5  m/s; 
CAA 

1013 hPa; 
Transition 

 Fall P. Entrance; 
Weak T 

Weak T WNW @ 7 m/s; 
CAA 

1019 hPa; 
H: Mid-Atlantic States 
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The NARR composites revealed more promising results for this PCA than for the 

mesoscale PCA because many meteorological differences existed between principal 

components.   The atmospheric phenomena associated with components 1 (F) and 3 (R) 

were very similar.  A weak trough or zonal flow was present at both 250 and 500 hPa 

levels, CAA was dominant at 850 hPa and the pressure at the surface was increasing as a 

high pressure system began to make its way in from the southwest.  Additionally, it is 

interesting to note that the contour pattern of these modes revealed similar variance from 

the mean value at the summit; the driving mechanism and atmospheric response to these 

components may be identical.   

The state of the atmosphere was nearly identical during instances when PC 2 (R) 

and PC 3 (F) were dominant.  The composites for both components demonstrated the 

influence of amplified high pressure at the surface, and a ridge overhead or upstream 

from the Presidential Range.  In addition to these findings, the variance at the lower 

stations was nearly identical.   

 The only component that did not share any atmospheric conditions with any of the 

other components was PC 2 (F).  In this case, a distinct area of low pressure was always 

centered over southern Quebec at the surface.  A trough was always located overhead or 

upstream in the upper troposphere, and the Presidential Range fell into the warm sector of 

a mid-latitude cyclone.  Additionally, this component was the only one associated with 

southwest winds. 
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CHAPTER 4 

4. Discussion  

a. Comparisons  

The data in this project revealed that westerly winds at 850 hPa were prevalent on 

either side of Mt. Washington.  This was expected because the Presidential Range resides 

in the midlatitudes. 

The presence of cloud within the S-S region accounted for 37% of total hours at 

the eastern side and 41% of all hours at the western side of Mt. Washington.  Although 

the Cog Railway ceilometer was tilted toward the summit of Mt. Clay, and therefore 

monitored conditions closer to the western slope of the Presidential Range, it is 

concluded that this tilt had minimal impact on the enhanced cloud occurrence at the 

western side of Mt Washington (refer to Appendix C).  The data demonstrated that there 

was a greater chance of cloud occurrence when the prevailing wind had a southerly 

component.  Given the results from Miller (2010, unpublished manuscript), it cannot be 

assumed that wind direction was the sole cause of cloud formation.  However, it can be 

assumed that the higher frequency of cloud was most likely due to the advection of 

maritime air masses.  The transport of these moist air masses is usually associated with 

the approach of a low pressure system, and/or the passing of a warm front; both imply 

southerly flow.  On the contrary, northerly winds commonly advect cool, dry air into the 

study area.  Therefore it is not unexpected that the rate of cloud occurrence with respect 

to northerly winds was lower than that associated with southerly winds.   

The height of the most common cloud base with respect to wind varied greatly at 

each side of Mt. Washington.  It occurred more often at lower elevations with respect to 
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the ceilometer’s ground level on the western side, while the exact opposite occurred on 

the eastern side.  The height characteristics of clouds on the western side may be 

representative of different atmospheric scenarios; upslope cloud/fog, valley fog, elevated 

fog (low stratus).  Since upslope cloud/fog is a response to air that is forced to rise as it 

encounters a barrier, and winds with a westerly component were present 86% of the time 

at Mt. Washington, it may reasonably be concluded that the combination of these two 

factors may have been partially responsible for the high frequency of low level cloud.  In 

the absence of moderate to strong winds, valley fog and elevated fog may also help to 

explain the high frequency of low level cloud that occurred on the western side of Mt. 

Washington.  This is concluded from analyzing Figures 8B, 13B, and 14B, where the 

most common clouds were dominant at heights of 350 and 950 ft. AGL.  Figure 8B 

displays that these two heights prevailed when accompanied by winds from all directions 

with the exception of those from the WNW.  Figure 13B depicts that valley/elevated fog 

seemed dominant during the overnight hours (0 to 12 GMT).  Overall, it is concluded 

from Figure 14B that both types of fog were dominant with respect to total hours of the 

dataset.  Despite this, the eastern side of Mt. Washington was most likely not influenced 

by valley/elevated fog as often as the western side.  This is clearly portrayed in Figure 

14A; cloud heights of 350 and 950 ft. AGL were the least common heights on the eastern 

side.  The theory that valley and elevated fogs occurred more frequently on the western 

side and less on the eastern side may have been due to differential heating of the surface 

due to the complexity of terrain.  It can be assumed that the eastern slope of Mt. 

Washington received more sunlight than its western counterpart (especially during winter 

months) due to the orientation of ridgelines within the Presidential Range. 
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Other comparisons between cloud height and time of day revealed a distinct 

pattern on each side of Mt. Washington. The most common cloud height on the western 

side continually increased in elevation at both sides of Mt. Washington between 12 and 

15 GMT (Figure 13).  Since the eastern time zone is either four (EDT) or five (EST) 

hours behind GMT throughout the year, the hours from 12 to 15 GMT include the period 

of time when the sun rises and begins to heat the Earth’s surface, which in turn heats and 

mixes the atmosphere; thus creating the convective boundary layer.  The increase of 

elevation for the most common cloud height during the hours of 12 and 15 GMT was 

most likely a response to this.   

Some similarities of cloud trends were present for both sides of Mt. Washington 

with respect to time of year.  A high frequency of cloud occurrence was present within 

both S-S Regions during the months of November, December, and January (eastern side).  

Further investigation revealed that three (K1P1, KHIE, KBML) of the four surrounding 

ASOS/AWOS sites had above average frequencies of low étage cloud (bases < 5000 ft. 

AGL; WMO 1975) during the months of November and December.  Additionally, 

analyses demonstrated that the ‘low cloud area fraction’ (mean hours that low clouds 

were present, NARR 2011) for northern New England ranged from 55 to 65% for the 

months of November and December of 2008 (Appendix A).  This means that the high 

frequency of low cloud occurrence was widespread throughout the region, and was most 

likely caused by synoptic phenomena.   

b. Mesoscale PCA 
 
 It cannot be assumed that the atmospheric conditions presented in the PCA 

section were solely responsible for cloud height variations across the region during the 
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study period.  Many other atmospheric and geographic factors can play a role in the 

variation of cloud height.  Factors such as the effects of complex terrain cannot be 

captured by conventional NARR composites.  In addition, the lack of data availability 

(ceilometer coverage) for this project inhibited findings of microscale and possibly some 

mesoscale phenomena that affected cloud height variation.  The only valid conclusions 

that can be made are assumptions and correlations between the modes of each PC and 

atmospheric conditions associated with them.   

It must be kept in mind that multiple components can occur simultaneously.  

Therefore, the results of the date matching process associated with each mode of a 

particular component were only representative of instances that correlated best with an 

individual component, and not multiple components.  Out of 8760 hours (an integral 

year), a total of 837 dates (Table 9) were found to match individual components.  

Therefore, roughly 10% of the time cloud heights in the atmosphere closely matched 

(tolerance level of 5%) the distinct pattern of a particular component.  Given this, it can 

be concluded that 90% of the time there were different combinations of components 

affecting the distribution of cloud height across the region. 

PC 1 displayed variations affecting the region as a whole, and the reader is 

reminded that this component represented the overall “average” pattern of the data.  The 

contours of PC1 exhibited that variation from the mean cloud height at each location took 

place during instances when either mode (forward and reverse) was present.  Cloud 

heights at each station tended to be located at higher than normal elevations in response 

to the forcing mechanism of PC 1’s forward mode.  Despite this, the “bulls-eye” pattern 

of Figure 17 demonstrates that although all cloud heights were above normal, they did 
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not vary in the same manner.  This same concept applies to the reverse mode of PC 1; 

however its forcing mechanism caused cloud heights to be lower than normal.  The lack 

of matching dates associated with both modes of the first component represent that its 

effects were disguised by those of other components during many instances.  The fact 

that only 10 dates were found for both modes of this component is intriguing, yet not 

ideal.  Due to the lack of dates, little to no conclusions can be made from the NARR 

composites.  

Although the second component displayed a nearly identical contour pattern to 

that of PC 1, the reader is reminded that all components are orthogonal and independent 

from one another.  However, since the center of the “bulls-eye” was located in the exact 

same position within figures 17 and 19, the driving mechanisms associated with the first 

two components may be closely related.  Despite this, it seems likely that the two 

components had different frequencies and phases of occurrence.  In other words, the first 

component most likely fluctuated up (forward) and down (reverse), at slower speeds than 

the second component.  Therefore, a majority of the time the two components were out of 

phase from one another.  The forward (reverse) mode of this component displayed that 

cloud heights at, and to the east of Mt. Washington’s Auto Road ceilometer were higher 

(lower) than normal.  This is an interesting result because the forward (reverse) mode of 

PC 2 was nearly identical to that of the reverse (forward) mode of PC 1.   

The third component exhibited that the Cog Railway and KHIE sites shared 

similar qualities; both tended to fluctuate concurrently.  Additionally, this component 

revealed a comparable “bulls-eye” pattern to those of PC’s 1 and 2, but was shifted to the 
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west. Like the first two components, PC 3 displayed that there was a slight, but distinct 

difference between the cloud height variations at both Mt. Washington sites.   

Since the first three components exhibited a “bulls-eye” pattern, the driving 

mechanisms associated with each component were most likely related.  This is further 

strengthened by the fact that the NARR composites only demonstrated small differences 

with respect to synoptic scale conditions associated with each component.  The complex 

terrain of the Presidential Range most likely enhanced the effects of synoptic and 

mesoscale phenomena present with each component, causing the “bulls-eye” pattern to 

shift.  Additionally, Figures 17, 19 and 20 reveal that the cloud heights at either side of 

Mt. Washington did not vary in the same manner, possibly suggesting the effects of 

complex terrain. 

The fourth component demonstrated a pattern (N – S gradient) that was unlike 

those of the first three components.  The most notable aspect of this contoured depiction 

suggested that both Mt. Washington ceilometers had the same level of variance, and 

therefore, cloud heights fluctuated in the same manner when solely influenced by this 

component.  The zonal distribution related to the contour pattern (Figure 21) provokes the 

theory that synoptic and/or meso scale conditions were the driving force behind this 

component, and the effects of complex terrain were minimal.   

Although definite conclusions for each component could not be gained from the 

NARR composites, they did provide some insight.  Given the fact that the atmospheric 

conditions of the synoptic scale and contour patterns associated with PCs 1 through 3 are 

similar, cloud distribution was most likely enhanced by the complex terrain.  This was 

exemplified by the fact that cloud heights at either side of the mountain did not vary in 
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the same fashion.  PC 4, which barely accounted for 10% of the total variance, was the 

only component of importance in which complex terrain was most likely not a factor of 

cloud height distribution. 

c. Microscale PCA 
 
 As stated before in the mesoscale conclusion section, it cannot be assumed that 

the atmospheric conditions presented in the NARR composites were solely responsible 

for the variance of RH trends on the Eastern Side of Mt. Washington.  Although they 

provided some insight, the NARR composites were gathered in order to represent the 

state of the atmosphere during the presence of a particular mode, and to potentially 

predict the occurrence of specific PCs.  It is highly likely that many more variables 

affected the modes of each principal component.  Additionally, it must be kept in mind 

that RH values of 100% do not guarantee the presence of a cloud. 

 The fact that the first three components explained more than 99% of the total 

variance is intriguing.  Having less than half of the overall components explain nearly all 

of the total variance suggests the thought that RH patterns on the eastern side of Mt. 

Washington may be relatively easy to forecast.  This concept is further strengthened 

because nearly 59% of the dates within the dataset were found to match instances where 

individual modes of specific components were dominant.  Despite this, the atmosphere is 

chaotic and the complexity of forecasting microscale phenomena should not be 

considered a simple matter. 

 The pattern of the first component, which described over 70% of the total 

variance, was considered to be the overall “average” pattern of relative humidity trends 

on the east side of Mt. Washington.  The date matching process exhibited that the 
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forward mode of PC 1 was the dominant mode.  The higher than normal values at the 

mid-levels of Mt. Washington’s eastern slope (3300 – 4300 ft. ASL) may be 

representative of the existence of cloud.  The presence of high RH at the mid-levels of 

Mt. Washington’s eastern slope stems from topographic effects.  Since the wind flow 

associated with this component prevailed from the WNW, it may have been possible that 

these winds flowed around (flow splitting) the range and converged on the eastern (lee) 

side.  Flow around mountains can occur if the: 

• axis of the mountain range is fairly small 

• atmosphere is stable 

• cross-barrier wind component is weak, or 

• approaching low-level air mass is very shallow 

Additionally, the two branches of split flow can converge on the range’s lee side, causing 

fog and cloudiness (Whiteman 2000).  Given the atmospheric conditions associated with 

this component, split flow around the Presidential Range and lee side convergence seems 

to be the most plausible explanation for this component.  Another explanation for the 

high RH values at the mid-levels is the presence of cumulus humilis clouds.  The 

condensation level was most likely located around 3000 ft. ASL, and the mid-levels of 

Mt. Washington’s eastern slope were only affected because of the limited vertical extent 

displayed by these types of clouds.  Additionally, the NARR composites (high pressure, 

weak WNW flow) support the generation of cumulus humilis (fair weather) clouds.   

 The fact that the date matching process returned 0 dates for the reverse mode 

indicates that this mode was virtually non-existent or tended to be masked by another 

component, or combination of components.  Therefore conclusions relating to this mode 
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were not presented because there were no atmospheric conditions associated with this 

component. 

 Like the mesoscale PCA, the contour pattern of the second component resembled 

that of the first component, but the variance values were much different.  The base and 

summit stations exhibited the most variance from the mean and displayed higher (lower) 

than normal RH values when the forward (reverse) mode was dominant.  The fact that the 

forward mode returned more matching dates than the reverse mode indicates that it was 

the dominant mode during the study period.  The reason for the lack of matching dates 

associated with the reverse mode may be because the atmospheric conditions associated 

with it were fairly similar to those associated with the forward mode of PC 1.  Therefore, 

the effects of PC 2’s reverse mode were most likely masked by those of PC 1’s forward 

mode.  The atmospheric phenomena at the surface and 850 hPa associated with PC 2’s 

forward mode were highly different than those of its reverse mode, and any other 

component.  It is possible that the SW winds, WAA, and low pressure at the surface 

(Figure 23) were the driving force behind this component.  This seems to be the case for 

all four seasons.  The fact that SW winds were prevalent seems to indicate that warm, 

moist air was being advected into the region.  Thus, cloud development may have been 

enhanced by isentropic lift.  Even if these factors were not the only cause of the RH 

conditions demonstrated by this mode, it is the only mode that is associated with much 

different atmospheric conditions than the others.  Therefore, it seems plausible that 

prediction of this mode is possible. 

Different hypotheses can be associated with each mode of the third component.  It 

seems reasonable that the moist conditions at the summit associated with the forward 



61 
 

mode of this component denote the presence of orographic cloud, such as a cap cloud.  

Whiteman (2000) notes that cap clouds form as humid air is lifted over peaks and when 

there is stable stratification, non-turbulent flow, moderate winds and high humidity.  The 

atmospheric conditions (stability, light to moderate winds) display that forced lifting on 

the western (windward) side of the Presidential Range was possible, and the variance 

from the mean at the summit denotes that conditions were humid.  Given these 

characteristics, it is likely that a cap cloud was present.  Additionally, this component 

may have been associated with fair weather cumulus clouds, in which the condensation 

level was slightly higher in elevation than that associated with the forward mode of the 

first component.  In either case the conditions down (summit to base) the east side of Mt. 

Washington portrayed a drying trend (Figure 24).  Although previously determined to be 

rare at lower levels of Mt. Washington’s eastern slope, valley fog or elevated fog were 

most likely represented by PC 3’s reverse mode.  The values of RH at the lower levels of 

Mt. Washington’s eastern slope, the incidence of high pressure at the surface displayed 

by the NARR composites (stability in the lower levels of atmosphere; possible valley 

inversion) and continual drying gradient from the base to summit strengthens the theory 

that fog was present. 

Remarkable similarities were discovered to exist between the reverse mode of PC 

2 and the forward mode of PC 3.  The influence of amplified high pressure was present 

during instances when the two components were dominant (independently) during all 

four seasons (Table 15).  The RH values at the lower levels support this finding, and help 

to strengthen the previous discovery that clouds near the base of the eastern slope are 

uncommon.   
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CHAPTER 5 

5.  Summary and conclusion 

A study concerning the direct interactions between cloud and subalpine-alpine 

ecosystem environments was presented.  An integral year of hourly, cloud data was 

gathered in order to generate characteristics and modes of cloud within a 70 km radius of 

the Presidential Range.  Additionally, an integral year of hourly, RH data was acquired in 

the hopes to acknowledge various modes of RH on the eastern slope of Mt. Washington.  

Although valid results surfaced, the lack of instrumentation and surplus of microclimates 

within the Presidential Range created major analyses challenges. 

It is concluded that the direct interaction between cloud bases and subalpine-

alpine ecosystem environments was more frequent (~5%) on the western side of Mt. 

Washington than that on the eastern side.  It must be kept in mind that the Mount 

Washington ceilometer readings, though proximate to the mountain, are still some 3.5+ 

km away from the actual mountain slope and thus prone to not registering many 

orographic cloud events (refer to Appendix C).  This hypothesis is further supported by 

the results of Bedard (2010, unpublished manuscript).  Due to orographic effects the 

direct interaction between cloud bases and subalpine biota may have been much greater 

than the results demonstrate. 

In order to predict instances in which clouds directly interacted with the 

subalpine-alpine zone, the PCA mesoscale analysis derived three useful conclusions. 

1. Due to the lack of dates associated with each component and the atmospheric 

similarities presented by the NARR composites, the prediction of specific 

components should not be attempted.   
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2. Because cloud heights fluctuated differently at every site within the area of 

interest, cloud data from surrounding airport ASOS/AWOS sites should not be 

extrapolated or interpolated to account for clouds within the Presidential 

Range. 

3. Given the fact that cloud heights fluctuated differently (PCs 1 through 3), and 

cloud base characteristics were different at either side of Mt. Washington 

(statistical analyses), cloud data from either side of Mt. Washington should 

not be extrapolated to other areas of the Presidential Range.   

Although these conclusions do not provide the answer in regards to forecasting instances 

of direct cloud interaction, these conclusions make it obvious that the use of a few 

ceilometers represents a limited approach for this type of cloud study.  The complexity of 

terrain and microclimates at Mt. Washington alone make the use of a small number of 

ceilometers insufficient for describing the cloud cover in the area.  It may be more cost 

effective to use a high-density network of hygrometers based on the results and 

conclusions derived from the microscale PCA methods. 

Since the atmospheric conditions associated with the components of the 

microscale PCA revealed more differences than similarities, the back and future 

prediction of specific modes may be possible with some error.  Despite this, it must be 

kept in mind that the data represented a small area of Mount Washington’s eastern slope.  

Due to the varying complexity of terrain and microclimates, these values should not be 

extrapolated to other areas of the Presidential Range.  However, the poor correlations 

between the height of the lowest reported cloud base and height of the lowest, ‘potential’ 

cloud base (RH, Bedard, 2010 unpublished manuscript) show that the ceilometers are 
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unable to acknowledge many cloud events.  The occurrences of ‘potential’ cloud 

portrayed by the RH modes (flow around the Presidential Range with lee side 

convergence, cap cloud, fractocumulus cloud, etc.) are most likely going undetected by 

the ceilometers.   

In order to account for orographic clouds, it may be beneficial for the Mt. 

Washington ceilometers to be angled closer to the slope of the Presidential Range.  With 

this method, an algorithm that incorporates the angle of the ceilometer’s beam and the 

distance of the ceilometer to surrounding mountain slopes would need to be incorporated.  

This algorithm would acknowledge instances when the ceilometer beam ‘hits’ the 

mountain and not a cloud.   

Although the latter method may be somewhat beneficial, many orographic clouds 

may still go undetected.  Therefore it is concluded that the use of multiple, low-cost 

hygrometers (although error rates exist) may be more cost effective than a few, high cost 

ceilometers in the attempt to describe cloud exposure in the Presidential Range.  The use 

of a hygrometer network could be supplemented by webcams (at least for daytime), 

positioned throughout the Presidential Range.  Anemometers should be deployed in order 

to capture instances when sites located within the Presidential Range are being influenced 

by synoptic scale or orographic winds.  This could prove to be beneficial in locating 

small-scale areas of convergence and divergence.  These approaches will allow for the 

detection of microclimates and provide a more detailed analysis of the atmosphere 

surrounding the Presidential Range. 
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