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ABSTRACT 

 

One of the goals of the NASA EPSCoR (Experimental Program to Stimulate 

Competitive Research) Icing Assessments in Cold and Alpine Environments Project is to 

study the environmental factors that lead to icing in mountainous terrain.  One part of this 

research effort involved using instrumentation at mountainous locations in New England 

during the 2011-2012 winter season to provide icing information for validation of icing 

forecast models.  This part of the project focused on analyzing the instrument data to 

characterize differences between icing and non-icing conditions. 

There were two prongs to this research.  The first one examined the differences in 

the synoptic and surface environments between icing and non-icing events.  Icing events 

were defined as periods where icing was reported at the summit of Mount Washington for 

at least 24 consecutive hours.  With this definition, 34 icing events were found with a 

peak event lasting 93 hours.  Synoptic and surface analyses were examined for these 34 

events as well as 10 non-icing events (no icing reported in a 24 hour period) using raw 

METAR observations at Mount Washington and archived frontal analysis charts from the 

Hydrometeorological Prediction Center. 

The second prong of this research project dealt with analyzing data retrieved from 

specialized instrumentation placed in the study area during this past winter.  These 

instruments included radiometers, ceilometers, and ice detectors.  Ice detector databases 

from 1 November 2011 to 30 April 2012 were created comparing liquid water content 

and daily ice accumulations at three mountain summits in New England.  Cloud products 

developed through GOES satellite imagery (icing potential, cloud-base height, and cloud-

top height) were retrieved from the NASA Langley Research Center to determine its 
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accuracy in locating icing and non-icing environments and were compared to ground 

based instrumentation. 

 During the 2011-2012 winter season, the 34 icing events were divided into the 

following categories: Post Cold Front (PCF), Warm Front to South (WFS), Multiple 

Fronts and Cyclones (MFC), Cold Front to West (CFW), Nor’easter (NE), and 

Miscellaneous (MSC).  The 10 non-icing events were divided into the following 

categories: East Coast Highs (ECH), Northeast/Quebec Highs (NQH), and Nova Scotia 

Lows (NSL).  The ice detector databases showed that the heaviest icing occurred at 

Mount Washington with many occurrences of daily ice accumulations greater than 100 

cm.  The highest daily ice accumulation at Mount Mansfield was ~33 cm.  However, 

higher liquid water content values were seen at Mount Mansfield than Mount 

Washington.  These databases will be used for future numerical model verification.  Of 

the three NASA Langley cloud products, icing potential performed the best but, further 

research should be done to test its performance.  Cloud-base height and cloud-top height 

did a poor job in determining cloud heights as it had a < 50% success rate in determining 

cloud heights within ± 1.0 km. 
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CHAPTER 1 

1. Literature research 

a. Introduction 

The NASA EPSCoR (Experimental Program to Stimulate Competitive Research) 

Icing Assessments in Cold and Alpine Environments Project (#NNX10AQ40A) is a joint 

project with Plymouth State University (PSU), the US Army Cold Regions Research and 

Engineering Laboratory (CRREL), Mount Washington Observatory (MWO), NASA 

Glenn Research Center (GRC), and NASA Langley Research Center (LaRC) to study the 

environmental factors that lead to icing in mountainous terrain to improve icing forecasts.  

Instrumentation (e.g. ice detectors, ceilometers, and radiometers) are placed along the 

Green Mountains of Vermont and the White Mountains of New Hampshire during the 

winters of 2011-2013 to help further understand the environmental conditions that lead to 

icing. 

This paper focused on the work done during the winter of 2011-2012.  Three 

different projects were done.  The first project dealt with finding patterns in the synoptic 

and surface environments of icing and non-icing events with the help from Mount 

Washington (KMWN) raw METAR observations and synoptic scale frontal analyses.  

The second project developed ice detector databases comparing liquid water content and 

daily ice accumulations from Mount Washington, Mount Mansfield, and Cannon 

Mountain.  These databases will be used to provide icing information for the validation of 

icing forecast models which will be studied during FY2013.  The third project compared 

three NASA LaRC cloud products (icing potential, cloud-base height, and cloud-top 

height) to observations which were gathered in the study area.  
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b. Icing types 

 Atmospheric icing forms as supercooled water droplets strike cold surfaces and 

freeze on contact.  Supercooled water droplets are water droplets present in a cloud at 

temperatures below 0°C (Ahrens 2008).  Supercooled water droplets are most present at 

temperatures between 0°C and -10°C, but have also been observed in environments 

reaching -40°C.  Ice crystals are found in clouds at temperatures below -40°C, but can 

also be found in temperatures above -40°C and mixed with supercooled water droplets 

(Lester 2007).  For this reason, icing is more common at temperatures near freezing and 

less common as temperatures drop well below freezing.  Ice accretion seldom occurs 

when environmental temperatures drop below -30°C (Reymann et al. 1998).  There are 

three types of icing: rime ice, clear/glaze ice, and mixed ice. 

 1) RIME ICE 

 Rime ice typically occurs in flight altitude environments with temperatures 

between -15°C and -30°C.  In stable stratiform cloud regions, rime ice can be found with 

temperatures between -1°C and -15°C (Reymann et al. 1998).  Rime ice instantly freezes 

on contact and traps air bubbles inside, creating a white, milky appearance.  The capture 

of air bubbles inside causes rime ice to be brittle and easy to break apart (Lester 2007).  

Rime icing is the most reported icing type on aircraft, occurring 71.7% of the time 

(Politovich 2005) and is composed of low liquid water contents (Politovich 2003).      

 2) CLEAR/GLAZE ICE 

 Clear or glaze ice typically occurs in environments with temperatures between 

0°C and -8°C (Reymann et al. 1998).  Compared to rime ice, clear ice freezes more 

slowly.  This causes the supercooled water droplets to flow around the object until it fully 
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freezes.  This slow freezing process allows most of the air bubbles to escape the water 

droplet and not be trapped.  This causes a clear, smooth appearance (Lester 2007).  Clear 

icing is the second most reported icing type on aircraft, occurring 20.6% of the time 

(Politovich 2005) and is composed of high liquid water contents (Politovich 2003). 

 3) MIXED ICE 

 Mixed ice is composed of a mixture of both clear and rime ice and occurs in 

environments with temperatures ranging between -8°C and -15°C (Reymann et al. 1998). 

Mixed ice is the least reported icing type on aircraft, occurring 7.7% of the time 

(Politovich, 2005).  Liquid water content varies in mixed ice which causes surfaces to 

collect more rime ice than clear ice or more clear ice than rime ice (Lester 2007). 

c. Microscale processes 

 Three parameters are usually used to determine the type and severity of icing.  

The most important parameter is liquid water content (LWC).  The second most 

important parameter is temperature, which determines the type of icing that will be 

expected (rime, clear, and mixed).  The third most important parameter is droplet size 

(Politovich 2005).  

 1) LIQUID WATER CONTENT 

 LWC is a measure of the density of the mass of water in a volume of air.  Higher 

LWCs lead to more severe icing events (Lester 2007).  A greater LWC is normally found 

in cumulus clouds due to low cloud bases (warmer temperatures) and an unstable 

atmosphere, leading to more intense updrafts.  With this, more severe icing occurs with 

the presence of cumulus clouds.  More intense updrafts may contain more supercooled 

water than less intense updrafts.  A smaller LWC is normally found in stratiform clouds 
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due to higher cloud bases (cooler temperatures) and a more stable atmosphere, leading to 

weaker updrafts (Lester 2007; Reymann et al. 1998).   

 2) TEMPERATURE/DEWPOINT  

 The differences in temperature determine the type of ice that could be observed.  

Rime ice tends to form in colder environments than clear ice.  Most icing events occur at 

temperatures between 0°C and -20°C, with most events occurring at or just below 0°C 

(Lester 2007; Politovich 2005).  In order for icing events to occur, there also needs to be 

a minimal spread between the air temperature and the dewpoint temperature.  The spread 

is known as the dewpoint depression.  Table 1 shows favorable dewpoint depressions for 

icing. 

Table 1. Favorable dewpoint depressions for icing (Reymann et al. 1998). 

Temperature Dewpoint Depression 

0°C to -7°C ≤ 2°C 

-8°C to -15°C ≤ 3°C 

-16°C to -22°C ≤ 4°C 

 

 3) DROPLET SIZE 

 The differences in droplet size can determine how much ice can be accreted.  

Small droplet sizes or cloud size droplets (< 50 µm) are associated with light icing.  

These smaller droplets are more likely to flow around an object and not accrete.  Large 

droplet sizes (> 50 µm) take longer to freeze and are associated with heavy icing.  These 

larger droplets are more likely to accrete on an object.  Droplets larger than 50 µm in 

diameter are known as supercooled large droplets (SLD).   

 Cober et al. (2001a) studied icing events that included SLD greater than 50 µm 

for 38 research flights.  Of these 38 flights, they studied 12 environments where SLD 

were formed by ice crystals melting while falling through the atmosphere and super 



5 
 

cooling at a lower cold layer and 27 environments where SLD were formed through a 

collision-coalescence process.  Most of the SLD environments were located along the 

warm front of a low pressure system.  They were found in stratiform winter clouds at 

temperatures from 0°C to -14°C with a LWC of 0.2 g m
-3

 at the 99
th

 percentile. 

d. Icing intensities 

Table 2. Icing intensities, aircraft effects, and pilot actions from Jeck (2001), and the 

frequency and LWC values from Politovich (2005). 

Intensity Aircraft Effect Pilot Action Frequency LWC (g m
-3

) 

Trace 
Not hazardous 

for up to an hour  

None required- 

unless icing 

worsens or lasts 

more than an hour 

9.0% < 0.1 

Trace-Light   0.1%  

Light 

May create a 

problem after an 

hour’s exposure 

Use anti-icing or 

deicing equipment 
41.7% 0.11 – 0.60 

Light-Moderate   14.5%  

Moderate 

Potentially 

hazardous even 

for short 

encounters 

Use anti-icing or 

deicing equipment 
31.2% 0.61 – 1.20 

Moderate-

Severe 
  1.8%  

Severe Hazardous 
Immediate 

diversion 
1.7% > 1.20 

 

Aircraft icing is rated on four different intensity ranges: trace, light, moderate, and 

severe (Jeck 2001).  Severities are also noted on each half range (trace-light, light-

moderate, and moderate-severe).  It has been proposed to redefine the icing intensities by 

splitting the severe icing intensity category into severe and extreme; however, it has not 

yet been developed (Jeck 2001).  The overall current description of icing intensities and 

their characteristics are shown in Table 2.  Light icing is reported more than any other 

type of icing.  This is mainly due to the pilot’s decision to not fly through severe icing  

environments.  More severe icing intensities tend to have larger LWC (Politovich 2005). 
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e. Synoptic conditions of icing 

 

Figure 1. Various sectors along a synoptic scale front (Bernstein et al. 1997).  The areas 

enclosed by the red circle indicate where icing was most prominent. 

 

The formation of ice is enhanced in three specific locations along a wave cyclone.  

These locations include north of the warm front, behind the cold front, and around the 

center of the low with the presence of an occluded front (Lester 2007).  Bernstein et al. 

(1997) researched the relationship between icing and synoptic weather conditions for 37 

events across the United States from November-March 1993-1995.  The synoptic scale 

fronts were divided into sectors (Fig. 1).  The locations with two sector values refer to the 

front being either active or stationary.  Icing severity by sector was compared to pilot 

reports (PIREPS).  The enhanced icing locations along the warm front (5/45, 6/46, 7/47, 

and 8/48) correspond to being 50-250 km behind the warm front, 50 km on either side of 
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the warm front, 50-250 km ahead of the warm front, or 250-650 km ahead of the warm 

front, respectively.  The enhanced icing sector surrounding the low pressure center (18) 

corresponds to the area around the main surface low.  The size of this area is proportional 

to the strength of the low.  Stronger surface lows will have a larger area of icing 

surrounding the low.  The enhanced icing locations along the arctic front (12/52, 13/53, 

and 14/54) correspond to being 50-250 km behind the arctic front, 50 km on either side of 

the arctic front, or 50-250 km ahead of the arctic front, respectively.  These results were 

similar to the results from Lester (2007).  The threat of icing was found to be more severe 

along the arctic cold front than ahead of the warm front (Bernstein et al. 1997).   

Ryerson (1988) performed a synoptic climatology along two mountain ranges in 

New England, one of which was Mount Washington.  Along Mount Washington, icing 

was most prominent after the passage of a cold front.  Icing events for Mount Washington 

were split up into 5 different weather types: Post Cold Front (PCF), Warm Front to South 

(WFS), Multiple Fronts or Cyclones (MFC), Cold Front to West (CFW), and 

Miscellaneous (MSC).  Table 3 shows the frequency of synoptic front types in which 

icing occurred on Mount Washington. 

Table 3. Frequency of icing events by storm type on Mount Washington during the most 

intense period of icing (Ryerson 1988). 

Storm Type 
Post Cold 

Front (PCF) 

Warm Front 

to South 

(WFS) 

Multiple 

Fronts or 

Cyclones 

(MFC) 

Cold Front 

to West 

(CFW) 

Miscellaneous 

(MSC) 

Frequency 48.2% 20.7% 15.2% 10.0% 5.9% 

 

PCF is defined as a low to the east and a high to the west of Mount Washington 

with W to WNW winds situated over the mountain and 48.2% of the icing events 

occurred during the PCF type.  WFS is defined as a low to the north, occluded front to the 



8 
 

west, and the warm front located to the south of Mount Washington and 20.7% of the 

icing events occurred during the WFS type.  MFC is when Mount Washington is located 

in-between two low pressure systems (one to the east, one to the west) with westerly 

surface winds and 15.2% of the icing events occurred during the MFC type.  CFW is 

defined as a cold front to the west and a warm front to the north of Mount Washington 

with WSW surface winds and 10% of the icing events occurred during the CFW type.  

MSC events had no front patterns, but surface winds on Mount Washington were from 

the NW.  5.9% of the icing events were MSC types. 

f. Rosemount ice detectors 

 
Figure 2. Diagram of the Rosemount Ice Detector.  Dimension units are in cm (Brown 

1981). 

 Instrumentation used to determine the rate of ice accreting at a certain location is 

a Rosemount Ice Detector (RID).   Figure 2 shows an example of the RID.  The RID is 

composed of a 2.54 cm tall nickel cylinder with a diameter of 0.635 cm.  The sensor 

vibrates vertically at a frequency of 40 kHz.  As ice accretes on the sensor, the frequency 
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of the sensor decreases.  The sensor is programmed to reach a trip point frequency, when 

the sensor will no longer allow more ice to accrete on the sensor.  An internal heater in 

the sensor will heat up the sensor, melting all the ice that accreted.  This process is known 

as a de-icing cycle.  The approximate time needed to remove all the ice off the sensor 

varies with the model of the ice detector and how it is programmed.  After the de-icing 

cycle is complete, the heater is turned off and the sensor slowly cools to the 

environmental temperature to allow ice to accrete once again (Brown 1981).   

 The frequency of the ice detector (typically 40 kHz) can be computed by  

 =
 

2
√

E

 l
2
 

where   is the angular frequency, E is elasticity,   is density, and l is the length of the 

sensor (0.0254 m).  Each detector needs to be calibrated for the density and elasticity of 

the sensor, which will equate to different angular frequencies (Baumgardner and Rodi, 

1989). 

 Each ice detector needs to be calibrated to determine the mass of ice that was 

accreted during each icing cycle.  They are calibrated by using rotating multicylinders.  

The multicylinders are composed of 6 different sized cylinders.  One of the cylinder 

diameters is 0.5 cm which is the closest diameter to the icing probe (0.625 cm).  Claffey 

et al. (1995) did a calibration of Rosemount ice detectors using multicylinders.  The ice 

accretion of the multicylinder between each icing cycle is between 0.75 cm and 0.9 cm in 

diameter.  As ice accretion diameter increases the collection efficiency of the 

multicylinder decreases.  The collection efficiency was 0.59 with no ice on the cylinder, 

0.50 with 0.7 cm of ice, and 0.43 with 0.9 cm of ice at an experimental constant wind 
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speed and medium volume droplet diameter.  At this same wind speed, the Rosemount 

ice detector had a constant collection efficiency of 0.54 with no ice on the cylinder.  With 

only a small amount of ice that accretes on the probe before a de-icing cycle, the 

collection efficiency of the Rosemount ice detector during an icing cycle remains the 

same.  For these conditions, the ice accretion rate ratios of the multicylinders to the 

Rosemount ice detectors are 87% with no ice, 104% at 0.7 cm ice diameter, and 114% 

with a 0.9 cm ice diameter.  The Rosemount average potential icing cycle rate is 

calculated by 

  ̅̅ ̅  
 

 
{
 

  
 

 

  
 

 

  
   

 

  
} 

where n is the number of icing cycles of the ice detector during each multicylinder run 

and Ti is the length of each Rosemount icing cycle.  After this, the mass of ice accreting 

on the Rosemount ice detector (mrj) during each icing cycle can be calculated by 

      

  

  

 
   ̅̅ ̅̅⁄

    
 

where m2 is the mass of ice on the cylinder, L2 is the length of ice accretion on the 

cylinder, Lr is the length of Rosemount probe, pcj is the Rosemount average potential 

cycle rate for the jth cylinder run, and Tmcj is the duration of the jth cylinder run. 

 Measuring LWC with the RIDs is determined by the amount of ice that accretes 

on the probe during each icing cycle and is calculated by 

    
 

     
 

where m is the mass of ice accreted on the probe, E is the efficiency of the probe, V is the 

wind speed, D is the probe diameter, L is the probe length, and T is the duration of the 

icing period.  LWC varies solely on the environmental wind speed (V) and the duration 
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of the icing period (T) as all other parameters remain constant.  This equation, however, 

does not account for the amount of time the probe needs after its de-icing period to cool 

below 0°C to allow ice to accrete once again (Claffey et al. 1995).   

 For each RID, the predicted mass concentration of the sensor varies depending on 

whether the ice accretes at the tip of the sensor or along its length.  Figure 3 shows a 

graph displaying how the location and mass of ice on the sensor can affect the change in 

frequency of the sensor.  With ice accreted at the top of the sensor, the frequency shift 

will change more than if the ice was evenly distributed along the sensor (Baumgardner 

and Rodi 1989). 

 

Figure 3. The change in frequency as a factor of the mass of ice accreted on the RID.  

The top solid line refers to ice at the top of the sensor and the bottom solid line refers to 

ice evenly distributed along the sensor.  The dashed lines refer to the results of an ice 

detector with a different density and elasticity (Baumgardner and Rodi 1989). 

Baumgardner and Rodi (1989) performed an experiment to test the performance 

of RIDs.  Four RID instruments with different serial numbers were used (288, 096, 484, 

and 495), each with different mass sensitivities.  Each RID was tested to determine the 

trip point of each sensor (when the sensor began its de-icing period).  For each sensor, the 
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voltage output from the probe as a function of the mass accreted on the sensor was 

similar to Figure 3.  Under a constant mass accretion, the voltage was higher when the ice 

was accreted along the tip of the sensor and lower when the ice was evenly distributed 

along the sensor.  It was also found that each sensor’s trip point was different.  The 288, 

096, 484, and 495 ice detector trip points, by the amount of mass accreted on the sensor, 

were 75.6 mg, 144.8 mg, 26.2 mg, and 22.0 mg, respectively, under an approximately 

constant environmental temperature (-15°C).  This satisfies the fact that each detector 

needs to be calibrated to achieve accurate ice accretion results. 

     Heymsfield and Miloshevich (1989) tested the Rosemount ice detector during 

10 aircraft flights.  The results from the ice detector were compared to two other 

instruments attached to the aircraft: a Particle Measuring Systems (PMS) forward 

scattering spectrometer probe (FSSP) and Johnson-Williams and King hot-wire probes.  

During the flights, the aircraft was located in temperatures below -40°C for 1.7 hours and 

between -20°C and -40°C for 9.2 hours.  Below -40°C, only ice crystals are present in 

clouds which would mean that the ice detector would not respond and maintain a voltage 

near 0 mV s
-1

.  During the flight, the ice detector noted some voltage changes around ± 1 

mV s
-1

.  The changes in voltage were mostly due to sublimation and it was determined 

that ice detectors do not respond in environments that only contain ice crystals. 

 Cober et al. (2001) performed a similar test of the RID from Heymsfield and 

Miloshevich (1989) by testing the noise level with temperatures below -40°C in clear air 

and in glaciated clouds.  At 1-second intervals, the ice detector produced a voltage < 2 

mV s
-1

 80% of the time.  Under a 30-second average, the ice detector produced a voltage 

< 2 mV s
-1

 99.6% of the time.  This shows that the ice detector doesn’t respond in cold 
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clear air environments. This holds true in glaciated cloud environments with a response 

only 1.5% of the flight time.  A test of de-icing cycles was also performed.  This test 

dealt with the time it took the ice detector probe to reach a temperature of 0°C, or to 

begin ice accretion, after the ice detector heater was shut off.  The de-icing cycle ranged 

from 13 ± 4 s  for temperatures < -6°C,  , 16 ± 3 s for temperatures between -3°C and       

-6°C, and 19 ± 3 s for temperatures between -1°C and -3°C.  This shows that it takes a 

longer time for the ice detector to cool after a de-icing cycle when temperatures are closer 

to 0°C.  The time of the de-icing cycle decreases with decreasing temperature until the 

temperature reaches -18°C to -20°C.  An increase in de-icing period occurs below -20°C 

because one de-icing cycle normally does not melt all the ice from the sensor.  Multiple 

cycles are needed to remove all the ice. 

g. NASA Langley cloud products 

 NASA LaRC began developing cloud products from GOES satellite imagery in 

the late 1990s.  These cloud products were developed to assess the microphysical 

processes of clouds and to help locates areas of icing potential (Bernstein et al. 2006).  

The satellite data from GOES is split into 1° by 1° tiles.  The tiles are determined as clear 

or cloudy.  If the tile is clear or the satellite determines a surface snow pack (Palikonda et 

al. 2006), the skin surface temperature, outgoing longwave radiation (OLR), and clear-

sky visible and shortwave albedos are determined.  If the pixel is determined to be cloudy 

and containing water, supercooled water, or ice (Palikonda et al. 2006), the pixels are 

analyzed by one of two algorithms: the Visible Infrared Solar-Infrared Split Window 

Technique (VISST) or the Solar-Infrared Infrared Split Window Technique (SIST).  The 

VISST is used with a solar zenith angle < 82°.  The SIST is used with a solar zenith angle 
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> 82° and after sunset.  The algorithms can estimate cloud temperature (Tc), cloud height 

(z), cloud thickness (h), cloud phase (PHASE), optical depth (OD), effective droplet 

radius (Re), effective ice crystal diameter (De), and liquid water path (LWP)/ice water 

path (IWP) of cloudy tiles.  The icing probability (IP) is then determined for the cloudy 

tile by one of the following equations: 

                      

for Re = 5 µm, and  

                      

for Re = 16 µm.  LWP is the measure of the vertically integrated liquid in a column.  If 

the effective drop radius is between 5 µm and 16 µm, an interpolation between both 

equations will be used.  These results are then split into a low, medium, and high IP and 

are categorized by values of < 0.4, > 0.4 and < 0.7, and > 0.7, respectively.  The icing 

intensity is split into three categories: none, light, and moderate-severe.  The intensity is 

determined as light with a LWP < 440 g m
-2

 and moderate-severe with a LWP > 440 g 

m
-2

 (Minnis et al. 2004, 2005).  One cloud product used in this study, icing potential, is 

derived from both the numerical results of icing probability and icing intensity.  The 

entire list of cloud products that can be developed by VISST is shown in Table 4. 

Table 4. VISST pixel-level cloud products (Palikonda et al. 2006). 

0.65 µm Reflectance Cloud Mask Infrared Emittance 

1.6 µm Reflectance Cloud Phase Pixel Latitude 

3.7 µm Reflectance Cloud Effective Temp. Pixel Longitude 

6.7 µm Reflectance Cloud Top Pressure Skin Temperature 

10.8 µm Reflectance Cloud Effective Pressure Optical Depth 

12 µm Temperature Cloud Bottom Pressure Effective Radius 

13.3 µm Temperature Cloud Top Height Effective Diameter 

Broadband SW Albedo Cloud Effective Height Liquid Water Path 

Broadband LW Flux Cloud Bottom Height Ice Water Path 
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Table 5. Mean VISST cloud properties corresponding to PIREPS icing reports during 

February 2004 from Minnis et al. (2004).  

Icing Intensity None Light Mod/Sev 

OD 18.1 34.0 39.1 

Re (µm) 12.2 11.8 12.4 

LWP (g m
-2

) 269 382 460 

h (km) 1.41 2.1 2.4 

Tc (K) 269 263 263 

 

Minnis et al. (2004) compared the results of LaRC cloud products to pilot reports 

(PIREPS) from 18 March 2004.  It was determined that OD, Re, De, LWP, and IWP were 

well correlated with PIREPS.  The cloud-base height results varied, with some areas 

having an error of ± 0.5 km and a few areas with an error of up to a few km.  These errors 

can be noted if the satellite image is unable to detect down to the bottom of the cloud, or 

if the presence of a low-level cloud underneath a high-level cloud was not detected.  A 

comparison of several LaRC cloud products from icing intensities reported from PIREPS 

are shown in Table 5.  Optical depth, liquid water path, and thickness increase with 

increasing icing intensity, while effective droplet radius and the mean cloud temperature 

are not significant with regard to icing intensity.  A similar comparison of cloud products 

to PIREPS was done from 6 May 2005 (Minnis et al. 2005) and found the same 

parameters to be well correlated with icing intensity as those from Minnis et al. (2004) 

along with the addition of cloud fraction and cloud-base height.  These results were 

determined from the VISST algorithm.  The SIST algorithm was not tested.  The main 

error with these studies was determining parameter values with multiple cloud layers 

present.  A multilayer cloud detection algorithm can help limit the errors caused by 

multiple cloud layers (Minnis et al. 2005). 
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Bernstein et al. (2006) compared the cloud products from LaRC to a Twin Otter 

research aircraft from NASA GRC during the winters of 2004 and 2005 over Ohio.  The 

aircraft carried probes that measured air temperature, liquid water content, and drop size.  

Since LaRC measures liquid water path (LWP), the conversion used to retrieve LWC was 

to divide LWP by a factor between 1000 and 2000.  Some events studied involved only 

one cloud layer while other events studied multiple cloud layers.  Their results concluded 

that the LaRC cloud products performed the best with a single cloud layer.  On 16 

February 2005, only a single layer of stratiform clouds were present over Ohio.  The 

LWC and Re values between aircraft and LaRC were about the same, 0.1 – 0.4 g m
-3

 and 

8-12 µm, respectively.  Errors were taken into account with multiple cloud layers present.  

The LaRC cloud products focused on visible satellite imagery, which would only detect 

the higher-level of clouds (typically all ice) and disregard the lower-level cloud layer 

where some contained supercooled liquid water.  With this, the LaRC would not detect 

icing in that region even if the lower-level cloud region, that the satellite couldn’t detect, 

was producing icing.  It was also concluded that the LaRC cloud products estimated that 

the cloud-top height was 1.0 km higher than was observed by the research aircraft.  This 

was a consistent bias during the research period.  

 Black et al. (2007) also used the Twin Otter research aircraft from NASA GRC to 

test the performance of LaRC cloud products over Ohio.  The focus was on cloud top 

effective radii (Re).  It was determined that the difference in Re from LaRC and the Twin 

Otter aircrafts did not exceed 4 µm.  It was determined that LaRC Re is a good predictor 

of water droplet sizes at cloud top.  Black et al. (2008) tested four other LaRC cloud 

products (LWP, Re, IWP, De) and compared these to PIREPS.  It was determined that 
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LWP had a high positive correlation where an increase in the amount of vertically 

integrated liquid in a column resulted in an increase in icing severity.  Re had a slight 

positive correlation where larger liquid water droplets resulted in an increase in icing 

severity.  IWP had a weak positive correlation that an increase in the amount of ice 

resulted in an increase in icing severity.  De had a weak negative correlation where 

smaller ice particles resulted in an increase in icing severity. 

h. Summary and objectives 

 This paper will examine instrumentation datasets and NASA Langley cloud 

products to characterize icing and non-icing conditions with a focus being on the Mount 

Washington region of New Hampshire.  Chapter 2 will describe the data collected and the 

methodology used for analyzing the data.  Chapter 3 will examine the synoptic and 

surface environments of icing and non-icing events at Mount Washington during the 

winter of 2011-2012.  Chapter 4 will analyze data retrieved from instrumentation at 

Mount Washington, Mount Mansfield, and Cannon Mountain.  Daily database charts 

were created to compare ice detector data from these locations for the entire winter 

season (1 November 2011 to 30 April 2012).  Three NASA Langley cloud products were 

compared to instrumentation to determine how accurate they were in predicting icing 

conditions and cloud heights.  The paper will be summarized in Chapter 5.  Appendix A 

lists the acronyms and abbreviations used in this paper.  Appendix B shows the synoptic 

charts from the icing and non-icing events described in Chapter 3.  Appendix C shows the 

ice detector database charts from Chapter 4.   
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CHAPTER 2 

2. Data & methodology  

a. KMWN raw METAR observations 

 Raw METAR observations from Mount Washington (KMWN) were collected 

from 1 October 2011 to 30 April 2012 from the Iowa Environmental Mesonet branch of 

the Iowa State University Department of Agronomy (available online at 

http://mesonet.agron.iastate.edu/request/download.phtml).  The advantage of raw 

METAR observations is the ability to locate hours of reported icing, found in the remarks 

section.  A number of hourly METAR observations were missed from this website.  

Missing hourly data were obtained from the Mount Washington Observatory.   

 Mount Washington reports icing every hour based on the amount of icing that 

accretes on the summit.  Four categories of icing intensity are reported by the 

Observatory (Table 6).  Raw METAR observations also indicate whether the reported ice 

was rime (ICG) or glaze/clear (GICG).  If both ICG and GICG were reported during the 

same hourly observation, the one listed first was dominant during that hour.  For 

example, if the raw METAR reported VRY LGT ICG and GICG, then more rime ice was 

observed than glaze ice (Welsh 2012). 

Table 6. Categories of icing reported by Mount Washington raw METARS and their 

corresponding hourly ice accumulations (Welsh 2012). 

Icing categories Ice accumulation (hr
-1

) 

VRY LGT < 3” 

LGT 3-5” 

MDT 5-9” 

HVY > 9” 

 

 All hourly observations that reported icing were recorded into a spreadsheet for 

analysis.  Parameters that were recorded included the date and time of icing, wind 

http://mesonet.agron.iastate.edu/request/download.phtml
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direction (DIR), wind speed (SPD) in knots and m s
-1

, visibility (mi), weather conditions 

at that hour (WX), temperature/dewpoint in Fahrenheit (Tf/Df) and Celsius (Tc/Dc), 

dewpoint depression (DD), and the intensity and type of icing.  Out of 5,112 hours 

between 1 October 2011 and 30 April 2012, 2,202 hours, 43.1%, reported icing of VRY 

LGT intensity or greater. 

b. Raw METAR analysis 

 All hourly icing observations were divided into icing events.  An icing event was 

defined as a period in which icing of VRY LGT intensity or greater was reported on 

Mount Washington for at least 24 consecutive hours.  All icing periods that lasted less 

than 24 hours, or included at least one hourly observation of no icing in-between two 

icing periods < 24 hours in length, were not included in this study.  Once an hourly 

observation of icing was not reported, the event was considered to have ended. 

 Further study of these icing events involved retrieving all icing events that lasted 

at least 24 hours in length.  It was determined that an icing event of at least 24 hours 

would allow for good synoptic scale analysis.  There were 34 total events that lasted at 

least 24 hours (Table 7).  Non-icing events were determined as events where icing was 

not reported for a 24 hour period, no precipitation was observed, and temperatures 

remained below 0°C during the period which could have allowed icing conditions to 

occur.  Ten non-icing events were retrieved (Table 8).  

c. Synoptic charts 

 For each icing and non-icing event from Table 7 and Table 8, synoptic scale 

frontal charts were obtained from the Hydrometeorological Prediction Center (available 

online at http://www.hpc.ncep.noaa.gov/html/sfc_archive.shtml).  These archived  

http://www.hpc.ncep.noaa.gov/html/sfc_archive.shtml
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Table 7. Thirty-four icing events of at least 24 hours by duration. 

Icing Event Duration Icing Event Duration 

07 Apr 11Z to 11 Apr 07Z 93 17 Nov 17Z to 09 Nov 03Z 35 

29 Jan 21Z to 02 Feb 11Z 87 07 Jan 17Z to 09 Jan 03Z 35 

16 Feb 23Z to 19 Feb 12Z 62 15 Feb 00Z to 16 Feb 10Z 35 

28 Mar 15Z to 30 Mar 23Z 57 11 Nov 08Z to 12 Nov 16Z 33 

12 Jan 11Z to 14 Jan 16Z 54 04 Mar 21Z to 06 Mar 04Z 32 

21 Oct 05Z to 23 Oct 07Z 51 17 Oct 22Z to 19 Oct 04Z 31 

12 Feb 11Z to 14 Feb 10Z 48 25 Dec 12Z to 26 Dec 17Z 30 

17 Jan 03Z to 19 Jan 00Z 46 28 Dec 08Z to 29 Dec 12Z 29 

09 Dec 22Z to 11 Dec 15Z 42 13 Dec 15Z to 14 Dec 19Z 29 

24 Feb 20Z to 26 Feb 13Z 42 05 Jan 03Z to 06 Jan 05Z 27 

04 Apr 23Z to 06 Apr 16Z 42 03 Nov 22Z to 04 Nov 05Z 27 

29 Oct 23Z to 31 Oct 15Z 41 31 Dec 10Z to 01 Jan 11Z 26 

08 Dec 00Z to 09 Dec 13Z 38 23 Nov 05Z to 24 Nov 05Z 25 

02 Jan 00Z to 03 Jan 13Z 38 06 Jan 09Z to 07 Jan 09Z 25 

24 Jan 23Z to 25 Jan 19Z 38 19 Jan 22Z to 20 Jan 22Z 25 

16 Dec 04Z to 17 Dec 16Z 37 01 Mar 02Z to 02 Mar 01Z 24 

24 Oct 23Z to 26 Oct 09Z 35 26 Mar 03Z to 27 Mar 02Z 24 

  

Table 8. Ten non-icing events (24 hours in length each). 

06 Oct 00Z to 06 Oct 23Z 11 Jan 11Z to 12 Jan 10Z 

19 Nov 06Z to 20 Nov 05Z 22 Jan 09Z to 23 Jan 08Z 

22 Nov 01Z to 23 Nov 00Z 10 Feb 00Z to 10 Feb 23Z 

01 Dec 12Z to 02 Dec 11Z 11 Mar 18Z to 12 Mar 17Z 

24 Dec 09Z to 25 Dec 08Z 03 Apr 18Z to 04 Apr 17Z 

 

synoptic scale frontal analyses were issued daily at 3-hour intervals (00Z, 03Z, 06Z, 09Z, 

12Z, 15Z, 18Z, 21Z).  These charts were used to determine synoptic patterns between 

icing events and non-icing events, similar to the work done by Ryerson (1988).  The 

synoptic scale results for the 34 icing events and 10 non-icing events as well as the 

surface conditions of wind speed, wind direction, and temperature are shown in Chapter 

3.   

d. Site locations and instrumentation 

 During the winter of 2011-2012, instruments were placed at several locations 

across New England to assist in characterizing the environmental differences between 

icing and non-icing events.  These instruments included radiometers, ice detectors, 



21 
 

ceilometers, temperature sensors, and anemometers.  Specific locations chosen for these 

instruments in New Hampshire included the base of the Mount Washington Auto Road, 

Mount Washington Summit, base of the Mount Washington Cog Railway, Halfway 

House of the Mount Washington Cog Railway, and Cannon Mountain.  Instruments were 

also located at Mount Mansfield in Vermont.  Each of these locations had different types 

and models of instrumentation.  Cameras were placed in a couple locations to give insight 

to the performance of each instrument and to note if the instruments were iced over, 

covered in snow, or damaged.    

 1) MOUNT WASHINGTON AUTO ROAD 

 The Mount Washington Auto Road, located at the base of Mount Washington in 

North Conway, NH, collected data from three instruments: a NASA-owned Radiometrics 

89-150 Radiometer, a MWO-owned Radiometrics WVR-1100 Radiometer, and a Vaisala 

LD-40 Ceilometer.  The approximate heights of the Mount Washington Auto Road 

instruments were 1600 ft. above sea level.   

 (i) NASA 89-150 radiometer 

 One instrument located at the Mount Washington Auto Road was a NASA-owned 

89-150 Radiometer from Radiometrics, Inc. (Fig. 4).  

This instrument was used to determine the volume of 

water and the presence of ice in clouds from cloud 

brightness temperatures.  This instrument came from 

the NASA Glenn Research Center and was installed by 

CRREL technicians.  This instrument received 

microwave radiation from the atmosphere in two 
Figure 4. Radiometrics 89-150 

radiometer. 
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frequencies, 89 GHz and 150 GHz.  The 89 GHz receiver collected dual-polarization data 

(horizontal and vertical returns) and the 150 GHz receiver collected data only in the 

horizontal return.  The 89 GHz receiver retrieved brightness temperatures from water 

droplets and ice crystals that cause aircraft icing, and the 150 GHz receiver retrieved 

information about the larger hydrometeors in the clouds, such as drizzle, rain, or 

snowflakes. 

 The radiometer received energy at angles from zenith (90°) and 35° above the 

horizon.  To ensure the quality of the data, tip calibrations were performed which tested 

the noise diode for accurate measurements.  It was calibrated correctly when the noise 

diode injection temperature remained constant.  The instrument was also equipped with a 

blower system to limit precipitation from forming on the radome of the instrument.  The 

blower system, however, does not protect the radome against rainfall.  When the rain 

sensor on the instrument detected rainfall, a heater was enabled to warm the air blowing 

across the radome to 15°C to help in evaporating the rain falling on the window 

(Radiometrics Corp. 2003). 

 The dual-polarization capabilities of the 89 GHz frequency allows the 

determination of whether there is liquid and/or ice in the cloud by using the First Stokes 

parameter and the Second Stokes parameter.  The First Stokes parameter is calculated by 

S0 = (Tb,v + Tb,h) / 2 

where Tb,v is the brightness temperature in the vertical and Tb,h is the brightness 

temperature in the horizontal.  The clouds are determined liquid with a S0 ~ 210 K, 50% 

glaciated with a S0 ~ 200 K, and fully glaciated with a S0 < 70 K.  The Second Stokes 

parameter is calculated by the difference of the vertical brightness temperature and the 
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horizontal brightness temperature, S1 = (Tb,v – Tb,h) (Solheim and Gasiewski 2002).  A 

positive S1 refers to liquid hydrometeors in the clouds and a negative S1 refers to the 

orientation of frozen hydrometeors (snow) in the clouds due to its enhanced horizontal 

orientations (Solheim et al. 2003).   

 There are certain conditions that can cause errors in the performance of the 

radiometer.  It is important to prevent direct solar radiation from entering the radiometer.  

Pointing the radiometer directly into the sun will cause an increase in brightness values of 

~60 K.  Pointing the instrument 10 degrees from the sun will cause an increase in 

brightness temperature of ~ 1 K.  It is best to point the radiometer at least 15 degrees 

from the sun.  Precautions also need to be made to the instrument during periods of 

falling precipitation.  Falling hydrometeors can cause an interference with the radiometer 

receiving brightness temperatures due to the potential for hydrometers to accumulate on 

the radome (Radiometrics Corp. 2003).  

 The NASA 89-150 radiometer collected data at the Mount Washington Auto 

Road from 16 December 2011 to 9 March 2012 and 29 March 2012 to 21 May 2012.  

The radiometer took measurements at zenith (90°) and 35°; the latter, was selected as the 

lowest angle possible for the radiometer to measure just above nearby terrain and limit 

background influences.  A few of the parameters collected include sky brightness 

temperatures at 150 GHz, sky brightness temperatures from both horizontal and vertical 

polarizations at the 89 GHz frequency, blackbody temperature, the liquid water column at 

the 89 GHz and 150 GHz frequencies, ambient temperature, and relative humidity.  

 (ii) MWO WVR-1100 radiometer 

 The Total Integrated Water Vapor and Liquid Water Radiometer was placed at the 
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Mount Washington Auto Road by the Mount Washington Observatory (Fig. 5).  This 

radiometer was similar to the NASA 89-150 

radiometer and ran at two frequencies, 23.8 GHz 

and 31.4 GHz, but did not have dual-

polarization capabilities.  Water vapor 

dominated the 23.8 GHz frequency and liquid 

water dominated the 31.4 GHz frequency.  

These frequencies measure integrated liquid 

water and water vapor in the atmosphere along a selected path between 0° and zenith 

(Radiometrics Corp. 2005). 

 The MWO WVR-1100 radiometer collected data from 21 November 2011 to 7 

June 2012.  This radiometer only took measurements at zenith (90°).  The radiometer was 

not set to take measurements at 35°.  A few of the parameters collected included 

blackbody temperature, water vapor and integrated liquid water, and ambient 

temperature.  Radiometer data were collected, but were not processed and available for 

this thesis.    

 (iii) Vaisala LD-40 ceilometer. 

 The last instrument placed at the Mount Washington Auto 

Road was a Vaisala LD-40 ceilometer (Fig. 6).  This ceilometer sent 

out a pulse of light at zenith (90°) and waited for a return pulse that 

was reflected by cloud droplets or ice crystals in the atmosphere.  The 

difference in time between the sending pulse and the return pulse 

determined the cloud height.  Cloud penetration (a.k.a. cloud 

Figure 5. Radiometrics WVR-1100 

radiometer. 

Figure 6. Vaisala 

LD-40 

ceilometer. 
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thickness) was also determined with this instrument.  The ceilometer had a maximum 

vertical range of 43,000 ft. (13 km), a vertical resolution of 25 ft. (7.5 m), and could 

detect up to 3 different cloud layers (Vaisala 2006).  The ceilometer tends to not be very 

effective during precipitation events due to beam scattering from falling precipitation. 

 The Vaisala LD-40 ceilometer took measurements from 1 November 2011 to 30 

April 2012 at 1-minute intervals. Data collected from the ceilometer include the cloud 

base heights of each cloud layer above ground level and the thickness of the cloud to the 

nearest 25 ft.  There was also a precipitation code which signaled when precipitation was 

falling as well as its intensity.       

 2) MOUNT WASHINGTON SUMMIT 

 The summit of Mount Washington is located at an elevation of 6,288 ft. and is the 

highest elevated location in the Northeast United States.  Mount Washington is known for 

its heavy icing events as well as home to one of the world’s highest recorded wind speeds 

at 231 mph.  Instruments located at the summit of Mount Washington included a 

Rosemount 872B12 ice detector, thermometers, and a pitot tube for measuring wind 

speed. 

 (i) 872B12 ice detector 

 The ice detector placed at the summit of Mount 

Washington was an 872B12 Rosemount ice detector from 

Goodrich Sensor Systems (Fig. 7).  This detector 

contained a probe positioned above a dome to collect ice.  

The ice detector operated at a frequency of 40,000 Hz.  

As ice accreted on the probe, the frequency decreased.  

Figure 7. Rosemount 872B12 

ice detector. 
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As the frequency decreased to ~39,867 Hz, the de-icing cycle began.  The length of a de-

icing cycle was 90 ± 10 s (Rosemount Inc. 1985).  Data were collected from the ice 

detector from 2 November 2011 to 21 May 2012.  Data retrieved included hourly 

observations of the number of icing cycles.  Information derived from the raw data 

included potential icing cycles, hourly icing rates, liquid water content, and the time of 

the start and completion of each de-icing cycle throughout the study period.  

 (ii) Summit weather observations 

 Temperature and wind speed measurements from the summit of Mount 

Washington were retrieved from 1 October 2011 to 30 April 2012.  Data were collected 

every minute during this period.  Temperature was retrieved from thermometers.  Wind 

speed was retrieved from a pitot tube (Fig. 8).  A 

pitot tube is an instrument that is favored in high 

wind speed environments because it does not 

require the use of rotating cups to measure wind 

speed.  In this environment, rotating cups would 

break.  A pitot tube is a metal, hollow instrument 

with a small opening pointing in the direction of the wind.  The instrument measures the 

force of air inside the pitot tube which is then converted into a wind speed.  Due to the 

heavy weight of the pitot tube, a relatively high wind speed, typically > 25 knots, is 

needed to correctly position the pitot tube opening directly into the wind.  With wind 

speeds < 25 knots, the pitot tube may not be measuring the wind speed correctly (Welsh 

2012).  Summit data collected include one minute weather data of temperature, average 

wind speed, wind direction, and instantaneous wind speed.    

Figure 8. Pitot tube. 
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 3) MOUNT WASHINGTON COG BASE SITE 

 The Mount Washington Cog Railway, located west of the Mount Washington  

summit in North Conway, NH, was another location where an instrument was placed.  

The base site sits at an elevation of ~2,500 ft.  The instrument placed at the base site was 

a Vaisala CT25K ceilometer, a different model than the instrument placed at the Mount 

Washington Auto Road. 

 Vaisala CT25K ceilometer 

The ceilometer used at the base of the Cog Railway is a 

Vaisala CT25K (Fig. 9).  This ceilometer had a maximum vertical 

range of only 25,000 ft. (7.5 km) and a vertical resolution of 50 ft.  

The ceilometer was able to detect up to three different cloud 

layers; however, it was unable to detect cloud penetration.  Only 

the base height of each cloud layer was detected (Vaisala 1999).  

Data were collected from 1 October 2011 to 30 April 2012 and 

included 1-minute measurements of the base height of the lowest 

three layers of clouds (if present).  

 4) MOUNT WASHINGTON COG HALFWAY HOUSE 

 Along the Cog Railway, an instrument was placed at the halfway house.  This 

house was built as a halfway point rest area when traveling to the summit of Mount 

Washington.  This building is located at an elevation of 4,500 ft.  The instrument located 

at the halfway house was a Goodrich 0871LH1 ice detector. 

 0871LH1 ice detector 

The 0871LH1 ice detector (Fig. 10) is a freezing rain sensor which works well in  

Figure 9. Vaisala 

CT25K ceilometer. 
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light icing conditions.  The ice detector probe vibrated at a 40,000 Hz frequency.  An ice 

thickness of 0.020 in., corresponding to a frequency drop 

of ~130 Hz, will cause a de-icing cycle (Campbell 

Scientific Corp. 2007).  The de-icing cycle lasted 60 

seconds.  This ice detector had only de-icing capabilities 

on the probe, not the entire instrument.  Because of this, 

it was required for the ice detector to be tilted 20 to 30 

degrees to allow the melted ice from the probe to drain 

off the base of the sensor.  The probe comes out of a flat-top base that does not drain 

melted ice if the instrument is level and wind speeds are low (Goodrich Corp. 2002).  It 

was observed at the halfway house that the instrument tended to get surrounded by snow, 

which caused faulty ice detector measurements.  It was also noted that the de-icing cycle 

was too short and did not melt all the ice off the probe.  This led to icing errors, as the 

melted ice refroze on the sensor. 

 Data from the 0871LH1 detector were collected from 2 November 2011 to 20 

May 2012.  Due to performance issues and poor data collection from the ice detector, 

analysis was not done.     

 5) MOUNT MANSFIELD, VT 

 Two other mountainous locations were tested in New England for icing.  One of 

these locations was Mount Mansfield in Underhill, VT.  This mountain is the highest 

mountain in Vermont with a summit height of 4,395 ft.  Instrumentation placed at this 

location included an 872B12 ice detector, the same model placed at the summit of Mount 

Washington, a RM Young anemometer, and a NRG heated anemometer.  The 

Figure 10. Goodrich 

0871LH1 freezing rain 

sensor. 
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instruments were originally placed at the summit of Mount Mansfield, but were 

repositioned at the Mount Mansfield Ice Bridge (3,950 ft. elevation) on 26 January 2012.  

 (i) 872B12 ice detector 

 The ice detector located at Mount Mansfield was a Goodrich Rosemount 872B12 

ice detector.  This was the same unit that was located at the summit of Mount 

Washington.  The same 90 second de-icing cycle was used.  The ice detector was located 

in two locations during the winter season.  The ice detector was located on the foundation 

of a former television transmission tower (4,395 ft.) from 12 December 2011 to 22 

December 2011.  It was then positioned at the Ice Bridge (3,950 ft.) from 26 January 

2012 to 8 June 2012.  The same data were collected from the ice detector at Mount 

Mansfield as Mount Washington. 

 (ii) RM Young anemometer 

 A RM Young anemometer (Fig. 11) was used at 

Mount Mansfield from 1 December 2011 to 27 

February 2012.  It was first set up at the WCAX-TV 

Transmitter Building Roof on 1 December and then 

moved to the Mountain Top Tower on 12 December.  It 

was then reused at the WCAX-TV transmitter building 

from 22 December 2011 to 27 February 2012.  This is a 

standard anemometer with a wind vane and a four-blade propeller.  The problem with the 

anemometer was that it did not have any heating capabilities (Campbell Scientific Corp. 

2006).    

 (iii) NRG heated anemometer 

Figure 11. RM Young 

anemometer. 
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 Beginning on 27 February 2012, a heated anemometer was positioned at  

Mount Mansfield and collected data until 8 June 2012 (Fig. 

12).  This anemometer was small and rugged enough to 

measure winds in excess of 90 m s
-1

 and winds as low as 2 m 

s
-1

.  The built in heater prevented any ice buildup from the 

instrument and kept it at a constant temperature (NRG 

Systems 2012). 

 Data collected from the NRG heated anemometer and 

the RM Young anemometer included wind speed and direction.  Data from the RM 

young anemometer that measured no wind speed were considered bad data and assumed 

the anemometer was frozen.  There were no flaws in the NRG heated anemometer dataset 

so it was assumed the anemometer did not ice over.  Mount Mansfield also collected air 

temperature.  Data were recorded every 5 minutes.     

 (6) CANNON MOUNTAIN, NH 

 The final location that was used for icing analysis was Cannon Mountain, located 

in Franconia, NH.  The summit of Cannon Mountain reaches an elevation of 4,030 ft., 

lower than both Mount Washington and Mount Mansfield.  Cannon Mountain is located 

far enough from Mount Washington to help verify model predictions over a large area.  

Instruments placed at the summit of Cannon Mountain included a Goodrich 0872E3 ice 

detector and a Hydro-tech anemometer. 

 (i) 0872E3 ice detector 

 The 0872E3 ice detector was positioned at the summit of Cannon Mountain and 

collected data from 16 February 2012 to 11 May 2012 (Fig. 13).  This ice detector had a  

Figure 12. NRG heated 

anemometer. 
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minimum ice measurement threshold of 0.13 mm, or 0.5 in.  A de-icing cycle ran after 

the frequency dropped ~130 Hz, similar to the ice detector at the Cog Railway Halfway 

House.  This instrument had a maximum de-icing cycle of 60 seconds but could be 

programmed for a different length (Campbell Scientific Corp. 2010). 

Data collected from the ice detector 

included the time between each icing/de-icing 

cycle, potential icing cycles per hour, liquid water 

content, and icing rates.  The maximum potential 

icing cycles for this detector were 60 cycles hr
-1

.  

The maximum icing rate for this detector was 3.0 

cm hr
-1

.  Higher rates of potential icing cycles or 

icing rates were still recorded as 60 cycles hr
-1

 and 3.0 cm hr
-1

 respectively.  The data set 

sometimes took measurements of liquid water content and icing rates at multiple times 

each hour, while some hours and days did not.  This caused analysis to be subjective and 

prone to errors and incorrect calculations. 

 (ii) Hydro-tech anemometer 

  The anemometer placed at the summit of Cannon 

Mountain was a Hydro-tech anemometer (Fig. 14).  This 

anemometer was much different than all other anemometers 

used.  It contained several half-circle cups that rotated 

horizontally around a metal plate.  The metal design of this 

anemometer allowed it to work in very windy conditions (up to 

100 m s
-1

).  A minimum wind speed of ~3 m s
-1

 was required to 

Figure 13. Goodrich 0872E3 freezing 

rain sensor. 

Figure 14. Hydro-tech 

anemometer. 
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begin rotation.  The anemometer also had heating capabilities to prevent the accretion of 

precipitation or ice on the anemometer (Taylor 1998). 

 Data were collected from the Hydro-tech anemometer from 17 February 2012 to 

31 May 2012.  Data collected were average wind speed and direction over a 5-minute 

period, as well as the maximum wind speed witnessed during that period.  Temperature 

was also collected from Cannon Mountain from 10 February 2012 to 31 May 2012 in 5-

minute averages.   

e. NASA Langley cloud products 

 Three icing parameters were taken from the NASA LaRC webpage to verify how 

well these satellite derived products compared to what was observed by ground based 

instrumentation [available online at http://cloudsgate2.larc.nasa.gov/index.html].  The 

three parameters retrieved were icing potential, cloud-base height, and cloud-top height.  

These cloud products were taken at 15 minutes and 45 minutes past the hour; however, 

not all times were available for downloading.  All available charts were retrieved from 1 

November 2011 to 30 April 2012.  Each pixel in these cloud charts were 10 km x 10 km 

and were difficult to see which color pixel was located over the Mount Washington area, 

Mount Mansfield, and Cannon Mountain.  Therefore, each chart was overlaid using 

Google Earth to determine which pixel corresponded to each location (Fig. 15).  An 

example of the icing potential, cloud-base height, and cloud-top height images retrieved 

from NASA LaRC are shown in figures 16, 17, and 18, respectively. 

 The data points from these three parameters were organized in a spreadsheet for 

Mount Washington, Mount Mansfield, and Cannon Mountain.  Icing potential images 

were compared to ice detector data located at the summit of Mount Washington, Mount 

http://cloudsgate2.larc.nasa.gov/index.html
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Mansfield, and Cannon Mountain.  The parameter used to determine if icing occurred 

during a specific hour was icing rate.  Cloud-base height and cloud-top height images 

were compared to ceilometer data at the Mount Washington Auto Road and the Cog 

Railway.  The Mount Washington Auto Road ceilometer was located on the east side of 

the Mount Washington summit and the Cog Railway ceilometer was located on the west 

side of the Mount Washington Summit.  Cloud-base height and cloud-top height were 

able to be determined during the daytime and nighttime.  Icing potential, however, had 

limitations.  Icing potential probabilities could only be determined during the daytime.  

During the nighttime, it was only recorded as either night icing, indeterminate, or no 

icing.  No probabilities of icing could be determined at night.  Further analysis of this 

data is described in Chapter 4. 

 
Figure 15. A close up of NASA LaRC icing potential data overlaid using Google Earth 

from 23 November 2011 at 1645 UTC.  The tacks correspond to the locations of Mount 

Mansfield, Cannon Mountain, and Mount Washington. 
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Figure 16. Icing potential image from 16 November 2011 at 1845 UTC from NASA 

LaRC. 

 

 
Figure 17. Cloud-base height image from 16 November 2011 at 1845 UTC from NASA 

LaRC. 
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Figure 18. Cloud-top height image from 16 November 2011 at 1845 UTC from NASA 

LaRC. 

 

f. Summary 

 The ice detector data described above was formatted into a database.  The 

database covered daily information from 1 November 2011 to 30 April 2012 from the ice 

detectors at Mount Washington, Mount Mansfield, and Cannon Mountain.  Parameters in 

the database included LWC and daily ice accumulations.  Icing potential images from 

NASA LaRC were compared to ice detector data at the Mount Washington summit, 

Mount Mansfield, and Cannon Mountain.  Cloud-base height and cloud-top height 

images from NASA LaRC were compared to ceilometer data from the Mount 

Washington Auto Road and the base of the Cog Railway.  Having one ceilometer on the 

east side of the summit and the other on the west side of the summit allowed for 

comparing the success of the NASA LaRC product on both sides of the summit.  
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CHAPTER 3 

3. Synoptic and surface analysis 

a. Icing events 

 Synoptic and surface analyses of the 34 icing events described in Chapter 2 were 

evaluated for Mount Washington.  These events were characterized at the beginning and 

end of their icing period rather than during the most intense period of icing done by 

Ryerson (1988) to understand the frontal locations and tracks during icing periods.  The 

methodology of categorizing the synoptic pattern of each event was similar to the work 

done by Ryerson (1988).  Each event was characterized as PCF, WFS, MFC, CFW, or 

MSC.  While characterizing these events, a new category was added to the data set: 

Nor’easters (NE).  The number of events in each category is shown in Table 9.  After 

each event was given a category, NCEP/NCAR reanalysis data composites of sea-level 

pressure were created for each category [available online at 

http://www.esrl.noaa.gov/psd/data/composites/hour/].  Two composites were made for 

each category: the beginning of the icing period and the end of the icing period.  These 

were developed to locate high and low pressure patterns for each category and understand 

their evolution during the event. 

Table 9. Number of icing events in each category. 

Category PCF WFS MFC CFW NE MSC 

No. of events 9 7 2 10 3 3 

Frequency 26.5% 20.6% 5.9% 29.4% 8.8% 8.8% 

    

 Surface analysis included the development of time series graphs of wind 

direction, wind speed, and temperature for all 34 icing events.  The tables shown for each 

category include wind direction, average wind speed, and the temperature range 

http://www.esrl.noaa.gov/psd/data/composites/hour/
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throughout each icing event.  These measurements were taken from the raw METAR 

observations at the summit of Mount Washington.  

 1) POST COLD FRONT (PCF) 

 (i) Surface     

Table 10. Surface weather data of all PCF icing events. 

Event 
Duration 

(h) 
WD 

Avg. WS 

(m s
-1

) 

Temp. Range 

(°C) 

21 Oct 05Z to 23 Oct 07Z 51 W 21.9 -1.1 to -2.8 

11 Nov 08Z to 12 Nov 16Z 33 W 25.1 -1.1 to -12.8 

17 Nov 17Z to 19 Nov 03Z 35 W 22.0 -8.9 to -13.9 

28 Dec 08Z to 29 Dec 12Z 29 SSW-W 31.0 0.0 to -26.1 

06 Jan 09Z to 07 Jan 09Z 25 W 21.3 -5.0 to -16.1 

12 Feb 11Z to 14 Feb 10Z 48 WNW 31.3 -13.9 to -30.0 

04 Mar 21Z to 06 Mar 04Z 32 WNW 14.6 -11.1 to -22.2 

04 Apr 23Z to 06 Apr 16Z 42 WNW 23.9 -7.8 to -13.9 

07 Apr 11Z to 11 Apr 07Z 93 NW-W 20.4 -5.0 to -12.8 

 

Of the 34 icing events, nine events were PCF types, which accounted for 26.5% 

of all icing events.  Table 10 shows the surface weather data of all PCF icing events.  Of 

the nine events, eight of these events had west to northwest winds which is common 

behind the passage of a cold front.  The one event that did not have westerly winds was 

from 28 December.  The HPC surface analysis from this event showed that the main front 

passed through the region, making this a PCF event.  However, an arctic cold front was 

located to the west of Mount Washington causing SSW winds.  After the arctic front 

passed through the summit, winds then shifted to the west.  Most average wind speeds for 

these events were between 20 and 25 m s
-1

 with two events averaging 31 m s
-1

 and one 

event averaging 14.6 m s
-1

.  The temperature ranges for these events were mostly 

between 0°C and -16°C.  For the 28 December event, temperatures were above freezing 

before the passage of the first cold front.  Once temperatures were at and below freezing, 
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icing began.  Two events had icing conditions with temperatures of < -25°C.  These were 

the two events that had the highest average wind speed of all PCF events.  

(ii) Synoptic 

 Figure B1 shows the sea-level pressure composite mean for the nine PCF events 

during the beginning of their icing period.  Low pressures were located over New 

England stretching northward into eastern Canada.  For four of these events (17 

November, 06 January, 12 February, and 04 April), icing began when the low pressure 

center was located over Newfoundland.  For two other events (21 October and 28 

December), icing began with low pressure located over southwest Quebec but a cold 

front passed through the area making them PCF events.  For the remaining three events, 

low pressures were located in the Gulf of Maine for the 11 November and 04 March 

events and the northern Atlantic Ocean for the 07 April event.  Most PCF low pressure 

systems moved north or northeastward during the icing event except for the 07 April 

event, where the low retrograded from the northern Atlantic Ocean to southern Quebec, 

where it remained stationary for a few days.  This is what caused the icing event to last 

93 hours.  High pressures were located over the southern United States centered over 

Louisiana, eastern Texas, western Mississippi, and southern Arkansas.  Six of the nine 

PCF events had high pressures located in that region.  Of the other three events, two had 

a high centered over central Canada (04 April and 07 April) and the other had a high 

centered over the southeast United States (06 January). 

 Figure B2 shows the sea-level pressure composite mean for the nine PCF events 

at the end of their icing period.  The low pressure systems have moved over northern 

Canada as high pressure moved eastward over the southeastern United States centered 
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over western South Carolina.  Seven of the nine PCF events had high pressures located 

over the Southeast at the end of their icing period.  Of the other two events, one had a 

high centered over the northern Great Lakes (04 April) and the other had a high over the 

upper Midwest (07 April).  Low pressure systems were located over the southeast United 

States during those two events. 

 2) WARM FRONT TO SOUTH (WFS) 

 (i) Surface 

Table 11.  Surface weather data of all WFS icing events. 

Event 
Duration 

(h) 
WD 

Avg. WS 

(m s
-1

) 
Temp. Range (°C) 

23 Nov 05Z to 24 Nov 05Z 25 SE-N 12.8 -6.1 to -11.1 

25 Dec 12Z to 26 Dec 17Z 30 WSW-W 21.4 -10.0 to -17.2 

31 Dec 10Z to 01 Jan 11Z 26 S-W 17.5 -2.2 to -6.1 

24 Jan 06Z to 25 Jan 19Z 38 WSW-W 27.2 0.0 to -13.9 

24 Feb 20Z to 26 Feb 13Z 42 WSW-W 31.3 -6.1 to -23.9 

01 Mar 02Z to 02 Mar 01Z 24 SE 14.5 -10.0 to -16.1 

28 Mar 15Z to 30 Mar 23Z 57 WSW-WNW 19.7 -2.8 to -17.2 

 

Of the 34 icing events, seven events were WFS types, which accounted for 20.6% 

of all icing events.  Table 11 shows the surface weather data of all WFS icing events.  

These events began with the surface cold front to the west and a warm front to the south 

causing S, SW, and WSW winds at the beginning of the icing event.  These events ended 

after the surface cold front passed through the region causing winds to shift to the W, 

WNW, and N.  Six of the seven WFS events had a wind shift during their event. The one 

exception was the 01 March event, where winds remained from the SE throughout the 

event.  The low pressure center for the 01 March event passed to the south of Mount 

Washington, while a high pressure system remained over eastern Quebec.  The 23 

November event had a period of SE winds ahead of the low.  The low pressure center for 

the 23 November event passed to the south of Mount Washington and the wind direction 
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shifted from the north on the backside of the low.  The wind speeds for these events were 

generally weaker than the PCF events, where four events had average wind speeds < 20 

m s
-1

.  The 24 February event had an average wind speed > 30 m s
-1

.  The temperature 

ranges for these events were mostly between 0°C and -17.2°C.  The 24 January event had 

temperatures above freezing prior to the event but slowly dropped throughout the event.  

The coldest temperature reached during the WFS events was -23.9°C during the 24 

February event.  This event was similar to the 28 December and 12 February PCF events, 

where the event with the highest average wind speed had the coldest temperatures.  

 (ii) Synoptic  

Figure B3 shows the sea-level pressure composite mean for the seven WFS events 

at the beginning of their icing period.  Low pressure was located over the Great Lakes.  

Six of the seven events had the low pressure center located near the Great Lakes area 

with three located near Lakes Erie and Ontario, one located just west of Lake Michigan, 

and two located just north of Georgian Bay.  The other event (25 December) had the low 

pressure center located in the southeastern corner of Hudson Bay, north of the Great 

Lakes.  High pressures were located in eastern Quebec, the central Atlantic Ocean, and 

the western United States.  The 23 November, 31 December, 01 March, and 28 March 

events had a low located over eastern Quebec. 

 Figure B4 shows the sea-level pressure composite mean for the seven WFS events 

at the end of their icing period.  Low pressure, corresponding to the passing low pressure 

system, was located near Nova Scotia.  Five of the seven events had the low pressure 

system located near Nova Scotia.  The other two events (25 December and 01 March) had 

the surface low located over the northern Atlantic Ocean.  A secondary low pressure was 
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located over Saskatchewan, Canada as five events had a low centered over that area.  

High pressure was located over the Southeast and western United States, however, four 

events (25 December, 24 January, 24 February, and 01 March) had high pressures located 

near the Ohio River Valley and the Great Lakes.     

 3) MULTIPLE FRONTS AND CYCLONES (MFC) 

 (i) Surface 

Of the 34 icing events, two events were MFC types, which accounted for 5.9% of 

all icing events.  Table 12 shows the surface weather data of all MFC icing events.  Both 

of the events had westerly winds throughout the period, which were also seen from the 

MFC events from Ryerson (1988).  Average wind speeds during these events were 

between 20 and 25 m s
-1

 with the stronger wind speeds occurring in January.  

Temperatures were just below freezing during the 17 October event and well below 

freezing during the 05 January event as temperatures dropped below -20°C. 

Table 12.  Surface weather data of all MFC icing events. 

Event 
Duration 

(h) 
WD 

Avg. WS 

(m s
-1

) 
Temp. Range (°C) 

17 Oct 22Z to 19 Oct 04Z 31 W 21.9 -1.1 to -2.8 

05 Jan 03Z to 06 Jan 05Z 27 W 24.6 -13.9 to -21.1 

 

 (ii) Synoptic 

 Figure B5 shows the sea-level pressure composite mean for the two MFC events 

at the beginning of their icing period.  Despite there being only two MFC events, each 

individual event had the same synoptic pattern; therefore, a composite mean chart was 

made.  The two low pressures were located over Newfoundland and western Quebec, but 

the two events had opposite orientations.  The 17 October event had a W-E orientation of 

its low pressure centers (Gulf of St. Lawrence and the southern tip of Hudson Bay) while 



42 
 

the 05 January event had a SW-NE orientation of its low pressure centers (northeast 

Quebec and north of Lake Ontario).  For both the 17 October and 05 January events, high 

pressures were located over the Southeast (Florida) and the West.  

Figure B6 shows the sea-level pressure composite mean for the two MFC events 

at the end of their icing period.  These events both had a new approaching storm system 

from the west, but were located in different areas; therefore, each event was analyzed 

individually rather than from the composite mean.   

At the end of the 17 October event, the secondary low to the west dissipated, as it 

moved into northern Quebec.  A new low pressure system was situated over the southeast 

United States, as a stationary front was oriented from West Virginia east-northeastward 

into the northern Atlantic Ocean and high pressure built over the western United States.   

At the end of the 05 January event, the secondary low pressure system moved 

through the region and was situated over the Atlantic Ocean as the end of the cold front 

became a stationary front as it stretched west-northwestward towards a new low pressure 

system located over southwest Ontario.  A localized high pressure center was located 

over New England.  Other high pressure centers were located over the Gulf of Mexico 

and the western United States. 

 4) COLD FRONT TO WEST (CFW) 

(i) Surface 

Of the 34 icing events, 10 events were CFW types, which accounted for 29.4% of 

all icing events.  Table 13 shows the surface weather data of all CFW icing events.  For 

all CFW events, there appeared to be no pattern regarding wind direction during the 

beginning of each event.  Wind directions ahead of a cold front are typically from the SE, 
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S or SW.  Only three of the ten events had wind directions from the SE, S, or SW.  All 

other events had wind directions from the WSW, W, WNW, or NW.  Wind directions 

were consistent at the end of each icing period, however, due to the passage of the cold 

front.  Average wind speeds were between 20 and 30 m s
-1

 for all events except the 19 

January event which was just under 20 m s
-1

.  The temperature ranges for these events 

were mostly between 0°C and -19°C.  These warmer temperatures are believed to be due 

to being in the warm sector of the low pressure system.  Temperatures slowly dropped 

throughout each event after the passage of the cold front.  The one exception was the 29 

January event where its warmest temperature was observed near the end of its icing 

period on 01 February.  Three icing events reached temperatures < -20°C, but were not 

correlated with the highest average wind speeds. 

Table 13. Surface weather data of all CFW icing events. 

Event 
Duration 

(h) 
WD 

Avg. WS 

(m s
-1

) 
Temp. Range (°C) 

24 Oct 23Z to 26 Oct 09Z 35 SW-WNW 24.2 0.0 to -7.8 

03 Nov 22Z to 04 Nov 23Z 26 W-NW 21.0 -1.1 to -11.1 

09 Dec 22Z to 11 Dec 15Z 42 WSW-WNW 22.1 -10.0 to -17.8 

16 Dec 04Z to 17 Dec 16Z 37 WNW 26.8 0.0 to -16.1 

02 Jan 00Z to 03 Jan 13Z 38 S-W 23.1 -3.9 to -23.9 

07 Jan 17Z to 09 Jan 03Z 35 W 22.5 -3.9 to -17.8 

19 Jan 22Z to 20 Jan 22Z 25 SE-W 19.8 -16.1 to -22.8 

29 Jan 21Z to 02 Feb 11Z 87 W 23.6 -2.2 to -21.1 

16 Feb 23Z to 19 Feb 12Z 62 WSW-WNW 20.1 -5.0 to -17.2 

26 Mar 03Z to 27 Mar 02Z 24 NW 29.0 -1.1 to -18.9 

 

(ii) Synoptic 

Figure B7 shows the sea-level pressure composite mean for the 10 CFW events at 

the beginning of their icing period.  Low pressure was located along the border of Ontario 

and Quebec.  Nine of the ten CFW events had the low centered over that region.  The 

other event (03 November) had the low centered over northern Maine.  High pressure 
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was located over the central Plains.  Eight of the ten events had a high pressure located 

over that region.  The other two events (25 October and 29 January) had the high pressure 

located along the southern United States stretching up to the Ohio River Valley. 

Figure B8 shows the sea-level pressure composite mean for the 10 CFW events at 

the end of their icing period.  High pressure was located over the Great Lakes.  The 

location of the high pressure center for the CFW events were different than the PCF and 

WFS events, where the high was mainly located over the southeast United States.  Seven 

of the ten CFW events had a high located over the Great Lakes region.  The three events 

that had highs in different areas were 09 December, 24 October, and 29 January.  The 09 

December event had a high stretching over the entire East Coast as a low pressure system 

approached the upper Great Lakes.  The 24 October event had a high centered over the 

Southeast and northern Plains and a low was located over the Ohio River Valley.  The 29 

January event appeared to have ended due to the passage of a secondary cold front 

moving towards the south.  There appeared to be no dominant high pressure systems at 

the end of that event; however, localized high pressure centers were located in central 

Quebec and Illinois. 

 5) NOR’EASTERS (NE) 

 (i) Surface 

Of the 34 icing events, three events were NE types, which accounted for 8.8% of 

all icing events.  NE events were added to the list of categories because they showed 

different synoptic characteristics and wind direction patterns as the surface low moved up 

the Atlantic Coast.  Table 14 shows the surface weather data of all NE icing events.  The 

29 October event had winds backing over time while the 8 December event had winds 
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veering over time.  The 12 January event had a much different wind direction pattern and 

will be described in the synoptic section for the NE events.  Average wind speeds for 

these events were between 20 and 25 m s
-1.  The temperature range of these three events 

varied.  The 29 October event had its coldest temperatures at the beginning of the period 

and its warmest temperatures at the end.  The 08 December event, however, had its 

warmest temperatures at the beginning of the period and its coldest temperatures at the 

end.  The 12 January event had its warmest temperatures during the middle of the event 

(13 January 03Z to 13 January 17Z) and its coldest temperatures at the end.   

Table 14.  Surface weather data of all NE icing events. 

Event 
Duration 

(h) 
WD 

Avg. WS 

(m s
-1

) 

Temp. Range 

(°C) 

29 Oct 23Z to 31 Oct 15Z 41 E-N-NW 20.9 -6.1 to -12.2 

08 Dec 00Z to 09 Dec 13Z 38 S-W 25.2 0.0 to -15.0 

12 Feb 11Z to 14 Feb 10Z 48 S-E-SW-SE-W 23.5 -2.2 to -22.2 

 

 (ii) Synoptic 

 Figure B9 shows the sea-level pressure composite mean for the three NE events at 

the beginning of their icing period.  Low pressure was located off the Mid-Atlantic Coast 

and high pressure was located over eastern Quebec.  Figure B10 shows the sea-level 

pressure composite mean for the three NE events at the end of their icing period.  The 

main low was located in northern Quebec, as high pressure built in along the East Coast.  

Each NE event, however, had its own unique synoptic pattern throughout its event and 

were analyzed individually.   

The 29 October event began with a single low pressure center located just off the 

coast of Long Island.  High pressure was located over Quebec and stretched down into 

Texas.  The low continued to track along the coast and headed towards Newfoundland.  

The high pressure system located over Texas moved northeastward.  The high pressure 
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center was located in Massachusetts at the end of the icing period.  What was interesting 

with this event is that icing still developed on Mount Washington even when the high 

pressure center was located over New England nine hours prior to the end of the event.   

The 08 December event had a series of low pressure centers along a cold front 

moving up the coast.  The strongest low was located off the Virginia coast.  A weaker 

low was located over the Gulf of Maine.  As the system moved northeastward, the low 

off the Virginia coast reached Long Island as the low over the Gulf of Maine was no 

longer present.  A high pressure center was located over Texas and Louisiana.  As the 

low moved through the area, high pressure from Texas built into the Northeast.  This 

blocked a low pressure system located in the upper Great Lakes from advancing 

eastward.  The event ended when the high pressure center was located off the coast of 

Massachusetts.   

The 12 January event had a series of two low pressure centers.  The first low was 

located over New Jersey and the second low was located near Chicago, IL.  High 

pressure was located over eastern Canada.  The first low moved up the coast, as the low 

from Chicago approached the lower Great Lakes.  As the first low moved towards Nova 

Scotia, the secondary low began to pass through New York State.  As it did, a new low 

formed off the Long Island Coast as it moved northeastward following the same track as 

the first low.  As the secondary low made its way into Canada, an arctic cold front began 

to push through New England.  The icing event ended once the arctic front was located 

off the New England Coast, as high pressure began to build in from the upper Great 

Lakes.  This event was placed in the NE category because, despite having two low 

pressure systems, both took a northeast track up the Atlantic Coast.  
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6) MISCELLANEOUS (MSC) 

 (i) Surface 

Of the 34 icing events, three events were MSC types, which accounted for 8.8% 

of all icing events.  These events did not have a synoptic pattern to be placed in a 

category.  Table 15 shows the surface weather data of all MSC icing events.  These three 

events did have wind directions from the WSW to NW throughout.  The 13 December 

and 15 February events had average wind speeds ≤ 13 m s
-1

, whereas the 17 January 

event had an average wind speed near 30 m s
-1

.  The highest average wind speed event 

also had the coldest environmental temperature (-25°C) similar to the PCF and WFS 

events.   

Table 15.  Surface weather data of all MSC icing events. 

Event 
Duration 

(h) 
WD 

Avg. WS 

(m s
-1

) 

Temp. Range 

(°C) 

13 Dec 15Z to 14 Dec 19Z 29 NW 13.0 -3.9 to -8.9 

17 Jan 03Z to 19 Jan 00Z 46 W-WSW-WNW 28.5 -1.1 to -25.0 

15 Feb 00Z to 16 Feb 10Z 35 W 10.1 -7.2 to -12.2 

 

 (ii) Synoptic 

 Because of the different synoptic patterns between these three events, sea-level 

pressure composite mean charts were not created.  Each event was analyzed individually.  

The one similarity with these three events was the presence of stationary fronts near New 

England. 

 The 13 December event began with the presence of a stationary front stretching 

from Lake Huron through southern Quebec.  High pressure was located over central 

Quebec and along the East Coast centered over West Virginia.  At the end of the icing 

period, the stationary front remained over southern Quebec as high pressure slowly 

moved eastward centered over New England.   
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The 17 January event began with a stationary front situated over the St. Lawrence 

River Valley.  Another low pressure center was located over Chicago, IL.  High pressure 

was situated over the western Atlantic Ocean.  The low over Chicago began to progress 

northeastward, as the stationary front remained along the St. Lawrence River Valley.  A 

low pressure system passed through the area and progressed through eastern Quebec.  

The event ended with high pressure building in behind the cold front stretching from New 

York to Louisiana.   

The 15 February event began with a stationary front stretching from the southern 

tip of Hudson Bay to southern Quebec and northern Maine.  High pressure was located 

over the Southeast centered over Alabama.  Throughout the event, the stationary front 

remained in Southern Quebec, as high pressure moved into the area from the Southeast 

U.S.  The event ended as high pressure was centered over southern New Hampshire.    

b. Non-icing events 

 Surface and synoptic analysis was done on the 10 non-icing events described in 

Chapter 2.  These events had no icing conditions for a 24-hour period, temperatures 

below 0°C throughout the period, and no weather reported (e.g. no rain, snow, blowing 

snow, fog, etc.).  The surface analysis parameters examined included wind direction, 

average wind speed, temperature range during each event, and the relative humidity range 

during each event.  Every icing period had 100% relative humidity throughout the event.  

This was not the case for the non-icing events.  It can be determined that high relative 

humidity environments can be prone to icing conditions due to the presence of cloud 

cover over the mountains. Low relative humidity environments are not prone to icing 

conditions because the air is too dry for supercooled water droplets to form.  Despite 
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relative humidity values > 90% in some non-icing cases, no icing occurred.  Synoptic 

scale patterns were also characterized for the non-icing events and were split into three 

categories: East Coast Highs (ECH), Northeast/Quebec Highs (NQH), and Nova Scotia 

Lows (NSL).  Synoptic patterns were only analyzed during the  

beginning of these non-icing events. 

 1) EAST COAST HIGHS (ECH) 

 (i) Surface 

 ECH events were defined as environments where high pressure stretched along 

the entire East Coast of the United States.  Three of the ten non-icing events fit into this 

category: 19 November, 01 December, and 11 March.  Table 16 shows the surface 

weather data of all ECH non-icing events.  Wind directions during these events were 

from the W to NW, with two events having a wind shift.  The 01 December event had 

winds backing over time while the 11 March event had winds veering over time.  Two of 

these events had average wind speeds near 24 m s
-1

 while the 01 December event had 

average wind speeds below 15    m s
-1

.  The temperature ranges for these events were 

between 1.1°C and -10°C.  The 11 March event had temperatures above freezing for only 

one hour during the period.  Despite the one hour temperature above freezing, this event 

was kept due to high relative humidity values.  A couple of these events had relative 

humidity values exceeding 90% with the 01 December event having an hourly 

observation reaching 100% relative humidity, but no icing was reported. 

Table 16. Surface weather data of all ECH non-icing events. 

Event WD 
Avg. WS 

(m s
-1

) 

Temp. Range 

(°C) 

Rel. Hum. 

Range (%) 

19 Nov 06Z to 20 Nov 05Z W 24.5 0.0 to -10.0 12.9 to 62.1 

01 Dec 12Z to 02 Dec 11Z NNW-W 14.8 -6.1 to -7.8 13.0 to 100 

11 Mar 18Z to 12 Mar 17Z WNW-NW 23.8 1.1 to -5.0 51.5 to 92.0 
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 (ii) Synoptic 

 Figure B11 shows the sea-level composite mean of the three ECH events at the 

beginning of their non-icing period.  High pressure was centered over Virginia and North 

Carolina and stretched from northern Florida to the Northeast.  Lower pressures were 

located over the southern Plains northeastward into the upper Great Lakes.  These were 

caused by a low pressure system stretching from the upper Great Lakes to northern Texas 

during the 19 November and 01 December events.  The 11 March event had a low 

pressure system only located over the northern Plains. 

 2) NORTHEAST/QUEBEC HIGHS (NQH) 

 (i) Surface  

Table 17. Surface weather data of all NQH non-icing events. 

Event WD 
Avg. WS 

(m s
-1

) 

Temp. Range 

(°C) 

Rel. Hum. 

Range (%) 

22 Nov 01Z to 23 Nov 00Z WNW 12.8 -6.1 to -11.1 14.5 to 55.7 

24 Dec 09Z to 25 Dec 08Z NW-WSW 11.9 -15.0 to -18.9 7.9 to 37.0 

11 Jan 11Z to 12 Jan 10Z NW-W-S 13.9 -6.1 to -15.0 26.4 to 84.0 

22 Jan 09Z to 23 Jan 08Z NW-WSW 12.6 -7.2 to -15.0 11.5 to 43.7 

  

NQH events were defined as environments where high pressure was situated over 

the Northeast and/or southern Quebec.  Four of the ten non-icing events fit into this 

category: 22 November, 24 December, 11 January, and 22 January.  Table 17 shows the 

surface weather data of all NQH non-icing events.  All events had a wind shift except for 

the 22 November event.  The three events that encountered a wind shift (24 December, 

11 January, and 22 January) were under cold air advection as winds backed over time.  

The average wind speed for these events were lower than the ECH events as no event had 

an average wind speed > 14 m s
-1

.  The temperatures for these events were colder than the 

ECH events as temperatures were below -6.1°C.  The coldest temperature reached was -
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18.9°C during the 24 December event.  Relative humidity values were lower than the 

ECH events as most values were below 50% with 24 December being the driest event.  

The 11 January event reached the highest relative humidity value of 84%. 

(ii) Synoptic 

Figure B12 shows the sea-level composite mean of the four NQH events at the 

beginning of their non-icing period.  High pressure was centered over southern Quebec 

and stretched into the Northeast.  These high pressures were located on the backside of 

low pressure systems that moved through the Northeast a few days prior.  Three of the 

four events had the cold front from the low pressure system still situated over the 

Southeast.  The other event (11 January) had a separate low pressure system form over 

the Southeast.  That storm system impacted the Northeast after this non-icing period and 

developed a long-lasting icing event (see 12 January NE icing event). 

 3) NOVA SCOTIA LOWS (NSL) 

 (i) Surface 

 NSL events were defined as environments where a low pressure system was 

located over Nova Scotia, Canada.  Three of the ten non-icing events fit into this 

category: 06 October, 10 February, and 03 April.  Table 18 shows the surface weather 

data of all NSL non-icing events.  Two of the three events had a wind shift during the 

period showing cold air advection.  The highest average wind speed of all non-icing 

events was found during the 06 October event as wind speeds averaged 27.2 m s
-1

.  The 

temperature ranges for these events were in-between the ECH and NQH events as 

temperatures ranged from -5.0°C to -12.2°C.  Relative humidity values for all of these 

events were mostly above 50% with all three events exceeding 90%. 
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Table 18. Surface weather data of all NSL non-icing events. 

Event WD 
Avg. WS 

(m s
-1

) 

Temp. Range 

(°C) 

Rel. Hum. 

Range (%) 

06 Oct 00Z to 06 Oct 23Z NW 27.2 -5.0 to -8.9 25.3 to 91.6 

10 Feb 00Z to 10 Feb 23Z WNW-WSW 16.2 -7.8 to -12.2 51.5 to 92.0 

03 Apr 18Z to 04 Apr 17Z NW-WNW 20.8 -7.2 to -11.1 56.0 to 91.7 

 

(ii) Synoptic 

 

Figure B13 shows the sea-level composite mean of the three NSL events at the 

beginning of their non-icing period.  Low pressure was located just to the east of Nova 

Scotia and Newfoundland as high pressure built in behind the low.  High pressure 

stretched from the lower Great Lakes to the Southeast.  Lower pressures were located 

along the upper Great Lakes and the western United States.  This was due to low pressure 

systems located along different locations for each event.  The 06 October event had a low 

pressure system located over the western United States.  The 10 February event had a low 

pressure system located along the Ontario/Quebec border with the cold front stretching 

southwestward through Lake Superior and the northern Plains.  The 03 April event had a 

train of low pressure centers stretching from Chicago, IL southwestward into western 

Texas. 

c. Summary and discussion 

 The synoptic and surface analyses shown in Chapter 3 were analyzed for the 34 

icing events that lasted as least 24 hours in length and the 10 non-icing events for a 24 

hour period. The icing or non-icing events that lasted less than 24 hours in length were 

not analyzed in this study.  In order to perform a good synoptic analysis, it was 

determined that an icing or non-icing event of at least 24 hours was a good threshold to 

witness some synoptic influences.  Icing or non-icing events less than 24 hours were 

determined to be mostly mesoscale or microscale influenced. 
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 The icing events were split into 6 different categories: PCF, WFS, MFC, CFW, 

NE, and MSC.  The most common synoptic patterns included the PCF, WFS, and CFW 

events.  A pattern was noticed during a few of these icing events that average wind 

speeds approaching 30 m s
-1

 correlated to environmental temperatures reaching < -23°C.   

Therefore, a scatterplot was created comparing wind speed and temperature for all icing 

hours during the winter season (Fig. 19).  The overall trend of the graph is negative 

suggesting that lower temperatures were often observed with higher wind speeds.  

However, the correlation coefficient is low (0.10).  A few of the icing events also 

produced icing with a high pressure center located over the area for an extended period of 

time. 

 
Figure 19. Scatterplot of wind speed vs. temperature for the 34 icing events at Mount 

Washington. 

 

Non-icing events were split into three categories: ECH, NQH, and NSL.  All of 

these events occurred under high pressure conditions.  Most events had low relative 

humidity values throughout the event, while a few events had relative humidity values    

> 90%, which could have been conducive for icing with proper orographic lift. 
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Despite having three MSC icing events in this study, they each had a stationary 

front located along the USA/Canada border.  This suggests there could be a new icing 

category (stationary front to north) but it can’t be introduced with only three events.  

Further research should be done to determine if more stationary fronts located along that 

region produce icing.   

 Further research should be performed regarding the synoptic scale environments 

of icing and non-icing events.  This research categorized the locations of high and low 

pressure systems during long-lasting icing and non-icing events only.  A synoptic scale 

climatology should be developed to determine how frequently synoptic scale systems that 

pass through New England produce icing for an entire winter season.  Every low pressure 

system that passes through the Northeast should be taken into account and then 

determine, based on raw METAR observations, if that event produced icing. 

 This research project did not perform an in depth analysis of non-icing events.  

Only 10 events were looked at and for a 24 hour period each.  Further research should do 

a more in-depth analysis of non-icing events for the entire winter season.  Non-icing 

periods should be defined as events where icing wasn’t reported at the summit of Mount 

Washington regardless of weather conditions (e.g. snow, blowing snow, etc.) for at least a 

24 hour period and temperatures remained below 0°C.   
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CHAPTER 4 

4. Instrument analysis 

 This chapter focused on analyzing data collected from the instruments that were 

placed at Mount Washington, Mount Mansfield, and Cannon Mountain during the 2011-

2012 winter season.  Icing databases were created comparing liquid water content (LWC) 

and ice accumulations every day from 1 November 2011 to 30 April 2012 from the ice 

detectors at the Mount Washington summit, Mount Mansfield, and Cannon Mountain.  

These databases can be found in Appendix C.  Three NASA Langley cloud products were 

compared to instrumentation: icing potential, cloud-base height, and cloud-top height.  

Icing potential was compared to ice detector data at the Mount Washington Summit, 

Mount Mansfield, and Cannon Mountain.  Cloud-base height and cloud-top height were 

compared to ceilometer data at the Mount Washington Auto Road and the base of the 

Cog Railway.  Radiometer data were collected, but were not processed and available for 

this thesis.  

a. Ice detector databases 

 Databases were created to compare LWC and ice accumulations each day from 1 

November 2011 to 30 April 2012.  The ice detectors at Mount Washington and Mount 

Mansfield were the Rosemount model 872B12 (see Chapter 2).  LWC data was computed 

for each location by using the length of each icing cycle from the ice detector data and 

wind speed from each location’s anemometer (see Chapter 2).   

 For each day in the database, maximum and minimum LWC values for Mount 

Washington, Mount Mansfield, and Cannon Mountain are shown.  For certain days, LWC 

values were believed to be incorrectly calculated, receiving values greater than 100 g m
-3

.  

These values are thought to have occurred in weak wind environments or short icing 
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cycles.  If the ice detector melted ice under weak winds, the melted water may have 

remained around the sensor and refroze after the de-icing cycle completed causing a short 

de-icing cycle.  The drop collection efficiency algorithm may not have performed well in 

low wind speed environments.  These could have caused high LWC readings.  To 

account for this, scatterplots were made comparing LWC and wind speed for Mount 

Washington (Fig. 20) and Mount Mansfield (Fig. 21).  Due to the inconsistency of the 

dataset from Cannon Mountain, a scatterplot was not created, but the same LWC 

threshold that was determined at Mount Washington and Mount Mansfield was used for 

Cannon Mountain.  It was observed that large LWC readings were recorded under wind 

speeds less than 5 m s
-1

.  The highest LWC value with a wind speed ≥ 5 m s
-1

 was 

approximately 2.5 g m
-3

 for Mount Mansfield and 1.5 g m
-3

 for Mount Washington.  

Therefore, all LWC values ≤ 2.5 g m
-3

 were used in the database, even if the 

environmental wind speed was less than 5 m s
-1

.  LWC values > 2.5 g m
-3

 were 

disregarded and were determined to be incorrectly calculated values.  Each LWC column 

shown in Appendix C shows the maximum and minimum LWC values read from the ice 

detectors for the specified day.  For days without icing, LWC values are shown as zero.  

For days with icing, the maximum and minimum LWC values are shown. 

 Ice accumulations in cm day
-1

 are shown for Mount Washington and Mount 

Mansfield.  Data from these ice detectors measured icing rates with units of cm hr
-1

.  Data 

were recorded every hour.  Therefore, the hourly icing rates were summed up for the day 

to create a daily ice accumulation.  Because the icing rate data at Cannon Mountain were 

inconsistent, a daily ice accumulation was not computed due to the inability to average 

multiple icing rates per hour to determine a sufficient icing rate for that hour or during 
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hours when no data were collected.  These databases will be used for future case studies 

and model comparison.  

 
Figure 20. Scatterplot of LWC (g m

-3
) and wind speed (m s

-1
) for Mount Mansfield. 

 

 
Figure 21. Scatterplot of LWC (g m

-3
) and wind speed (m s

-1
) for Mount Washington. 

 

 1) MOUNT WASHINGTON 

 Table 19 shows icing results at Mount Washington during the winter of 2011-

2012.  Out of 181 operating days of the Mount Washington ice detector, ice was detected 

on 143 of those days.  There were 57 days that had LWC values exceeding 1.0 g m
-3

 at 

some point during the day (indicative of heavy icing) and 129 days that had LWC values 
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less than 0.10 g m
-3

 at some point during the day (indicative of trace icing).  There were 

53 days with a daily ice accumulation greater than 50 cm with 28 of those days exceeding 

100 cm. 

Table 19. Icing results from the Mount Washington ice detector during the winter of 

2011-2012. 

Month 
Operating 

Days 

Days of 

ice 

detection 

Days with 

LWC ≥ 

1.00 g m
-3 

Days with 

LWC < 

0.10 g m
-3 

Days with 

ice accum. 

> 50 cm 

Days with 

ice accum. 

> 100 cm 

November 29 20 8 18 6 3 

December 31 27 13 21 9 4 

January 31 29 16 25 17 10 

February 29 27 12 27 12 4 

March 31 18 2 17 4 2 

April 30 22 6 21 5 5 

Total 181 143 57 129 53 28 

 

 2) MOUNT MANSFIELD 

 Table 20 shows icing results at Mount Mansfield during the winter of 2011-2012.  

Out of 107 operating days of the Mount Mansfield ice detector, ice was detected on 73 of 

those days.  There were 37 days that had LWC values exceeding 1.0 g m
-3

 at some point 

during the day and 70 days that had LWC values less than 0.10 g m
-3

 at some point 

during the day.  There were 18 days with an ice accumulation greater than 10 cm and 55 

days with an ice accumulation less than 10 cm. 

Table 20. Icing results from the Mount Mansfield ice detector during the winter of 2011-

2012. 

Month 
Operating 

Days 

Days of 

ice 

detection 

Days with 

LWC ≥ 

1.00 g m
-3

 

Days with 

LWC < 

0.10 g m
-3 

Days with 

ice accum. 

> 10 cm 

Days with 

ice accum. 

< 10 cm 

November 0 - - - - - 

December 11 9 10 9 2 7 

January 6 5 4 6 2 3 

February 29 27 10 23 9 18 

March 31 17 5 15 2 15 

April 30 15 8 17 3 12 

Total 107 73 37 70 18 55 

 



59 
 

 3) CANNON MOUNTAIN 

 Table 21 shows icing results at Cannon Mountain during the winter of 2011-2012.  

Out of 75 operating days of the Cannon Mountain ice detector, ice was detected on 46 of 

those days.  There were 23 days that had LWC values exceeding 1.0 g m
-3

 at some point 

during the day and 34 days that had LWC values less than 0.10 g m
-3

 at some point 

during the day.  Due to an inconsistent data set, ice accumulations were not able to be 

calculated at Cannon Mountain. 

Table 21. Icing results from the Cannon Mountain ice detector during the winter of 2011-

2012. 

Month Operating Days 
Days of ice 

detection 

Days with 

LWC ≥ 1.00    

g m
-3 

Days with 

LWC < 0.10    

g m
-3 

November 0 - - - 

December 0 - - - 

January 0 - - - 

February 14 13 9 10 

March 31 18 12 13 

April 30 15 2 11 

Total 75 46 23 34 

 

b. NASA Langley cloud products 

 1) ICING POTENTIAL 

 One of the three NASA LaRC cloud products that were compared to instrument 

data was icing potential.  Each icing potential image from 1 November 2011 to 30 April 

2012 was overlaid using Google Earth and the category corresponding to Mount 

Washington, Mount Mansfield, and Cannon Mountain was recorded.  Icing potential is 

determined based on the entire vertical column of the cloud that is seen over each 

individual pixel to determine if icing is possible (Minnis 2012).   

 Each icing potential image was compared to ice detector icing rate data at their 

respective locations (Mount Washington, Mount Mansfield, and Cannon Mountain) to 
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determine how accurately the NASA LaRC images did in determining surface icing 

conditions, assuming the ice detector data were accurate.  Each colored category was 

analyzed separately and determined whether icing conditions were observed at that time.  

The categories analyzed included no icing (gray), indeterminate (white), low prob light 

(purple), med prob light (blue), hi prob light (yellow), hi prob mod-hvy (red), and night 

icing (light blue).  Indeterminate is used if the satellite is unable to determine if icing can 

or cannot occur in a certain location.  One reason for this is if the satellite detects an ice 

cloud and it is unable to see through the cloud to determine if icing is possible (Minnis 

2012).  NASA LaRC images that were missing data or had no data (green colored) in one 

of the three locations were not analyzed.  Success rates were determined if the cloud 

product and the ice detector successfully determined icing or non-icing simultaneously. 

 (i) Mount Washington 

 
Figure 22. Icing potential results at Mount Washington for the 2011-2012 winter season.  

The blue bars represent no icing detected by the ice detector.  The red bars represent icing 

detected by the ice detector. 
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 Figure 22 shows the icing potential results for Mount Washington.  When NASA 

LaRC detected no icing over Mount Washington, the ice detector verified this 87.4% of 

the time.  When NASA LaRC was in the indeterminate category and was unable to 

determine icing conditions, there was icing at Mount Washington 52.1% of the time.  The 

success rate of low prob light was at 36%, meaning that the ice detector detected icing 

36% of the time when NASA LaRC predicted low prob light icing.  This was the only 

NASA LaRC category that successfully predicted icing at Mount Washington less than 

50%.  The remaining categories, med prob light, high prob light, and high prob mod-hvy, 

successfully predicted icing at Mount Washington at 60%, 70%, and 77.7%, respectively.  

For night icing, the success rate was 64.6%.  

(ii) Mount Mansfield  

 
Figure 23. Icing potential results at Mount Mansfield for the 2011-2012 winter season.  

The blue bars represent no icing detected by the ice detector.  The red bars represent icing 

detected by the ice detector. 

 

Figure 23 shows the icing potential results for Mount Mansfield.  When NASA  
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LaRC detected no icing over Mount Mansfield, the ice detector verified this 96.8% of the 

time, which was a better success rate than Mount Washington.  When NASA LaRC was 

in the indeterminate category and was unable to determine icing conditions, there were 

more non-icing periods than icing periods.  The successes of all daylight icing categories 

were below 50%.  The success rates of low prob light, med prob light, high prob light, 

and high prob mod/hvy were 11.4%, 22.9%, 43.2%, and 45.2%, respectively.  For night 

icing, the success rate was 50%.  

(iii) Cannon Mountain  

 
Figure 24. Icing potential results at Cannon Mountain for the 2011-2012 winter season.  

The blue bars represent no icing detected by the freezing rain sensor.  The red bars 

represent icing detected by the freezing rain sensor. 
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icing periods about 75% of the time.  Similar to Mount Mansfield, the daylight icing 

categories verified icing below 50%.  The low prob light, med prob light, and high prob 

light success rates were 3.1%, 18.3%, and 24.0%, respectively.  However, the high prob 

mod-hvy category had a success rate at 66.7%.  The success rate for night icing was 40%.   

2) CLOUD-BASE HEIGHT/CLOUD-TOP HEIGHT 

The other two NASA LaRC cloud products that were compared with 

instrumentation were CBH and CTH.  Each CBH/CTH image was overlaid using Google 

Earth and the pixel corresponding to the Mount Washington Auto Road and the Cog 

Railway was recorded.  The CBH/CTH values are based on kilometers above sea level 

(Minnis 2012). 

The CBH/CTH values were compared to ceilometer data from the Mount 

Washington Auto Road and the Cog Railway.  The Mount Washington Auto Road 

ceilometer was located on the east side of the Mount Washington summit and recorded 

cloud-base height, and cloud thickness.  Cloud-top height was determined based on the 

cloud thickness of the highest cloud layer that was determined from the ceilometer.  The 

Cog Railway ceilometer was located on the west side of the Mount Washington summit 

and recorded only cloud-base height.  The ceilometer did not record cloud thickness so 

cloud-top height values were not calculated. 

The color code ranges for CBH/CTH were 1.0 km for the lowest 8 km and 2.0 km 

from 8 km to 14 km.  No NASA LaRC CBH/CTH values above 14 km were found.  

When comparing NASA LaRC estimations to ceilometer data, each color code was given 

a height in the middle of the range.  For example, all purple shaded values (0-1 km) were 

given a height of 0.5 km.  All red shaded values (12-14 km) were given a height of 13.0 



64 
 

km.  With this comparison, any differences within 1.0 km are determined to be well 

correlated, assuming the ceilometer data were accurate.  Positive differences resulted in 

NASA LaRC overestimating cloud heights.  In other words, NASA LaRC determined the 

cloud heights were higher than they actually were.  Negative differences resulted in 

NASA LaRC underestimating cloud heights.  In other words, NASA LaRC determined 

the cloud heights were lower than they actually were.      

 (i) Mount Washington Auto Road 

 
Figure 25.  Difference in predicted CBH at the Mount Washington Auto Road. 

  

 Figure 25 shows the cloud-base height results for the Mount Washington Auto 

Road.  Out of 6,851 data points, 2,932 data points were within ± 1.0 km which equated to 

a success rate of 42.8%.  Out of 2,330 data points where NASA LaRC saw clear skies 

over the Mount Washington Auto Road, 1,668 data points correctly determined no 

clouds, based on the Mount Washington Auto Road ceilometer, which equated to a 

success rate of 71.6%.  More positive differences were seen than negative differences as  
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some positive differences were greater than 10,000 m (10 km).  This suggests that NASA  

LaRC had a positive bias in estimating cloud-base heights (cloud heights were too high). 

 Figure 26 shows the cloud-top height results for the Mount Washington Auto 

Road.  Out of 6,867 data points, 2,398 data points were within ± 1.0 km which equated to 

a success rate of 34.9%.  Out of 2,254 data points where NASA LaRC saw clear skies 

over the Mount Washington Auto Road, 1,628 data points correctly determined no 

clouds, based on the Mount Washington Auto Road ceilometer, which equated to a 

success rate of 72.2%.  Similar to the Mount Washington Auto Road CBH results, more 

positive differences were seen than negative differences as some positive differences 

were greater than 12,000 m (12 km).  This also suggests that NASA LaRC had a positive 

bias in determining cloud-top heights (cloud heights were too high).  

 
Figure 26. Difference in predicted CTH at the Mount Washington Auto Road. 
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data points, 2,991 data points were within ± 1.0 km which equated to a success rate of 

44.6%.  Out of 2,114 data points where NASA LaRC saw clear skies over the Cog 

Railway, 1,520 data points correctly determined no clouds, based on the Cog Railway 

ceilometer, which equated to a success rate of 71.9%, similar to the results from the 

Mount Washington Auto Road.  Similar to the Mount Washington Auto Road, more 

positive differences were seen than negative differences as some positive differences 

were greater than 10,000 m (10 km).  This suggests that NASA LaRC had a positive bias 

in determining cloud-base heights west of the Mount Washington summit.   

 
Figure 27. Difference in predicted CBH at the Cog Railway.   
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organized data set for future analysis. 

 With regard to NASA LaRC icing potential, these icing potential categories did  

not take into account the icing conditions at the surface, but rather along the vertical 

column of the cloud at each individual pixel.  For some instances, the cloud could be 

located at the summits of Mount Washington, Mount Mansfield, and Cannon Mountain, 

but it cannot be assumed that it was the entire season.  Other influences of the icing 

potential cloud product is that if NASA LaRC detects an ice cloud and cannot see 

supercooled water droplets below that ice shield, it would either determine that there is 

no icing in the cloud, or it cannot be determined.  This would cause errors using ice 

detector verification.  Overall, the NASA LaRC icing potential performed better at Mount 

Washington than Mount Mansfield or Cannon Mountain.  This was likely caused by 

Mount Washington having a higher elevation than Mount Mansfield and Cannon 

Mountain as Mount Washington was located inside the clouds more often.  What was 

interesting, however, is that the NASA LaRC icing potential performed better in 

estimating no icing at Mount Mansfield and Cannon Mountain than Mount Washington 

and could be due to the fact that Mount Mansfield and Cannon Mountain are in the 

clouds less often. 

 With regard to NASA LaRC CBH/CTH, there was an overall positive bias in 

estimating cloud heights at the Mount Washington Auto Road and the Cog Railway.  

This followed previous research that determined that there was an overall overestimation 

of cloud heights by up to a few km (Minnis et al. 2004).  There were also instances when 

NASA LaRC predicted cloud-base heights higher in elevation than cloud-top height 

estimations for one specific pixel.  Other possible causes of error were that each 
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ceilometer only recorded data for the lowest three cloud layers.  If there were more than 

three cloud layers present, the higher cloud layers were not taken into account, which 

could cause large differences in estimated cloud-top height.  Other possible causes of 

error in cloud-base height estimates could be due to the satellite not receiving radiation 

through the entire cloud depth.  This would cause an overall bias of overestimating the 

base of the cloud, which was seen throughout the analysis.  The success rates within 1.0 

km at both locations were below 50%.  There was, however, an overall consistent success 

rate of 72% when NASA LaRC and the ceilometers determined no cloud cover.  
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CHAPTER 5 

5. Conclusions 

a. Introduction 

 The purpose of the NASA EPSCoR Icing Assessments in Cold and Alpine 

Environments Project is to study the environmental factors that lead to icing in 

mountainous terrain.  Instrumentation (e.g. ice detectors, ceilometers, and radiometers) 

were placed at the summit of three mountains (Mount Washington, Mount Mansfield, and 

Cannon Mountain) and at lower elevations near Mount Washington during the 2011-2013 

winter seasons to collect information during icing and non-icing periods.  This study 

focused on the winter season of 2011-2012.  There were three tasks in this research 

project.  The first task was to study the synoptic and surface environments at the summit 

of Mount Washington during icing and non-icing periods.  The second task was to 

develop a database analyzing ice detector data at Mount Washington, Mount Mansfield, 

and Cannon Mountain throughout the winter season.  Parameters shown in the database 

included liquid water content and daily ice accumulations.  The third task was to test the 

performance of three NASA Langley cloud products (icing potential, cloud-top height, 

and cloud-base height) by comparing them to instrumentation observations.   

Chapter 1 showed the background research and Chapter 2 showed the data 

collected and the methodology used to analyze the data.  Chapter 3 showed the synoptic 

and surface analyses of icing and non-icing events at Mount Washington.  Chapter 4 

showed the results from the ice detector databases and the performance of NASA 

Langley cloud products.  Appendix A listed all the abbreviations and acronyms used in 

this paper.  Appendix B showed the synoptic scale sea-level pressure composite mean 
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charts.  Appendix C showed all the ice detector databases that will be used for future 

model forecast verification.   

 b. Synoptic and surface analysis 

 In Chapter 3, synoptic and surface analyses of icing and non-icing events at 

Mount Washington were performed.  An icing event was defined as a period where icing 

was reported at the Mount Washington summit for at least 24 consecutive hours.  Using 

KMWN raw METAR observations, 34 icing events were found between 1 October 2011 

and 30 April 2012, with the longest icing event lasting 93 hours.  Non-icing events were 

defined as a period where there was no icing observed, no precipitation, and temperatures 

below 0°C for a 24 hour period.  Ten non-icing events were found.   

 For these events, synoptic charts were retrieved from the Hydrometeorological 

Prediction Center.  They were then split into different categories based on similar 

synoptic patterns as done by Ryerson (1988).  Icing events were divided into the 

following categories: Post Cold Front (PCF), Warm Front to South (WFS), Multiple 

Fronts and Cyclones (MFC), Cold Front to West (CFW), Nor’easter (NE), and 

Miscellaneous (MSC).  Non-icing events were divided into the following categories: East 

Coast Highs (ECH), Northeast/Quebec Highs (NQH), and Nova Scotia Lows (NSL).  For 

each category, composite sea-level pressure composite mean charts were developed using 

NCEP/NCAR reanalysis.  

 1) ICING EVENTS 

 (i) PCF 

 Of the 34 icing events, nine were PCF events.  Wind directions during these 

events were from the west, except one event that had SSW winds at the beginning, but 
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then shifted to the west afterwards.  Average wind speeds during these events were 

between 20 and 25 m s
-1

 with a couple events exceeding 30 m s
-1

.  The temperature 

ranges of these events were mostly between 0°C and -16°C with a couple events reaching 

temperatures as low as -25°C.  The two events with temperatures reaching -25°C had the 

highest average wind speed of all PCF events (> 30 m s
-1

).  At the beginning of these 

icing events, lower pressures were located off the New England coast stretching into 

eastern Canada and higher pressures were located over the southern United States.  At the 

end of these icing events, lower pressures were located over northeastern Canada and 

higher pressures were located over the southeastern United States. 

 (ii) WFS 

 Of the 34 icing events, seven were WFS events.  Wind directions during these 

events were from the south before the passage of the cold front and shifted to the west 

after the passage of the cold front.  Average wind speeds during these events were 

between 12 and 22 m s
-1 

with two events exceeding 27 m s
-1

.  The temperature ranges for 

these events were mostly between 0°C and -17.2°C.  The coldest temperature reached at 

this event was -23.9°C and correlated with the event with the highest average wind speed, 

which was similar to the PCF events.  At the beginning of these icing events, lower 

pressures were located over the Great Lakes.  At the end of these icing events, lower 

pressures were located to the east of Nova Scotia, Canada and higher pressures were 

located over the Mid-Atlantic and Southeast. 

 (iii) MFC 

 Of the 34 icing events, two were MFC events.  Wind directions from these events 

were from the west throughout the period.  Average wind speeds for these events were 
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between 20 and 25 m s
-1

.  One of these events occurred with temperatures > -3°C while 

the other event occurred with temperatures < -13°C.  At the beginning of these icing 

events, lower pressures were located over Newfoundland, Canada for the first low and 

the Quebec/Ontario border for the second low.  At the end of these events, new storm 

systems were approaching from the west situated over the Great Lakes. 

 (iv) CFW 

 Of the 34 icing events, ten were CFW events, which was the most of any 

category.  Most of these events had wind directions from the west while only three events 

had wind directions from the south before shifting to the west.  Wind directions ahead of 

a cold front are generally from the south.  Average wind speeds during these events were 

between 20 and 30 m s
-1

.  Most of these events occurred with temperatures between 0°C 

and -19°C with a few reaching below -20°C.  These warmer temperatures are believed to 

be due to being in the warm sector of the low pressure system.  At the beginning of these 

icing events, lower pressures were located over southern Quebec and higher pressures 

were located over the central United States.  At the end of these icing events, lower 

pressures were located over Newfoundland and higher pressures were located over the 

lower Great Lakes.  

 (v) NE 

 Of the 34 icing events, three were NE events.  One event had winds veering over 

time while another event had winds backing over time.  The other event had winds 

oscillating from the SW to SE before veering to the west near the end of the period.  

Average wind speeds during these events were between 20 and 25 m s
-1

.  The 

temperature ranges for these events were normally between 0 and -15°C with one event 
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reaching temperatures as low as -22.2°C.  At the beginning of these events, lower 

pressures were located off the Mid-Atlantic Coast.  At the end of these events, higher 

pressures were located over the Southeast and Mid-Atlantic Coast. 

 (vi) MSC 

 Of the 34 icing events, three were MSC events.  Wind directions for these MSC 

events were from the west throughout the period.  Two events had average wind speeds ≤ 

13 m s
-1

 and one event had an average wind speed near 30 m s
-1

.  The event with the 

highest average wind speed correlated with the event that reached the coldest temperature 

of all MSC events at -25°C.  Because each event in this category had a different synoptic 

pattern, each event was analyzed separately.  The similarity with these events was the 

presence of a stationary front located near New England. 

 2) NON-ICING EVENTS 

 (i) ECH 

 Of the 10 non-icing events, three were ECH events.  Wind directions during these 

events were from the W to NW.  One event had an average wind speed near 15 m s
-1

 

while the other two events had average wind speeds near 24 m s
-1

.  Temperatures during 

these events were ≥ -10°C.  A couple of these events had relative humidity values above 

90% with one reaching 100%, but no icing was reported.  During these events, higher 

pressures were located over the Mid-Atlantic stretching over the entire East Coast. 

 (ii) NQH 

 Of the 10 non-icing events, four were NQH events.  Wind directions at the 

beginning of these events were from the west, but three of the four events had winds 

backing to the SW indicating cold air advection.  Average wind speeds for these events 
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were < 14 m s
-1

.  Temperature ranges for these events were between -6.1°C and -15°C 

with one event reaching -18.9°C.  Relative humidity values for these events were mostly 

below 50% with one event reaching a maximum relative humidity of 84%.  During these 

events, higher pressures were located over southern Quebec stretching over the entire 

Northeast. 

 (iii) NSL     

 Of the 10 non-icing events, three were NSL events.  Wind directions during these 

events were from the west.  Average wind speeds varied during these events as one event 

had a wind speed of 27.2 m s
-1 

which was the highest average wind speed of all non-icing 

events.  Temperatures ranged from -5°C to -12.2°C.  Each of these events had a period of 

relative humidity values exceeding 90% but no icing was reported.  During these events, 

lower pressures were located to the east of Nova Scotia and higher pressures stretched 

from the Southeast to the Great Lakes.    

c. Ice detector databases 

 In Chapter 4, databases were developed comparing LWC and ice accumulations 

from the Mount Washington, Mount Mansfield, and Cannon Mountain ice detectors 

during the 2011-2012 winter season.  Data analysis showed some very large LWC values 

which were determined as false readings.  Therefore, scatterplots of LWC vs. wind speed 

were developed to determine a proper LWC threshold.  Large LWC values were seen 

with wind speeds < 5 m s
-1

.  Under low wind speed environments during a de-icing cycle, 

the melted ice would remain at the base of the ice detector probe and refreeze after the 

de-icing cycle was complete.  This would impact the frequency of the probe and drop it 

quickly, which would cause the ice detector to record a large, faulty LWC value.  The 
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LWC threshold was determined by finding the largest LWC value with a wind speed > 5 

m s
-1

.  The largest LWC value at Mount Mansfield was 2.5 g m
-3

 and 1.5 g m
-3

 at Mount 

Washington.  Therefore a LWC threshold of 2.5 g m
-3

 was set.  The database contains the 

maximum and minimum LWC values for each day.  If no ice occurred on a specific day, 

the LWC values were set to zero. 

 Icing rates were summed up for each day throughout the winter season.  Ice 

detector data at Mount Washington and Mount Mansfield recorded icing rates every hour 

with units of cm hr
-1

.  Therefore, the icing rates were summed up for that day to compute 

the daily ice accumulation.  Due to the inconsistent data set from the Cannon Mountain 

freezing rain sensor, daily ice accumulations were not computed.  The databases are 

shown in Appendix C.  

 There were many occurrences of daily ice accumulations greater than 100 cm at 

Mount Washington throughout the winter season.  The highest daily ice accumulation at 

Mount Mansfield was ~ 33 cm.  It was expected to have higher ice accumulations at 

Mount Washington than Mount Mansfield due to Mount Washington having a higher 

elevation.  What was interesting was that Mount Mansfield tended to have higher LWC 

than Mount Washington.  Overall, relatively higher LWC values tended to produce 

higher ice accumulations, which compares to previous research that higher LWC values 

produce more severe icing events (Politovich 2005).   

d. NASA Langley cloud products 

 In Chapter 4, three NASA Langley cloud products (icing potential, cloud-base 

height, and cloud-top height) were compared to ground based instrumentation.  Icing 

potential was compared to ice detector data at Mount Washington, Mount Mansfield, and 
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Cannon Mountain.  Cloud-base height was compared to the Mount Washington Auto 

Road and Cog Railway ceilometers.  Cloud-top height was only compared to the Mount 

Washington Auto Road ceilometer because it was the only instrument that records cloud 

thickness, which was then able to be converted into a cloud-top height.  Each cloud 

product image was overlaid using Google Earth to find the pixel that corresponded to 

each respective location. 

 1) ICING POTENTIAL 

 Icing potential graphs (shown in Chapter 4) compared each icing potential 

category to ice detector data from Mount Washington, Mount Mansfield, and Cannon 

Mountain.  It is important to note that these icing potential images did not predict surface-

based icing, but icing potential along the entire vertical column of the cloud.  Success 

rates were determined if the cloud product and the ice detector successfully determined 

icing or non-icing simultaneously.  NASA LaRC had a greater than 87% success rate in 

predicting non-icing conditions at Mount Washington, Mount Mansfield, and Cannon 

Mountain.  Overall, Mount Washington performed better in all other icing potential 

categories and is believed to be due to its higher elevation.  The success rates of all other 

Mount Washington categories (except Low Prob Light) were greater than 50%.  The 

success rates of all other categories at Mount Mansfield and Cannon Mountain were ≤ 

50% (except High Prob Mod-Hvy at Cannon Mountain, which verified 66.7%).  

 2) CLOUD-BASE HEIGHT 

 Cloud-base height graphs (shown in Chapter 4) compared each cloud-height range 

from the NASA Langley cloud products to ceilometer data at the Mount Washington 

Auto Road and Cog Railway.   At the Mount Washington Auto Road, 42.8% of the data 
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points successfully determined cloud-base heights within ± 1.0 km.  Clear skies were 

verified 71.6% of the time.  The graph showed an overall positive bias, suggesting that 

the NASA Langley cloud products overestimate cloud-base heights.  At the Cog Railway, 

44.6% of the data points successfully determined cloud-base heights within ± 1.0 km.  

Clear skies were verified 71.9% of the time.  The graph also showed an overall positive 

bias, suggesting that NASA Langley cloud products overestimate cloud-base heights.  

 3) CLOUD-TOP HEIGHT 

 Cloud-top height was only analyzed for the Mount Washington Auto Road.  The 

ceilometer at the Cog Railway could not record cloud thickness, so cloud-top heights 

were not calculated.  At the Mount Washington Auto Road, 34.9% of the data points 

successfully determined clouds heights within ± 1.0 km.  Clear skies were verified 72.2% 

of the time.  This graph showed an overall positive bias suggesting that NASA Langley 

cloud products overestimate cloud-base heights. 

e. Future work 

 1) SYNOPTIC ANALYSIS 

 This part of the project focused only on icing events that lasted at least 24 

consecutive hours.  There were many other events during the winter of 2011-2012 that 

lasted less than 24 hours in length.  These events are believed to be more mesoscale or 

microscale forced.  Further research should be done on these shorter lasting events to 

determine if there are smaller-scale patterns in icing events. 

 Further research should be done on non-icing events.  This project focused on 

events for a 24 hour period.  Further research should analyze non-icing events for its 

entire duration, if environmental temperatures remained below 0°C for the entire event.  



78 
 

It would be interesting to research non-icing events if precipitation is occurring (e.g. 

snow, blowing snow, etc.).   

It would also be important to determine the frequency of synoptic scale storm 

systems that produce icing for an entire winter season.  If these events produce icing, it 

would be interesting to calculate the distance between the synoptic fronts and Mount 

Washington to determine if icing tends to occur within 500 km of a synoptic scale front 

as in previous research (Bernstein et al. 1997). 

 2) INSTRUMENTATION ANALYSIS 

 Further analysis should be done from the ice detectors placed at Mount 

Washington, Mount Mansfield, and Cannon Mountain.  Cannon Mountain only had a 

freezing rain sensor and not the same ice detector as the ones located at Mount 

Washington and Mount Mansfield.  For the 2012-2013 winter season, a Rosemount 

872B12 ice detector was purchased and will be placed at Cannon Mountain.  Therefore, 

each mountain summit will have the same ice detector so further analysis can be 

performed.  Radiometer data were collected, but were not processed and available for this 

thesis 

 3) NASA LANGLEY CLOUD PRODUCTS 

 Icing potential shows some promise, especially for the summit of Mount 

Washington, as non-icing periods and icing periods were verified over 50% of the time.  

It would be interesting to compare icing potential to the ice detectors at Mount 

Washington, Mount Mansfield, and Cannon Mountain for the 2012-2013 winter season to 

compare the results to this study.  Results at Cannon Mountain may be more accurate 

with the addition of a Rosemount 872B12 ice detector.  Cloud-base height and cloud-top 
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height performed poorly, especially when some predicted cloud-base heights were higher 

than predicted cloud-top heights for the same timeframe.  Other NASA Langley cloud 

products which could be researched for icing verification are liquid water path and ice 

water path.  Previous research suggests that higher liquid water and ice water paths 

produce more severe icing conditions (Minnis et al. 2004).  It would be interesting to see 

how these parameters verify with ice detector data.   

f. Summary 

 Overall, there were a variety of synoptic patterns in which icing can occur along 

the Green Mountains of Vermont and the White Mountains of New Hampshire.  These 

patterns could be divided into six different categories.  Non-icing events were able to be 

divided into three different categories.  Ice detector databases show different LWC and 

icing rates from Mount Washington, Mount Mansfield, and Cannon Mountain and can be 

used for numerical model verification.  Overall, the LaRC icing potential performed 

better at Mount Washington for icing events and better at Mount Mansfield and Cannon 

Mountain for non-icing events.  Cloud-base height/cloud-top height determined the base 

or height of clouds with a success rate below 50% for the Mount Washington Auto Road 

and the Cog Railway.  There were many instances where the predicted cloud-base height 

was higher in elevation that the predicted cloud-top height.  Further analysis of this 

research is needed to help verify icing and non-icing events.   
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APPENDIX A 

Abbreviations and Acronyms 

CBH: cloud-base height 

CFW: cold front to west 

CRREL: Cold Regions Research and Engineering Laboratory 

CTH: cloud-top height 

Dc: dewpoint temperature in Celsius 

DD: dewpoint depression 

Df: dewpoint temperature in Fahrenheit 

DIR: wind direction 

ECH: East Coast Highs 

EPSCOR: Experimental Program to Stimulate Competitive Research 

FSSP: forward scattering spectrometer probe 

GIGC: clear/glaze ice 

GOES: Geostationary Satellite 

HVY: heavy 

ICG: rime ice 

KMWN: Mount Washington METAR 

LaRC: Langley Research Center 

LGT: light 

LWC: liquid water content 

MDT: moderate 

MFC: multiple fronts or cyclones 

MSC: miscellaneous 

NASA: National Aeronautics and Space Administration 

NE: Nor’easters 

NQH: Northeast/Quebec Highs 

NSL: Nova Scotia Lows 

OLR: outgoing longwave radiation 

PCF: post cold front 

PIREPS: pilot reports 

PMS: Particle Measuring System 

RID: Rosemount Ice Detector 

S0: First Stokes parameter 

S1: Second Stokes parameter 

SIST: Solar-Infrared Infrared Split Window Technique 

SLD: supercooled large drops 

SPD: wind speed 

Tb,h: brightness temperature in the horizontal orientation 

Tb,v: brightness temperature in the vertical orientation 

Tc: temperature in Celsius 

Tf: temperature in Fahrenheit 

VISST: Visible Infrared Solar-Infrared Split Window Technique 

VRY LGT: very light 
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WFS: warm front to south 

WX: weather conditions 

 

 

NASA LaRC cloud product variables: 

De: effective ice crystal diameter 

h: cloud thickness 

IP: icing probability 

IWP: ice water path 

LWP: liquid water path 

OD: optical depth 

PHASE: cloud phase 

Re: effective droplet radius 

Tc: cloud temperature 

z: cloud height 

 

Rosemount ice detector variables: 

   ̅̅ ̅̅ : Rosemount average potential cycle rate for the jth cylinder run 

  ̅̅ ̅: average potential icing cycle rate 

D: probe diameter 

E: elasticity; efficiency of the probe 

l: length of sensor (0.0254 m) 

L: probe length 

L2: length of ice on the multicylinder 

Lr: length of Rosemount probe 

m: mass of ice accreted on the probe 

m2: mass of ice on the multicylinder 

mrj: mass of ice on the Rosemount ice detector 

n: number of icing cycles of the ice detector during each multicylinder run 

T: duration of the icing period 

Ti: length of each Rosemount icing cycle 

Tmcj: duration of the jth cylinder run 

V: wind speed 

 : density 

 : angular frequency 
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APPENDIX B 

Synoptic Scale Sea-level Pressure Composite Mean Charts 

 
Figure B1. Sea-level pressure composite mean of all PCF icing events at the beginning of 

the icing period. 

 
Figure B2. Sea-level pressure composite mean of all PCF icing events at the end of the 

icing period. 
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Figure B3. Sea-level pressure composite mean of all WFS icing events at the beginning 

of the icing period. 

 
Figure B4. Sea-level pressure composite mean of all WFS icing events at the end of the 

icing period. 
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Figure B5. Sea-level pressure composite mean of all MFC icing events at the beginning 

of the icing period. 

 

Figure B6. Sea-level pressure composite mean of all MFC icing events at the end of the 

icing period. 
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Figure B7. Sea-level pressure composite mean of all CFW icing events at the beginning 

of the icing period. 

 

Figure B8. Sea-level pressure composite mean of all CFW icing events at the end of the 

icing period. 
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Figure B9. Sea-level pressure composite mean of all NE icing events at the beginning of 

the icing period. 

 
Figure B10. Sea-level pressure composite mean of all NE icing events at the end of the 

icing period. 
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Figure B11. Sea-level pressure composite mean of all ECH non-icing events at the 

beginning of the non-icing period. 

 
Figure B12. Sea-level pressure composite mean of all NQH non-icing events at the 

beginning of the non-icing period. 
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Figure B13. Sea-level pressure composite mean of all NSL non-icing events at the 

beginning of the non-icing period. 
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APPENDIX C 

Ice Detector Databases 

Table C1. Ice detector analysis of LWC (g m
-3

) and daily ice accumulations for 

November 2011.  ‘NA’ = no data available.   

 Mount Washington Mount Mansfield Cannon Mountain 

Date 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

1 November NA NA NA NA NA NA 

2 November 
0.45 

(0.02) 

0.48 

(0.19) 
NA NA NA NA 

3 November 
0.91 

(0.02) 

16.83 

(6.63) 
NA NA NA NA 

4 November 
1.21 

(0.10) 

107.87 

(42.47) 
NA NA NA NA 

5 November 
0.22 

(0.06) 

0.41 

(0.16) 
NA NA NA NA 

6 November 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

7 November 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

8 November 
0.18 

(0.02) 

4.43 

(1.74) 
NA NA NA NA 

9 November 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

10 November 
0.46 

(0.46) 

0.27 

(0.11) 
NA NA NA NA 

11 November 
1.43 

(0.01) 

135.12 

(53.20) 
NA NA NA NA 

12 November 
1.27 

(0.01) 

96.20 

(37.87) 
NA NA NA NA 

13 November 
0.09 

(0.02) 

0.27 

(0.11) 
NA NA NA NA 

14 November 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

15 November 
0.19 

(0.01) 

4.63 

(1.82) 
NA NA NA NA 

16 November 
0.37 

(0.01) 

2.21 

(0.87) 
NA NA NA NA 

17 November 
1.10 

(0.01) 

70.06 

(27.58) 
NA NA NA NA 

18 November 
1.36 

(0.03) 

110.74 

(43.60) 
NA NA NA NA 
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19 November 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

20 November 
1.02 

(0.02) 

32.59 

(12.83) 
NA NA NA NA 

21 November 
1.13 

(0.04) 

20.68 

(8.14) 
NA NA NA NA 

22 November 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

23 November 
1.18 

(0.01) 

25.61 

(10.08) 
NA NA NA NA 

24 November 
0.23 

(0.02) 

1.37 

(0.54) 
NA NA NA NA 

25 November 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

26 November 
0.26 

(0.03) 

6.50 

(2.56) 
NA NA NA NA 

27 November 
0.27 

(0.03) 

1.39 

(0.55) 
NA NA NA NA 

28 November 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

29 November 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

30 November 
0.96 

(0.01) 

56.12 

(22.09) 
NA NA NA NA 
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Table C2. Ice detector analysis of LWC (g m
-3

) and daily ice accumulations for 

December 2011.  ‘NA’ = no data available.   

 Mount Washington Mount Mansfield Cannon Mountain 

Date 

LWC 

max 

(min)
 

Ice accum. 

in cm (in.) 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

1 December 
1.17 

(0.01) 

11.66 

(4.59) 
NA NA NA NA 

2 December 
1.24 

(0.01) 

64.57 

(25.42) 
NA NA NA NA 

3 December 
1.15 

(0.31) 

6.77 

(2.67) 
NA NA NA NA 

4 December 
0.00 

(0.00) 

0.05 

(0.02) 
NA NA NA NA 

5 December 
0.05 

(0.01) 

0.37 

(0.15) 
NA NA NA NA 

6 December 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

7 December 
0.48 

(0.01) 

18.12 

(7.13) 
NA NA NA NA 

8 December 
1.12 

(0.03) 

106.68 

(42.00) 
NA NA NA NA 

9 December 
0.81 

(0.01) 

31.08 

(12.24) 
NA NA NA NA 

10 December 
1.37 

(0.23) 

125.13 

(49.26) 
NA NA NA NA 

11 December 
1.03 

(0.01) 

37.94 

(14.94) 
NA NA NA NA 

12 December 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA NA 

13 December 
0.88 

(0.04) 

31.13 

(12.26) 

2.11 

(0.07) 

7.78 

(3.06) 
NA NA 

14 December 
0.78 

(0.01) 

14.84 

(5.84) 

2.30 

(0.03) 

6.72 

(2.65) 
NA NA 

15 December 
0.95 

(0.01) 

38.36 

(15.10) 

2.13 

(0.03) 

4.53 

(1.78) 
NA NA 

16 December 
1.21 

(0.01) 

173.44 

(68.28) 

1.38 

(0.01) 

27.95 

(11.00) 
NA NA 

17 December 
1.10 

(0.01) 

49.09 

(19.33) 

1.52 

(0.01) 

7.17 

(2.82) 
NA NA 

18 December 
0.00 

(0.00) 

0.00 

(0.00) 

1.80 

(0.01) 

0.00 

(0.00) 
NA NA 

19 December 
1.26 

(0.02) 

116.31 

(45.79) 

1.12 

(0.01) 

6.56 

(2.58) 
NA NA 

20 December 
1.16 

(0.20) 

90.24 

(35.53) 

1.36 

(0.01) 

8.37 

(3.30) 
NA NA 
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21 December 
0.97 

(0.01) 

56.89 

(22.40) 

1.61 

(0.01) 

8.83 

(3.48) 
NA NA 

22 December 
0.53 

(0.01) 

12.57 

(4.95) 

2.23 

(0.58) 

16.59 

(6.53) 
NA NA 

23 December 
0.77 

(0.01) 

36.86 

(14.51) 
NA NA NA NA 

24 December 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

25 December 
0.56 

(0.06) 

39.45 

(15.53) 
NA NA NA NA 

26 December 
1.29 

(0.03) 

91.70 

(36.10) 
NA NA NA NA 

27 December 
0.66 

(0.25) 

42.40 

(16.69) 
NA NA NA NA 

28 December 
1.34 

(0.01) 

27.26 

(10.73) 
NA NA NA NA 

29 December 
1.21 

(0.01) 

26.73 

(10.52) 
NA NA NA NA 

30 December 
0.85 

(0.16) 

46.97 

(18.49) 
NA NA NA NA 

31 December 
0.91 

(0.04) 

61.69 

(24.29) 
NA NA NA NA 
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Table C3. Ice detector analysis of LWC (g m
-3

) and daily ice accumulations for January 

2012.  ‘NA’ = no data available.   

 Mount Washington Mount Mansfield Cannon Mountain 

Date 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

1 January 
1.09 

(0.02) 

49.85 

(19.63) 
NA NA NA NA 

2 January 
1.39 

(0.23) 

188.47 

(74.20) 
NA NA NA NA 

3 January 
1.17 

(0.01) 

24.71 

(9.73) 
NA NA NA NA 

4 January 
0.11 

(0.07) 

0.90 

(0.35) 
NA NA NA NA 

5 January 
1.40 

(0.07) 

127.26 

(50.10) 
NA NA NA NA 

6 January 
0.97 

(0.01) 

69.34 

(27.30) 
NA NA NA NA 

7 January 
1.02 

(0.01) 

77.38 

(30.46) 
NA NA NA NA 

8 January 
1.08 

(0.02) 

100.91 

(39.73) 
NA NA NA NA 

9 January 
0.47 

(0.01) 

20.42 

(8.04) 
NA NA NA NA 

10 January 
1.11 

(0.04) 

149.27 

(58.77) 
NA NA NA NA 

11 January 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

12 January 
0.61 

(0.02) 

16.36 

(6.44) 
NA NA NA NA 

13 January 
1.41 

(0.02) 

104.83 

(41.27) 
NA NA NA NA 

14 January 
1.57 

(0.03) 

52.17 

(20.54) 
NA NA NA NA 

15 January 
0.04 

(0.03) 

0.25 

(0.10) 
NA NA NA NA 

16 January 
0.32 

(0.01) 

3.85 

(1.52)  
NA NA NA NA 

17 January 
1.11 

(0.06) 

87.54 

(34.46) 
NA NA NA NA 

18 January 
0.94 

(0.01) 

101.69 

(40.04) 
NA NA NA NA 

19 January 
0.72 

(0.01) 

5.62 

(2.21) 
NA NA NA NA 

20 January 
0.50 

(0.01) 

22.59 

(8.89) 
NA NA NA NA 
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21 January 
0.34 

(0.01) 

7.67 

(3.02) 
NA NA NA NA 

22 January 
0.00 

(0.00) 

0.00 

(0.00) 
NA NA NA NA 

23 January 
0.84 

(0.18) 

46.01 

(18.11) 
NA NA NA NA 

24 January 
1.18 

(0.01) 

119.91 

(47.21) 
NA NA NA NA 

25 January 
1.47 

(0.01) 

141.92 

(55.87) 
NA NA NA NA 

26 January 
0.36 

(0.11) 

5.11 

(2.01) 

0.03 

(0.01) 

0.15 

(0.06) 
NA NA 

27 January 
1.12 

(0.10) 

83.80 

(32.99) 

1.03 

(0.01) 

21.17 

(8.33) 
NA NA 

28 January 
1.18 

(0.01) 

139.41 

(54.89) 

1.40 

(0.01) 

22.91 

(9.02) 
NA NA 

29 January 
1.24 

(0.03) 

131.10 

(51.61) 

1.04 

(0.01) 

7.02 

(2.76) 
NA NA 

30 January 
1.14 

(0.02) 

77.62 

(30.56) 

2.11 

(0.03) 

4.95 

(1.95) 
NA NA 

31 January 
0.80 

(0.02) 

65.99 

(25.98) 

0.02 

(0.01) 

0.00 

(0.00) 
NA NA 
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Table C4. Ice detector analysis of LWC (g m
-3

) and daily ice accumulations for February 

2012.  ‘NA’ = no data available.   

 Mount Washington Mount Mansfield Cannon Mountain 

Date 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

1 February 
1.09 

(0.07) 

121.58 

(47.87) 

1.14 

(0.06) 

12.85 

(5.06) 
NA NA 

2 February 
1.26 

(0.08) 

50.56 

(19.91) 

2.23 

(0.05) 

16.49 

(6.49) 
NA NA 

3 February 
1.22 

(0.07) 

74.31 

(29.26) 

1.99 

(0.01) 

7.16 

(2.82) 
NA NA 

4 February 
1.11 

(0.02) 

67.01 

(26.38) 

1.66 

(0.01) 

12.99 

(5.11) 
NA NA 

5 February 
1.12 

(0.01) 

31.92 

(12.57) 

0.02 

(0.01) 

0.10 

(0.04) 
NA NA 

6 February 
0.99 

(0.01) 

153.72 

(60.52) 

0.73 

(0.01) 

3.90 

(1.54) 
NA NA 

7 February 
1.10 

(0.01) 

76.80 

(30.24) 

1.02 

(0.02) 

10.25 

(4.04) 
NA NA 

8 February 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA NA 

9 February 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.05 

(0.02) 
NA NA 

10 February 
0.09 

(0.06) 

0.43 

(0.17) 

0.00 

(0.00) 

0.00 

(0.00) 
NA NA 

11 February 
0.65 

(0.01) 

5.75 

(2.26) 

2.29 

(0.01) 

0.63 

(0.25) 
NA NA 

12 February 
0.62 

(0.02) 

29.88 

(11.76) 

0.10 

(0.01) 

1.61 

(0.63) 
NA NA 

13 February 
0.73 

(0.01) 

42.89 

(16.89) 

0.19 

(0.02) 

3.28 

(1.29) 
NA NA 

14 February 
0.35 

(0.01) 

14.56 

(5.73) 

0.02 

(0.01) 

0.10 

(0.04) 
NA NA 

15 February 
0.61 

(0.01) 

16.11 

(6.34) 

1.55 

(0.02) 

8.54 

(3.36) 
NA NA 

16 February 
2.15 

(0.07) 

10.30 

(4.06) 

1.25 

(0.01) 

1.33 

(0.52) 

1.00 

(0.27) 
NA 

17 February 
1.04 

(0.06) 

89.18 

(35.11) 

0.94 

(0.05) 

13.73 

(5.41) 

1.50 

(0.04) 
NA 

18 February 
1.05 

(0.07) 

82.13 

(32.33) 

0.53 

(0.01) 

7.69 

(3.03) 

1.50 

(0.01) 
NA 

19 February 
0.26 

(0.01) 

14.72 

(5.80) 

0.83 

(0.06) 

5.37 

(2.11) 

0.50 

(0.01) 
NA 

20 February 
0.86 

(0.01) 

19.46 

(7.66) 

0.23 

(0.01) 

1.70 

(0.67) 

0.00 

(0.00) 
NA 
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21 February 
0.26 

(0.04) 

3.32 

(1.31) 

0.46 

(0.01) 

0.10 

(0.04) 

1.00 

(0.01) 
NA 

22 February 
0.88 

(0.02) 

78.53 

(30.92) 

0.72 

(0.02) 

11.50 

(4.53) 

1.00 

(0.01) 
NA 

23 February 
1.20 

(0.01) 

105.09 

(41.37) 

0.93 

(0.01) 

12.19 

(4.80) 

1.50 

(0.02) 
NA 

24 February 
0.56 

(0.01) 

12.24 

(4.82) 

0.28 

(0.01) 

2.16 

(0.85) 

1.00 

(0.01) 
NA 

25 February 
1.20 

(0.01) 

204.82 

(80.64) 

0.75 

(0.10) 

30.99 

(12.20) 

0.43 

(0.03) 
NA 

26 February 
0.73 

(0.01) 

5.94 

(2.34) 

0.00 

(0.00) 

4.95 

(1.95) 

0.27 

(0.08) 
NA 

27 February 
0.93 

(0.01) 

23.98 

(9.44) 

0.79 

(0.17) 

2.71 

(1.07) 

0.75 

(0.02) 
NA 

28 February 
1.02 

(0.01) 

99.69 

(35.70) 

2.09 

(0.02) 

20.62 

(8.12) 

1.50 

(0.13) 
NA 

29 February 
0.44 

(0.01) 

0.30 

(0.12) 

1.62 

(0.01) 

0.15 

(0.06) 

1.50 

(0.19) 
NA 
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Table C5. Ice detector analysis of LWC (g m
-3

) and daily ice accumulations for March 

2012.  ‘NA’ = no data available.   

 Mount Washington Mount Mansfield Cannon Mountain 

Date 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

1 March 
0.20 

(0.01) 

8.24 

(3.24) 

0.11 

(0.01) 

4.06 

(1.60) 

0.01 

(0.01) 
NA 

2 March 
0.94 

(0.02) 

12.89 

(5.07) 

0.08 

(0.01) 

0.30 

(0.12) 

1.50 

(0.75) 
NA 

3 March 
0.69 

(0.02) 

56.68 

(22.31) 

0.41 

(0.01) 

1.71 

(0.67) 

1.50 

(0.14) 
NA 

4 March 
0.91 

(0.01) 

62.56 

(24.63) 

0.33 

(0.01) 

4.16 

(1.64) 

1.50 

(0.06) 
NA 

5 March 
0.31 

(0.01) 

18.74 

(7.38) 

0.08 

(0.01) 

2.21 

(0.87) 

0.01 

(0.01) 
NA 

6 March 
0.03 

(0.01) 

0.31 

(0.12) 

0.17 

(0.01) 

0.20 

(0.08) 

0.00 

(0.00) 
NA 

7 March 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

8 March 
0.50 

(0.24) 

1.74 

(0.69) 

0.57 

(0.17) 

3.33 

(1.31) 

1.50 

(0.50) 
NA 

9 March 
1.01 

(0.01) 

106.27 

(41.84) 

2.34 

(0.01) 

13.56 

(5.34) 

1.00 

(0.15) 
NA 

10 March 
0.26 

(0.01) 

2.54 

(1.00) 

1.99 

(0.01) 

0.63 

(0.25) 

1.50 

(0.01) 
NA 

11 March 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.60 

(0.05) 
NA 

12 March 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

13 March 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

14 March 
0.59 

(0.01) 

15.43 

(6.07) 

0.60 

(0.02) 

5.57 

(2.19) 

0.33 

(0.13) 
NA 

15 March 
0.38 

(0.07) 

3.22 

(1.27) 

0.86 

(0.01) 

1.17 

(0.46) 

0.38 

(0.07) 
NA 

16 March 
0.09 

(0.05) 

0.37 

(0.15) 

0.00 

(0.00) 

0.05 

(0.02) 

0.27 

(0.09) 
NA 

17 March 
0.00 

(0.00) 

0.00 

(0.00) 

0.09 

(0.01) 

0.05 

(0.02) 

1.00 

(0.05) 
NA 

18 March 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

19 March 
0.04 

(0.01) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

20 March 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 
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21 March 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

22 March 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

23 March 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

24 March 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

25 March 
0.21 

(0.01) 

3.73 

(1.47) 

0.00 

(0.00) 

0.00 

(0.00) 

1.50 

(0.06) 
NA 

26 March 
0.42 

(0.01) 

32.34 

(12.73) 

0.59 

(0.02) 

3.40 

(1.34) 

1.50 

(0.02) 
NA 

27 March 
0.00 

(0.00) 

0.05 

(0.02) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

28 March 
0.60 

(0.01) 

41.92 

(16.50) 

0.47 

(0.01) 

3.25 

(1.28) 

1.00 

(0.02) 
NA 

29 March 
1.03 

(0.31) 

111.59 

(43.93) 

2.34 

(0.38) 

30.85 

(12.15) 

1.50 

(0.04) 
NA 

30 March 
0.57 

(0.03) 

41.59 

(16.37) 

1.35 

(0.01) 

2.44 

(0.96) 

1.00 

(0.05) 
NA 

31 March 
0.39 

(0.01) 

0.00 

(0.00) 

1.01 

(0.01) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 
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Table C6. Ice detector analysis of LWC (g m
-3

) and daily ice accumulations for April 

2012.  ‘NA’ = no data available.   

 Mount Washington Mount Mansfield Cannon Mountain 

Date 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

LWC 

max 

(min) 

Ice accum. 

in cm (in.) 

1 April 
0.48 

(0.01) 

1.30 

(0.51) 

1.25 

(0.01) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

2 April 
0.70 

(0.05) 

6.14 

(2.42) 

0.08 

(0.01) 

0.55 

(0.22) 

1.00 

(0.01) 
NA 

3 April 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

4 April 
0.83 

(0.01) 

26.29 

(10.35) 

0.47 

(0.02) 

3.44 

(1.35) 

0.27 

(0.13) 
NA 

5 April 
0.97 

(0.02) 

108.46 

(42.70) 

2.40 

(0.02) 

4.83 

(1.90) 

0.38 

(0.09) 
NA 

6 April 
0.60 

(0.05) 

23.84 

(9.39) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

7 April 
0.42 

(0.04) 

24.90 

(9.80) 

0.00 

(0.00) 

0.00 

(0.00) 

0.60 

(0.38) 
NA 

8 April 
0.90 

(0.03) 

108.70 

(42.80) 

0.00 

(0.00) 

0.05 

(0.02) 

0.60 

(0.38) 
NA 

9 April 
1.20 

(0.01) 

175.92 

(69.26) 

1.61 

(0.05) 

33.30 

(13.11) 

0.15 

(0.02) 
NA 

10 April 
1.19 

(0.21) 

103.26 

(40.65) 

1.87 

(0.05) 

29.25 

(11.52) 

0.13 

(0.02) 
NA 

11 April 
1.14 

(0.01) 

5.15 

(2.03) 

2.14 

(0.01) 

7.29 

(2.87) 

0.27 

(0.01) 
NA 

12 April 
1.18 

(0.01) 

9.77 

(3.85) 

0.02 

(0.02) 

0.00 

(0.00) 

0.43 

(0.02) 
NA 

13 April 
0.18 

(0.03) 

1.33 

(0.52) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

14 April 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

15 April 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

16 April 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

17 April 
0.45 

(0.05) 

7.39 

(2.91) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

18 April 
0.36 

(0.01) 

4.01 

(1.58) 

1.16 

(0.01) 

0.64 

(0.25) 

0.00 

(0.00) 
NA 

19 April 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

20 April 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 
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21 April 
0.00 

(0.00) 

0.00 

(0.00) 

0.14 

(0.01) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

22 April 
0.52 

(0.01) 

2.13 

(0.84) 

1.47 

(0.02) 

3.09 

(1.22) 

0.10 

(0.10) 
NA 

23 April 
0.29 

(0.01) 

7.46 

(2.94) 

0.29 

(0.03) 

7.40 

(2.91) 

0.00 

(0.00) 
NA 

24 April 
0.72 

(0.02) 

38.23 

(15.05) 

0.09 

(0.01) 

0.66 

(0.26) 

0.30 

(0.03) 
NA 

25 April 
0.72 

(0.01) 

19.10 

(7.52) 

0.29 

(0.01) 

1.26 

(0.50) 

0.38 

(0.06) 
NA 

26 April 
0.44 

(0.01) 

19.50 

(7.68) 

0.40 

(0.01) 

1.54 

(0.61) 

0.07 

(0.05) 
NA 

27 April 
1.21 

(0.03) 

134.50 

(52.95) 

1.62 

(0.10) 

27.58 

(10.86) 

1.50 

(0.09) 
NA 

28 April 
1.16 

(0.03) 

49.60 

(19.53) 

0.16 

(0.01) 

7.84 

(3.09) 

0.27 

(0.07) 
NA 

29 April 
0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 

30 April 
0.45 

(0.01) 

0.05 

(0.02) 

0.58 

(0.01) 

0.00 

(0.00) 

0.00 

(0.00) 
NA 
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