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Rime Meteorology in the Green Mountains 

CHARLES C. RYERSON 

INTRODUCTION 

Rime accretion is a frequent and occasionally 
severe problem on mid- and high-latitude moun-
tains (Pagliuca 1937, 1938; Berndt and Fowler 
1969; Gary 1972; Baranowski and Liebersbach 
1977; Tepes 1978; Meaden 1979; Hindman et al. 
1983). High elevation antennas, electric power 
transmission lines, ski lifts, and proposed large 
wind-energy conversion systems for electricity 
generation have intensified the interest in moun-
tain riming (Hoffer et al. 1981, Fikke et al. 1983). 
The purpose of this project was to study rime 
meteorology in the Green Mountains of Vermont, 
an area largely unexamined except briefly by 
Griggs (Putnam 1948), which is experiencing con-
siderable pressure for high-elevation development. 

This study had three specific objectives: 1) to 
characterize the synoptic meteorological condi-
tions that cause rime accretion in the northern 
Green Mountains, 2) to relate the amount of rime 
accreted on collectors to the cycling frequency of a 
commercial ice detecting system, and 3) to deter-
mine how rime accumulation varies with eleva-
tion. The only prior observations of rime in the 
Green Mountains have been casual, those being 
records of the use of antenna deicing equipment 
by television stations since the early 1950s (Salvas 
1985). 

Study location 
The study area is in the Green Mountains of 

northern Vermont on the eastern edge of the 
broad, flat Lake Champlain Basin. Rime accre-
tion was monitored on two mountains on the west-
ern flank of the range—Mt. Mansfield, at 1339 m 
the highest peak in the state, and Madonna Peak 
(1098 m), located about 3.5 km northeast of Mt. 
Mansfield (Fig. 1 and 2). 

Located approximately halfway between high 
alpine research stations on Whiteface Mountain in 
the northern Adirondacks of New York and on 
Mt. Washington in New Hampshire's White 

Mountains, Mt. Mansfield and Madonna Peak are 
ideal rime study sites for several reasons. Both 
mountain tops are easily accessible during most of 
the winter (from approximately early January un-
til mid-April) because ski areas operate lifts at 
both locations. The mountains are about 1 hr driv-
ing time from Burlington, Vermont, and the Uni-
versity of Vermont research facilities. Both moun-
tains have western exposures, the direction from 
which most rime occurs, and Mt. Mansfield has 
excellent exposure above 1200 m in all directions. 
The Champlain Valley is very broad at this loca-
tion, about 40 km wide to the Adirondacks in the 
west, and is low in elevation, about 30 to 60 m 
above mean sea level (m.s.l.), allowing virtually 
unhindered access of winds to the peaks. In addi-
tion, Madonna Peak is accessible along a ski lift 
on its western side for measuring rime accretion 
with elevation from approximately 490 to 1100 m 
at the top of the mountain. 

Power is available at television transmission fa-
cilities atop Mt. Mansfield for operating record-
ers, and Vermont Educational Television (VTETV) 
operates a Rosemount ice detector on the moun-
tain top to activate antenna heaters automatically. 
The proximity of the two mountains to one an-
other and their similar exposures allowed both 
peaks to be used for the study—Madonna Peak 
for its vertical transect along the ski lift, and Mt. 
Mansfield for its high elevation exposure in all di-
rection and facilities for operating event recorders 
and ice detectors. Finally, ski area, television sta-
tion, and Vermont state officials all pledged their 
cooperation and allowed limited use of their facili-
ties for equipment shelter, power, and summit ac-
cess. The central location of Mt. Mansfield and 
Madonna Peak should allow useful comparisons 
when similar work is done at Mt. Washington and 
Whiteface Mountain. 

Study period 
Rime accretion and meteorological data were 

collected for two winters, 1982-83 and 1983-84. 
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Figure 1. Locations of Mt. Mansfield and Madonna Peak. Monitoring 
occurred on The Nose of Mt. Mansfield and on the ridge extending northwest  
from Madonna Peak.  

Since individual winter seasons may be anoma-
lous, two years of monitoring should produce re-
sults more representative of long-term conditions.  

Two years is the minimum rime-monitoring period  
recommended (with 5 years considered optimal)  
for wind machine siting on mountains (Hoffer et  
al. 1981).  

Throughout this report the winters of 1983 and  

1984 are combined because they are similar statis-
tically. Comparisons of the two years for rime in-
tensity, mean daily temperature, and daily precipi-
tation measured on Mt. Mansfield, and air pres-
sure and cloud cover measured at nearby Burling- 

ton, Vermont, indicate that there are no signifi-
cant differences between the two years (Table 1).  

Despite the similarity of the winters of 1983 and  
1984, they individually and jointly are different  
from normal winters in the area. Because a 30-yr  
record of daily normal temperatures is not availa-
ble for Mt. Mansfield, comparisons were made be-
tween the daily temperatures at Burlington for the  

winters of 1983 and 1984 and the 30-yr normal  
(Table 2). The statistical tests indicate that the two  

years are not similar to the 30-yr mean, and that  

they averaged about 1.5 °C warmer than the nor-
mal for the days of the study. Because there is a  
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Figure 2. View north of Madonna Peak (arrow) from The Nose of Mt. Mansfield. Monitoring occurred on the 

ridge dropping to the west from Madonna Peak. 

Table 1. Comparison of study years. 

1983 	1984 	1983-84 	K-S 

Variable 
	 mean 	mean 	mean 	score* 	Probabilityt 	N 

Daily rime** 17.6 12.2 14.8 0.126 0.334 226 
Mean temperature (°C) -8.6 -9.9 -9.25 0.147 0.165 232 
Precipitation (mm) 4.7 3.7 4.2 0.098 0.634 233 
Pressure (mb) 1004.7 1006.0 1005.3 0.085 0.786 234 
Cloud cover (in tenths) 7.4 7.1 7.3 0.111 0.466 234 

* Kolmogorov-Smirnov test. 
t Two-tailed. 

** Rosemount cycles/day. 

Table 2. Comparison of study years to 30-yr mean 
temperatures. Burlington, Vermont, 10 December to 5 
April. 

Study 
means K-S 

30-yr 
mean 

Years (°C) score* Probabilityt N (°C) 

1982-83 -2.8 0.376 0.000 234 -5.3 
1983-84 -5.1 0.248 0.002 234 -5.3 
1982-84 -3.8 0.299 0.000 234 -5.3 

* Kolmogorov-Smirnov test. 
t Two- tailed. 
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statistically significant difference between the two 
years of study and the 30-yr normal, extrapolation 
of results to long-term trends is done cautiously. 

ICE DETECTION AND COLLECTION 

Three specific types of information were re-
quired to conduct this study: the amount of ice 
that collects on the mountains with elevation, the 
time and intensity of the icing, and the meteoro-
logical conditions during icing events. Since 
mountain rime ice studies are relatively infrequent 
and icing is not a standard variable measured by 
weather services, there are no standard methods 
for measuring rime. The only ice-measuring in-
strument accepted across the scientific community 
is the rotating multicylinder, a proven device that 
requires constant monitoring and maintenance 
(Howe 1983). Resources were not available in the 
field phase of the study for acquiring or maintain-
ing sophisticated or elaborate ice monitoring and 
meteorological equipment. Therefore, all data 
were collected using existing equipment in service 
on the mountains and available archival informa-
tion. 

Ice collectors 
Standardized collectors are not available to 

measure either the amount of rime ice that collects 
at a site over time or the length of feathers that 
form as rime accretes. Standard rain gauges are in-
adequate to the task because rime accretes hori-
zontally. However, considerable experimentation 
in rime collecting has occurred in several nations. 
Probably the simplest, but also the most labor in-
tensive, method of measuring rime is to expose a 
vertical rod to the atmosphere and measure the 
weight or volume of ice and the feather length. 
Hindman et al. (1983) used this method suc-
cessfully in several studies in the Rocky Moun-
tains, but nearly continuous (hourly) monitoring 
was necessary. Their thin (6.2 mm) rods were effi-
cient collectors that lost ice quickly due to high 
wind or ice loadings. Gary (1972), in the forests of 
northern New Mexico, used wooden dowels of six 
diameters (1.6 to 12.7 mm) to compare the catch 
of each. He found the amount of catch to be in-
verse to dowel diameter. Berndt and Fowler 
(1969), in Washington state, also found that accre-
tion decreased dramatically as the diameter of the 
collector increased. This relationship is well estab-
lished experimentally by Howe (1983) using the ro-
tating multicylinder method. Small-diameter col- 

lectors accrete rime with greater efficiency than do 
large-diameter collectors. 

Meaden (1979) experimented with several types 
of self-cleaning rime and fog collectors construct-
ed of plastic and copper and fabricated to fit in-
side standard British rain gauges. Most of his 
gauges self-drained, but it was not clear how much 
ice could collect before ice fell outside of the col-
lection pans. One problem identified by Meaden 
was the difficulty of separating horizontally ac-
creted rime or fog from vertically intercepted rain 
or snow. All of his collectors were omnidirection-
al, allowing rime to collect with varying intensity 
with wind direction. 

Other more complex or cumbersome instru-
ments include Grunow nets, used in Poland by Bar-
anowski and Liebersbach (1977), and pans around 
the bases of trees in the Australian Alps (Costin 
and Winbush 1961). While all of these collectors 
work with varying success, none met the needs of 
this study. 

The rime collectors needed for this study had to 
1) collect rime without preference to direction, ne-
cessitating a round collection surface with similar 
collection efficiency in all directions. 2) The col-
lector needed a surface area adequate to intercept 
and hold large quantities of ice. Small-diameter 
collectors have high collection efficiencies, but 
hold only small ice quantities. A circular net with 
small-diameter wires, for example, may be effi-
cient in all directions and presents a relatively 
large surface area to the wind. 3) The apparatus 
had to be inexpensive, because 11 collectors were 
needed on both mountains. 4) The collectors had 
to be sufficiently compact and lightweight to be 
back-packed to the sites and suspended on posts 
about 2 m above the snow surface in an active 
wind zone. 5) The collectors had to be removable 
from their mounting posts for weighing and re-
moving ice, could not freeze to their mounts, and 
had to remain in place in high wind and under 
heavy ice loads. 6) They had to be rugged and able 
to withstand the heavy blows necessary to remove 
ice after weighing. 7) The collectors had to hold 
ice tenaciously and minimize self-shedding to pro-
vide reliable measurements once a week. This re-
quired a textured surface and light, reflective color 
to reduce solar radiation absorption. 8) They had 
to be excellent collectors of horizontally accreting 
rime, but poor interceptors of vertically falling 
snow. 9) The collectors had to be identical in con-
struction to minimize instrument-induced sample 
variation, and 10) preferably manufactured from 
readily available materials to reduce construction 
costs. 
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9253- Β65 TEST TUBE BASKET, Aluminum, Round 

Same as 9253-B15 but is provided with removable in-
sert, also of expanded aluminum, for dividing basket  
into four compartments with a central cylinder, ap-
proximately 25 mm diameter.  
9253-B65 BASKET, 254 x 152 mm 	  1620 
9253- Β67 BASKET, 254 x 152 mm. Carton of 6 	 92.34  

10% discount in lots of 12 or more cartons  

Figure 3. Expanded aluminum test tube washing 
basket as illustrated and described in catalog 
(Thomas 1982). 

Figure 4. Expanded aluminum test tube washing  
basket with nonfreezing mount and handle on  
post. The 60- by 304-mm PVC pipe is visible below the  

basket.  

Expanded aluminum test tube washing baskets 
(Fig. 3 and 4) met nearly all of the requirements 
listed above. They are inexpensive, lightweight, 
and are available in a variety of sizes. The collec-
tors used on Mt. Mansfield and Madonna Peak 
were 254 mm in diameter and 152 mm high with 
four interior partitions, a 25-mm-diameter central 
cylinder, and a bottom. All surfaces were con-
structed of 2.5-mm-wide expanded aluminum 
mesh creating 7- by 25-mm diamond-shaped open-
ings (Thomas 1982). The narrow mesh makes a 
collector with a large surface area and a higher col-
lection efficiency than expected with a solid sur-
face.  

The baskets, nine on Madonna Peak and two on 
Mt. Mansfield, were mounted on 50- by 75-mm 
wooden posts, placing the baskets about 2 m 
above the snow surface (Fig. 5). The baskets were 
equipped with a wire handle for removal and 
weighing and a 25-mm-diameter PVC pipe with an 

Figure 5. Basket, pipe, and tree  
collectors mounted on 2-m post  
and fastened to pre-existing con-
crete pylons.  
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Figure 6. Basket, pipe, and tree mounted on post fastened to the south-
west leg of the stub tower on The Nose of Mt. Mansfield. The screen  
mounted above the basket collected rime for acidity tests. The view is to the  

south over the WCAX transmitter building (Fig. 9).  

end cap inside the central cylinder to prevent the  

basket from freezing to its mount. The PVC pipe  

slid over a greased 13-mm dowel protruding from  

the top of each post to hold the basket in place. Α  
hardboard cover was placed over each basket dur-
ing the winter of 1982-83 to prevent snow from  
collecting on the top (bottom) of the inverted bas-
ket. Though the cover performed well, it was cum-
bersome. The cover and bottom of each basket  
were removed for the 1983-84 season, which per-
mitted snow to fall through the basket b.tween the  

partitions.  
Baskets on both mountains were checked for  

rime accretion after each major storm, usually at  

intervals of from 2 days to 2 weeks. Ice weight was  

measured using hanging spring instrument scales  
(Homs 1982). Rime feather lengths were measured  

with a flexible carpenter's rule. Rime direction was  

measured with a compass corrected for declina-
tion. During each collection period ice quality was  

noted, including snow contamination of the sam-
ple, clear ice, falling ice, and obvious sublimation.  

Measurements acquired from the baskets and the  

location of each measurement station are fully dis-
cussed later in this report.  

Two rime-collection devices used in addition to  
the basket were a 60- by 304-mm-long section of  
roughened PVC pipe mounted below each basket  

on the wooden post and a 61.0-cm-tall artificial  

spruce tree mounted below the pipe (Fig. 5 and 6).  

The pipe was intended to represent tree trunks and  

manmade structures constructed of pipe. The tree  

was used to simulate natural vegetation. Though  

the aerodynamics of artificial tree branches may  

not duplicate natural trees exactly, artificial trees  

are identical to one another and can withstand ice  

removal with minimal damage.  

The Rosemount ice detector  
Icing frequency and the relative intensity of  

events were measured from a Rosemount Model  

871CΒ1 Ice Detector and Model 524 Β Controller  
owned and operated by Vermont Educational Tel-
evision (VTETV), a division of the University of  

Vermont. The detector is mounted on an antenna  

tower immediately east of and above the VTETV  

transmitter building and about 10 m above the  
local ground surface (Fig. 7). It is mounted on a  
boom extended horizontally from the west side of  

the antenna affording good exposure for at least  

270°. The antenna's open framework probably  

does not signficantly block easterly winds, but  
turbulence in the lee of tower supports could  

modify the amount of ice detected.  

The actual sensing element on the detector is a  

6.4-mm-diameter by 28-mm-long tube mounted  

on a central dome (Rosemount 1982). The sensor,  
vibrating at approximately 40 kHz, detects a  

change in mass and thus frequency as ice collects,  

triggering a 90-s heating cycle. The heating cycle is  

triggered when about 0.51 to 0.64 mm of ice col-
lects on the tube surface (Rosemount 1982). Α  
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Figure 7. Rosemount Model 871CBI detector mounted on tower adja-
cent to VTETV transmitter building. The view is to the west with the WCAX 
stub tower visible in the background (Fig. 9). 

115-Vac ice-warning signal produced by the heat-
ing cycle is used to trigger antenna heaters. The 
signal was tapped and recorded through an inter-
face on a Rustrak event recorder. 

The Rustrak recorder and the Rosemount detec-
tor were operated continuously from 10 December 
1982 through 8 May 1983, and from 29 October 
1983 through 22 May 1984 (Fig. 8). Occasional 
breaks in the data, from a few minutes to several 
days, resulted from power outages and recorder 
failure. 

Detector readings are discussed later in this re-
port. Tattelman (1982) and Tucker and Howe 
(1984) provide objective reviews of the accuracy 
and reliability of Rosemount detectors. 

RIME METEOROLOGY 

Understanding the meteorological conditions of 
rime formation is useful for generating predictive 
models and rime climatologies. Rime can be simu-
lated effectively in climate chambers under con-
trolled conditions (Tattelman 1982), but relating 
laboratory conditions to actual mountain weather 
and its greater complexity is imprecise. However, 
several observers have found distinct relationships 
between weather conditions and the intensity or 
frequency of rime events. 

Most weather-rime relationships have been 
made using individual meteorological variables 
such as temperature and wind speed, with few re-
lating rime to synoptic weather patterns. Tepes 
(1978), reporting on rime formation in the moun-
tains of Romania, stated simply that rime deposits 
occurred primarily in Arctic-maritime air with 
very low temperatures. Others have been more 
precise, such as Berndt and Fowler (1969), who 
found rime most frequent between temperatures 
of -5 and -14°C in western Washington state, and 
McLeod (1977), who found observer-reported ic-
ing events occurred most often between 0 and 
-4°C and Rosemount-reported events up to 2°C. 
Makkonen (1981) found hard rime common in 
temperatures below 1°C with low wind speeds, 
and soft rime in temperatures less than -5°C and 
winds stronger than 5 m/s. He found no correla-
tion between air temperature and wind speed 
(Makkonen and Ahti 1983). Baranowski and Lieb-
ersbach (1977) found -2 to -3°C optimum for 
hard rime formation and -14 to -15°C best for 
soft rime. They found accretion rates greatest be-
tween 0 and -6°C, intensity of accretion greatest 
between -2 and -3°C, and frequency of rime 
events greatest between -3 and -6°C. Tucker and 
Howe (1984) found no relationships between rime 
intensity measured on Rosemount detectors and 
air temperature. 
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Figure 8. Rime events, field measurement trips, and icing intensity in Rosemount cycles per hour during 
the two winters. Bar widths indicate relative lengths of rime events in hours as recorded on the Rosemount detec- 
tor. An event ends when a period of 6 or more hours separates two Rosemount cycles. 
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The relationship between wind speed and rime 
intensity is somewhat stronger than the relation-
ship between temperature and rime intensity. 
Other than McLeod (1977), who found no rela-
tionship between wind speed and rime, others 
have found strong relationships, especially when 
combined with event duration. Baranowski and 
Liebersbach (1977) found that the greater the rime 
density, the greater its growth intensity with wind 
velocity. They obtained intensity-velocity correla-
tions of 0.50 and 0.60 for hard and soft rime, re-
spectively. The product of wind velocity and event 
duration yielded an even higher correlation-
0.69—for Makkonen (1981) when correlated to 
the amount of ice accreted during an event, de-
spite variations in droplet size and cloud liquid 
water content. In a later paper co-authored with 
Ahti (Makkonen and Ahti 1983), he reported ve-
locity-duration correlations with ice loads as high 
as 0.86. They suggest even higher correlations 
could be obtained with known cloud droplet sizes 
and liquid water contents. On Mt. Washington, 
Tucker and Howe (1984) found correlations of 
0.51 and 0.58 between Rosemount detector cycling 
rates and wind speed. 

The type and frequency of rime is related to 
wind direction. McLeod (1977) reported that icing 
events in the Pribilof Islands of Alaska are most 
frequent when winds are within 40° of north. In 
the Sudety Mountains of Poland, Baranowski and 
Liebersbach (1977) found hard rime most com-
mon in the warm sector of cyclones within wester-
ly winds and soft rime most common after the pas-
sage of cold fronts within northerly, maritime 
polar air. 

Only one study specifically addresses humidity 
values, though most imply that relative humidities 
must be near saturation during riming. McLeod 
(1977) indicates that dew-point depressions were 
never at saturation during riming near sea level in 
the Pribilofs, but were depressed most commonly 
up to 4.5 °C. 

Finally, little reference is made to synoptic me-
teorology. Several (Pagliuca 1937, 1938; Gary 
1972; Tepes 1978; Bates and Govoni 1984) state or 
imply that rime is most frequent or intense during 
storms. However, other than the specific examples 
cited above, there are few discussions of the re-
gional or subcontinental-scale weather conditions 
that produce rime. 

Data compilation 
In this study the intensity of riming, as indicated 

by the cycling frequency of the Rosemount ice de- 

tector on Mt. Mansfield, is related a) to weather 
parameters measured at the surface either on Mt. 
Mansfield or in nearby Burlington, b) to data in-
terpolated to Mt. Mansfield from upper air sta-
tions in New England and the surrounding region, 
and c) to the proximity and intensity of cyclones, 
anticyclones, and fronts to Mt. Mansfield. Only 
meteorological variables measured regularly by 
the National Weather Service are used because fa-
cilities were not available at the study sites for 
measuring additional variables such as cloud 
water content, droplet size, or wind speed and di-
rection. 

Surface meteorological data 
The National Weather Service maintains a co-

operative climatological station on Mt. Mansfield 
at an elevation of 1198 m. The station, operated 
by Mount Mansfield Television (WCAX-TV, CBS 
affiliate), is about 40 m lower in elevation and 
about 125 m to the southwest of the Rosemount 
detector (Fig. 9). Exposures at both sites are simi-
lar. Max-min thermometers in the shelter are of 
the standard National Weather Service type mount-
ed on a Townsend support. A rain gauge with a 
wind screen is located about 5 m north of the Stev-
enson screen. Daily maximum and minimum tem-
peratures and precipitation amounts from the Mt. 
Mansfield cooperative station (NOAA 1982-1984a) 
were used. Mean 24-hr cloud cover in tenths and 
sea level air pressure in millibars were measured at 
the National Weather Service in Burlington, Ver-
mont, at an elevation of 101 m above m.s.1., and 
about 33 km southwest of Mt. Mansfield (NOAA 
1982-1984c). 

Upper air data 
Wind direction, wind speed, and dew point were 

not measured on Mt. Mansfield, but were interpo-
lated from rawinsonde ascents. Rawinsonde read-
ings of air temperature, dew-point depression, ele-
vation of the 850-mb-pressure surface, and wind 
direction and speed are made twice a day at 0 
and 12 Z (7 p.m. and 7 a.m. EST respectively) 
from stations in the northeastern United States 
and southeastern Canada (Fig. 10). The five varia-
bles were interpolated to Mt. Mansfield twice a 
day for each day of the study period from at least 
three stations surrounding the mountain. Nine sta-
tions were used overall because of missing data 
during some flights. The data were recorded from 
standard 850-mb charts produced by the National 
Weather Service for distribution over the NAFAX 

facsimile circuit and AFOS (Fig. 11). 
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Figure 11. One of over 650 National Weather Ser-
vice 850-mb charts used to acquire upper air data at 
rawinsonde launch sites. 

Data were interpolated from combinations of 
three stations producing a triangle around Mt. 
Mansfield. Interpolation is more correct if it oc-
curs from stations surrounding a site. In every 
case, stations with data nearest to the mountain 
were chosen. For example, Portland, Albany, and 
Montreal were always preferable to Caribou, Al-
bany, and Buffalo if the data were available. 

A distance-weighted algorithm was used to in-
terpolate to Mt. Mansfield from the surrounding 
rawinsonde stations (Davis 1973). Instead of inter-
polating linearly, which is less realistic, each sta-
tion was weighted inversely to the square of its dis-
tance from the mountain. Elevations and tempera-
tures interpolated on the maps by the National 
Weather Service and by the Davis (1973) algo-
rithm agreed well. Data were not compiled directly 
from the Weather Service isolines because the 
maps were difficult to read. Moreover, wind direc-
tion, speed, and dew-point depression are not 
"contoured" on the Weather Service maps and 
had to be interpolated directly from the rawin-
sonde stations to Mt. Mansfield in any case. 

The Nose of Mt. Mansfield, where the Rose• 
mount detector and two ice collection stations are 
located, is about 1226 m above m.s.l. (Fig. 1). The  

850-mb-pressure surface elevation ranged from 
1167 to 1630 m during the study period, with a 
mean elevation of 1418 m. The Nose falls within 
the range of elevations transversed by the 850-mb 
surface during the winter. However, The Nose and 
the 850-mb surface are not statistically at the same 
elevation. A Friedman two-way ANOVA (SPSS 
Inc. 1983) of three-hundred forty-nine 850-mb ele-
vations generated a chi-square statistic of 678.14, 
significant at 0.01, when compared to the eleva-
tion of The Nose. Therefore, upper air data inter-
polated to The Nose may not be identical statistic-
ally to conditions at the surface at any given time. 

Temperature is measured at the cooperative sta-
tion on The Nose and at 850 mb by rawinsonde. 
Because of the difference in elevation of The Nose 
and the 850-mb surface, Friedman ANOVAs and 
Spearman correlations were run to compare tem-
peratures from both sources. Minimum surface 
temperatures were paired with the 12 Z (7 a.m. 
EST) rawinsonde temperature. Maximum temper-
atures were not compared because 0 Z (7 p.m. 
EST) rawinsonde temperatures are made about 3 
hours after sunset and do not correspond to sur-
face maximums. Minimums from both sources 
correlate at 0.87, but their means are statistically 
different, with a difference of 5.6°C. The rawin-
sonde minimum temperatures are higher, despite 
their higher elevation, than the surface minimums. 
This agrees with documented observations of free 
air versus mountain temperatures at night (Barry 
1981). Radiosonde temperatures could be correct-
ed to surface values with a regression equation. 
However, despite a high correlation, a least-
squares regression equation generated from the re-
lationship had a standard error too large for much 
amelioration. Therefore, despite the free air to 
mountain temperature differences, unmodified 
free-air temperatures were used in analyses. 

Upper air (850 mb) temperature, dew-point de-
pression, elevation, wind speed and direction, and 
vector wind speed and direction were interpolated 
to Mt. Mansfield from the rawinsonde stations. 
Vector speeds and directions were computed using 
algorithms from Gaile and Burt (1980). 

Synoptic meteorological data 
Data for determining the relationship between 

riming intensity and frontal, cyclonic, and anticy-
clonic activity were gathered from the NOAH pub-
lication Daily Weather Maps (NOAA 1982-1984b) 
(Fig. 12). The distance and direction of fronts 
closest to Mt. Mansfield and their type (cold, 
warm, stationary, or occluded), the distance and 
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direction of the nearest cyclone or anticyclone des-
ignated with an L or Η on the map, and the pres-
sure of the high and low were recorded from the 
daily 12 Z (7 a.m. EST) surface weather maps. All 
distances and directions were recorded in relation 
to the location of Mt. Mansfield. Since the edge of 
the map is reached at a distance of 960 km to the 
east and north of Mt. Mansfield, the maximum 
distance recorded in any direction was 960 km. 
Fronts and pressure cells at greater distances are 
unlikely to have much impact upon riming in Ver-
mont. Data were transcribed for the entire study 
period. 

Rime data  
Deicing cycles on the VTETV Rosemount ice de-

tector were the index of riming intensity used 
throughout the meteorological analysis. Mean dai-
ly surface weather at Mt. Mansfield and Burling-
ton was related to the sum of deicing cycles per day. 

Upper air and synoptic meteorology were com-
pared to summations of Rosemount cycles occur-
ring over a 6-hr time period centered on the time 
of the rawinsonde flights, either 0 Z or 12 Z. A 6-hr 
summation, rather than cycling occurring during 
the time of flight only, was made because local 
conditions are somewhat different from those sev-
eral hundred kilometers away. The 6-hr summary 
provided a more general indication of rime condi-
tions for the period of day represented by the  
rawinsonde data, and it produced a larger sample 
of days for comparison. 

Rime and surface weather analysis  
Daily rime intensity and surface weather were 

examined for the periods of 10 December 1982 to 
8 May 1983 and 29 October 1983 to 5 April 1984. 
Analyses were conducted for 1) all rime intensities 
and weather conditions for all days of the study 
period, 2) all days with rime accretion, ignoring 
days with no rime activity, and 3) all days with 
rime accretion and maximum temperatures <_ -4 
°C, ignoring days with no rime and warmer tem-
peratures. The first analysis addresses all possible 
combinations of rime and weather, the second ad-
dresses icing days only, and the third addresses on-
ly those days with predominantly dry growth. Wet 
growth, more frequent on warmer days, may 
cause the Rosemount detector to "saturate" and 
cycle less frequently than the icing conditions war-
rant, providing an underestimation of true icing 
activity (Tucker and Howe 1984). 

Spearman correlations of daily mean, mini-
mum, and maximum temperatures with rime in-
tensity for all study days are 0.26 or lower (Table 
3). These correlations lend support to conclusions 
drawn by Makkonen and Ahti (1983) that rime in-
tensity is poorly related to air temperature. How-
ever, the correlation of rime intensity to precipita-
tion on Mt. Mansfield is far stronger than the cor-
relation of -0.08 reported by Makkonen and Ahti 
(1983) in Finland. Rime intensity is negatively cor-
related to air pressure, perhaps because high cloud 
cover (r = 0.49) is usually associated with cy-
clones. 

Table 3. Correlations of rime and surface weather.  

Temperature  
Mean Minimum Maximum  Precipitation 	Pressure 	Clouds 

All study days  

0.26 
	

0.18 
	

0.54 	-0.42 
	

0.49  
294 
	

294 
	

294 
	

295 
	

295  
0.000 
	

0.001 
	

0.000 
	

0.000 
	

0.000  

Rime days only  

-0.33  
177  

0.000  

Rime days only with maximum temperatures <_-4.0°C 

0.39 
	

0.39 
	

0.35 	-0.34  
68 
	

69 
	

67 
	

68  
0.001 
	

0.001 
	

0.004 
	

0.004  

13  

r 
N  
Sig.  

r 
N  
Sig.  

r 
N  
Sig.  

0.23  
293  

0.000  

0.33  
176  

0.000  

0.39  
68  

0.001  



Correlations only on days when rime is accumu-
lating weaken for precipitation, air pressure, and 
cloud cover, suggesting that they may better pre-
dict the onset rather than the intensity of rime. Air 
temperature and rime intensity correlations 
strengthen on those days when rime is accumulat-
ing, with higher temperatures associated with in-
tense riming. 

Days with predominantly dry rime growth exhi-
bit the strongest relationship between temperature 
and rime intensity. Warmer temperatures associ-
ated with higher rime intensities suggest that cloud 
liquid water contents may be greater in warmer 
air. The relationship between rime activity and 
precipitation weakens again during dry growth. 
Air pressure and cloud cover correlations show no 
change during dry growth. 

Frequencies of specific rime intensity, tempera-
ture, precipitation, air pressure, and cloud cover 
magnitudes provide some indication of the weath-
er conditions during rime events in the Green 
Mountains (Table 4). The Rosemount detector re-
corded icing on 60% of all study days, with a pre-
dominance of lower intensities. There were fewer 
than 40 cycles per day on 71% of all rime days. 
Comparison of dry growth days to all rime days 
suggests that dry growth does not produce as in-
tense Rosemount cycling as does wet growth, an 
observation made by Tucker and Howe (1984). 
Dry growth days generated 20 or fewer Rose-
mount cycles per day 71% of the time. 

The majority (60%) of all rime days have mean 
temperatures of 0 to -9°C. Only 47% of all days 
of the study period fall within this temperature 
range. Since dry growth has been controlled for  
with temperature, dry growth temperatures are 
difficult to interpret. However, the frequencies 
suggest that temperatures are lower overall during 
dry growth. 

Rime is most frequent on days accumulating 1 
to 20 mm of precipitation. Even less precipitation 
falls on dry growth days, according to the mean, 
perhaps because dry growth occurs in colder air  

temperatures. 
Air pressure is about 3 mb lower than the study 

period mean on all rime days, again suggesting a 
connection between rime and cyclonic activity. Air 
pressure is slightly higher in dry growth because it 
may occur within the colder continental air pre-
ceding anticyclones into Vermont. 

Despite the predominantly cloudy conditions in 
Vermont during the study, rime days were even 

Table 4. Surface weather percentages and means.  

.411 study 
	

Rime days 
	

Rime days 
days 
	

only 
	

<_ 4.0°C  

Variable 	% 	N 
	

% 	N 
	

% 	N  

Rime (cycles/day) 

Mean 
0 

17.6 
40 	118 

29.3 
0 	0 

17.8  
0 	0  

1-20 32 	93 53 	93 71 	48  
21-40 10 	32 18 	32 14 	10  
41-60 11 	31 Ι 7 	31 12 	8  
61-80 2 	7 4 	7 0 	0  
8 Ι -100 3 	7 4 	7 0 	0  
Ι01 -120 1 	4 2 	4 3 	2  
121-140 0 	Ι 1 	1 0 	0  
141-160 1 	2 ι 	2 0 	0  

100 	295 100 	177 100 	68  

Mean temperature (°C)  

Mean -7.4 	-6.7 -12.6  
11 	-1 13 	40 8 	14 0 	0  
0--9  47 	144 60 	106 21 	14  
-10--19 33 	102 29 	51 72 	49  
-20--29 7 	22 3 	5 7 	5  

100 	308 100 	176 100 	68  

Precipitation (mm)  

Mean  5.6 7.9 5.6  
0 42 	131 26 	46 25 	17  
1-20 5Ι 	157 64 	113 74 	49  
21 -40 6 	17 8 	13 1 	1  
41-60 1 	4 2 	4 0 	0  

100 	309 100 	Ι76 100 	67  

Pressure (mb) 

Mean 1004.0 1001.3 1005.0  
960-979 1 	2 1 	2 2 	1  
980-999 31 	98 44 	78 29 	20  
1000-1019 62 	191 52 	91 62 	42  
1020-1039 6 	19 3 	6 7 	5  

100 	310 100 	177 100 	68  

Clouds (tenths) 

Mean  7.5 8.5 8.1  
0 3 	8 0 	0 0 	0  
1-2 6 	21 2 	4 4 	3  
3-4 10 	29 5 	9 6 	4  
5-6 13 	40 11 	18 14 	9  
7-8 16 	51 14 	26 19 	13  
9-10 52 	161 68 	120 57 	39  

100 	310 100 	177 100 	68  
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Table 5. Multiple regressions of rime intensity and surface weather.  

All study days  

Rime = 1.307Ρ+1.997C-4.521  

r = 0.53 	r = 0.28 	Standard error = 23.867 	Sig. = 0.0000  

Rime days only 
 Rime = 1.186Ρ+ 1.098 Τavg + 27.544  

r = 0.49 	r2  = 0.24 	Standard error = 27.280 	Sig. = 0.0000 

Rime days only with maximum temperatures <_ -4.0°C  
Rime = 1.603Ρ+ 1.420 Τmax + 22.293 

r = 0.57 	r' = 0.33 	Standard error = 19.375 	Sig. = 0.0000 

Rime = Rosemount cycles/day 
Ρ = Precipitation (mm) 
C = Cloud cover (tenths) 

Tavg  = Mean daily air temperature (°C)  

Τmax = Maximum daily air temperature (°C)  

cloudier, with 68% of all rime days exhibiting 9-
to 10-tenths cover at Burlington. Less cloud cover  
during dry growth may be due to higher pressure  
following cyclones, causing clearing as growth oc-
curs. Overall, cloud cover on Mt. Mansfield is  

probably greater than shown in Table 4 because  

the values given are from Burlington, in the  
Champlain Valley.  

Though none of the associations between rime  

intensity and surface weather are strong, several  

are logical and expected. Rime usually occurs  
within storms, as suggested by the relationships  
with precipitation, air pressure, and cloud cover.  

Rime intensity is strongly correlated to tempera-
ture, suggesting that temperature may be surro-
gate for cloud liquid-water content. The linkage  

between precipitation and rime intensity may also  

be an indication of the importance of liquid-water  
content, since clouds producing precipitation may  
be expected to have higher moisture contents.  
Finally, correlations between rime intensity and  

cloud cover may have been stronger had cloud  

cover been measured at the mountain.  

Three stepwise multiple regression equations  

were developed to predict rime accretion rates  

from surface weather conditions (Table 5). Precip-
itation is a key variable in each equation, and tem-
perature is important for the two equations that  

consider rime days alone. Both variables reflect  

the importance of moisture because heavy cloud  

cover is necessary for precipitation and warmer  
temperatures have higher liquid water contents at  

saturation. All three equations also have high  

standard errors.  

Rime and upper air analysis  
Temperature, dew point depression, 850 mb ele-

vation, and scalar and vector wind speeds and di-
rections were correlated with Rosemount cycling  

summed over 6-hr periods centered upon the time  
of rawinsonde flights, 0 and 12 Z (7 p.m. and 7  
a.m. EST). Wind azimuths were converted from  
Cartesian to polar coordinates by taking the trigo-
nometric sine, cosine, and tangent of each direc-
tion.. Raw azimuths cannot be correlated because  

they increase continuously in a clockwise direction  

(Kalkstein 1985). The trigonometric sine of an azi-
muth represents the east-west component, and the  
cosine represents the north-south component.  
Combined with the tangent, they allow specifica-
tion of wind directions to within 90° if correla-
tions with all three functions are high.  

As with surface weather, 850-mb weather was  
correlated to rime intensity for three situations: 1)  

all rawinsonde flights during the study period, 2)  
rawinsonde flights only when riming was occur-
ring, and 3) rawinsonde flights only when riming  

was occurring and the 850-mb temperature was <_  
-4.0°C.  

Correlations during all flights show no strong  

relationships, though several are significant statis-
tically (Table 6). As with surface weather, rime in-
tensity increases as upper air temperatures in-
crease. This may be due, as suggested with surface  
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Table 6. Correlations of rime and upper air conditions. 

Variable 

Al! flights Only flights with rime 
Rime flights only with 
temperature < -4.0°C 

r Sig. N r Sig. N r Sig. N 

Air temperature 0.22 0.000 654 -0.31 0.000 230 -0.35 0.001 93 

Dew-point 
depression 

-0.31 0.000 585 -0.19 0.006 207 -0.35 0.819 89 

850-mb 
elevation 

-0.21 0.000 654 -0.14 0.033 230 -0.35 0.181 93 

Scalar wind 
Sine 0.14 0.000 654 0.29 0.000 229 -0.35 0.001 93 
Cosine -0.23 0.000 654 -0.09 0.156 229 -0.35 0.797 93 
Tangent 0.03 0.007 654 0.04 0.508 229 -0.35 0.715 93 
Speed 0.04 0.080 654 0.04 0.513 229 -0.35 0.102 93 

Vector wind 
Sine 0.09 0.004 654 0.27 0.000 229 -0.35 0.027 93 
Cosine -0.11 0.000 654 -0.08 0.254 229 -0.35 0.767 93 
Tangent 0.02 0.042 654 0.11 0.100 229 -0.35 0.232 93 
Velocity -0.01 0.987 653 -0.08 0.223 229 -0.35 0.601 93 

temperatures, to higher cloud-water contents in 
warmer temperatures. Dew-point depressions are 
negatively related to rime intensity, since relative 
humidities must be near saturation for rime to oc-
cur. 

The weak negative relationship between 850-mb-
pressure surface elevations and rime intensity sug-
gests that troughs may be associated with greater 
rime intensities. Since troughs are indicators of 
colder surface air, the correlation suggests that 
most riming may occur in the colder, usually con-
tinental, air that follows cold fronts. 

There is no correlation between rime and wind 
speed. However, the cosine of the scalar wind di-
rection does have a -0.23 correlation, indicating 
that the cosine decreases as rime intensity increas-
es. Since the mean scalar wind direction for the en-
tire period is 288° and the mean vector direction is 
284 °, rime intensity decreases as winds back from 
northwest to west or southwest. The weak sine 
correlation also suggests that winds probably ro-
tate westerly or southwesterly with increasing rime 
intensity. Higher intensity riming with more 
southerly winds may be related to the warm sector 
of cyclones. There is little difference between vec-
tor and scalar speeds and directions and their rela-
tionship to rime intensity. 

When only rawinsonde flights with rime are 
considered, the relationship with upper air tem-
perature strengthens (as with surface tempera-
tures), and the relationships with dew-point de-
pression and 850-mb elevation weaken. The corre-
lation with temperature strengthens because days 
with temperatures too warm for ice formation 
have been removed. Warm but subfreezing air 
advecting over Mt. Mansfield causes more rapid 
ice accretion. Cold and probably dry air appar-
ently accretes ice less rapidly. Causes of the 
weaker dew point and 850-mb elevation correla-
tions are not clear, but suggest that once icing be-
gins, other factors are more important in increas-
ing accretion rates. 

Ice accretion rates still have no relation to wind 
speed. Wind direction again has a relationship, 
but stronger this time with the sine instead of the 
cosine. Once riming begins, the east-west wind 
component apparently controls icing intensity 
more than the north-south component. The mean 
scalar wind direction for all riming days is 2580 , 

 and the vector direction is 254° azimuth. The sines 
and mean azimuths (Table 7) suggest that direc-
tions become less westerly and probably more 
southerly as rime intensity increases. 
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Table 7. Upper air percentages and means. 

Rime flights 	 Rime flights 
Only flights 	with temp. 	 Only flights 	with temp. 

All flights 	with rime 	s4.0°C 	 All flights 	with rime 	<_4.0°C  

Variable 	% 	N 	% 	N 	% 	N 	 Variable 	% 	N 	% 	N 	% 	N 

Rime (cycles/6 hr) 	 Vector wind velocity (m/s) 

Mean 
0 
1-10 
11-20 
21-30 
31-40 
41-50 

4.5 

	

65 	427 

	

17 	112 

	

11 	76 

	

5 	30 

	

1 	4 

	

1 	10 

	

100 	659 

12.9 

	

0 	0 

	

48 	112 

	

33 	76 

	

13 	30 

	

2 	4 

	

4 	10 

	

100 	232 

9.6 

	

0 	0 

	

65 	34 

	

26 	18 

	

7 	6 

	

0 	0 

	

2 	2 

	

100 	60 

Temperature (°C) 

Mean -4.7 -2.6 -7.3 
11-1 27 	186 28 	64 0 	0 
0--9  47 	320 64 	147 80 	52 
-10 - -19 23 	151 8 	19 20 	9 
-20 - -29 3 	22 0 	0 0 	0 

100 	679 100 	230 100 	61 

Dew-point depression (°C) 

Mean 5.9 4.4 5.0 
0-5 60 	361 76 	157 76 	40 
6-10 22 	134 13 	28 8 	6 
11-15 12 	68 6 	11 8 	6 
16-20 3 	22 2 	5 4 	3 
21-25 2 	9 2 	3 1 	1 
26-30 _1 	8 1 	3 _3 	_3 

100 	602 100 	207 100 	59 

850-mb elevation (m) 

Mean 1417.1 1396.7 1386.9 
1100-1199 0 	2 	1 	2 2 1 
1200-1299 6 	41 	10 	23 11 6 
1300-1399 32 	217 	38 	88 45 27 
1400-1499 49 	327 	41 	93 30 20 
1500-1599 13 	90 	10 	24 12 7 
1600-1699 01 	0 	0 0 0 

100 	678 	100 	230 100 61 

Scalar wind speed (m/s) 

Mean 11.3 	11.6 11.4 
0-5 8 	55 	5 	12 5 3 
6-10 41 	276 	42 	96 44 27 
11-15 34 	231 	32 	72 33 20 
16-20 12 	83 	14 	32 13 8 
21-25 4 	29 	7 	17 5 3 
26-30 1 	4 	_0 	_0 0 0 

100 	678 	100 	229 100 61 

Mean 10.2 	10.4 10.8 
0-5 18 	123 	18 	41 	13 8 
6-10 38 	254 	38 	88 	45 29 
11-15 30 	206 	27 	62 	25 16 
16-20 11 	73 	14 	28 	11 5 
21-25 3 	19 	3 	10 	6 3 
26-30 0 	3 	0 	_0 	0 0 

100 	678 	100 	229 	100 61 

Scalar wind direction (° azimuth) 

Mean 288 	258 284 
1-60 9 	60 	7 	17 	3 2 
61-120 5 	38 	7 	14 	2 1 
121-180 10 	66 	15 	35 	5 3 
181-240 15 	103 	22 	51 	13 8 
241-300 31 	211 	29 	65 	44 27 
301-360 30 	201 	20 	47 	33 20 

100 	679 	100 	229 	100 61 

Vector wind direction (° azimuth) 

Mean 284 	254 285 
1-60 9 	59 	7 	15 	3 2 
61-120 5 	38 	7 	17 	2 1 
121-180 10 	68 	16 	37 	10 6 
181-240 16 	107 	22 	50 	10 6 
241-300 31 	209 	27 	61 	41 25 
301-360 29 	198 	21 	49 	34 21 

100 	679 	100 	229 	100 61 

Dry growth has the strongest correlation to air 
temperature, again indicating that warmer air is 
associated with greater rime intensity. Dew point 
depression again has no relationship to dry 
growth. Scalar wind speed now has a weak posi-
tive correlation with rime intensity. 

Frequencies of the 850-mb conditions echo most 
of the relationships indicated by the correlations 
(Table 7). Most rime events are of low intensity, 
with 48% of all icing events producing 10 or fewer 
Rosemount cycles in 6 hours, and 65% of dry 
growth events producing 10 or fewer cycles. 

Rime is most frequent during warmer tempera-
tures, as indicated in the correlations, with the ma-
jority of all icing occurring between 0 and -9°C. 
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Table 8. Multiple regressions of rime intensity and upper air con-
ditioiis.  

All rawinsonde flights 

 Rime = 0.246Τ- 0.202E-0.198D-1.113 V5 + 1.065S+33.785 

r = 0.41 	r' = 0.17 	Standard error = 7.96 	Sig. = 0.0000 

Only flights with rime 
 Rime = 0.508 T-1.676 V5  + 1.5345+ 13.575  

r = 0.43  r' = 0.18 	Standard error = 9.44 Sig. = 0.0000  

Only flights with rime and temperatures <_ -4.0°C  
Rime = 0.778 T + 5.228D, + 17.918 

r = 0.42 	r = 0.18 	Standard error = 9.32 Sig. = 0.0002  

Rime = Rosemount cycles/6 hr 
E = 850-mb elevation (m) 
D = Dew-point depression (°C) 
Vs  = Vector wind velocity (m/s) 
S = Scalar wind speed (m/s) 

Ds  = Sine of scalar wind direction 

However, these percentages should be interpreted 
cautiously because, as discussed earlier, free air 
temperatures are warmer than surface tempera-
tures.  

Rime accretion is most frequent when dew point 
temperatures are within 5°C of the air tempera-
ture. Seventy-six percent of all rime days, as com-
pared to 60% of all study days, exhibited dew 
points within 5°C of the air temperature. 

Wind speed and direction frequencies are also 
similar to the correlations. Southeasterly and 
southwesterly directions are slightly more frequent 
during rime events than for all days of the study 
period, and northwesterly winds are more fre-
quent during dry growth conditions. The dry 

 growth preference for northwesterly winds may be 
due to the colder air originating from that direc-
tion. The slight decline in 850-mb elevations dur-
ing dry growth supports this contention. 

Multiple regressions were generated predicting 
rime accretion rates from 850-mb weather condi-
tions (Table 8). Wind direction is an important 
predictor only for dry growth, with accretion rates 
increasing as wind direction becomes less westerly. 
Temperature is an important variable in all three 
equations, with warmer air causing greater accre-
tion rates. Dew points and 850-mb elevations are 
important in predicting the onset of riming and its 
intensities because cold air near saturation is nec-
essary for rime to form at all. 

Though there are no strong relationships be-
tween rime intensity and 850-mb weather, several 
generalizations can be made: 1) Riming is most in- 

tense when temperatures are just below freezing.  

2) Dew-point depressions are usually less than 5°C  

during rime accretion. 3) Elevation of the 850-mb  

surface decreases as rime intensity increases and  

when wet growth turns to dry growth. 4) Rime ac-
cretion rates generally increase in southerly winds  

and decrease in northwesterly winds. 5) Rime ac-
cretion shows no relationship to 850-mb wind  

speeds on Mt. Mansfield. 6) Most rime events in  
the Green Mountains are of low intensity.  

Rime and synoptic weather analysis  

Rosemount cycles summed for the 6-hr period  
centered on 12 Z (7 a.m. EST) were correlated  
with the direction and distance of fronts and high  

and low pressure cells and the air pressure within  
the cells to determine the relationship of rime in-
tensity to features on surface weather maps. Dis-
tances and directions of only the fronts, cyclones,  
and anticyclones within 960 km of Mt. Mansfield  
were recorded. Directions were reduced to their  

trigonometric components.  
In general, correlations between rime intensity  

and surface weather features are weak (Table 9).  

Correlations for all study days indicate that rime  

intensity is inversely related to frontal distance  

and positively related to the sine of the frontal di-
rection. That is, rime intensity increases when  

fronts are near and move from west to east over  

Vermont.  
The correlations of rime intensity to cyclone dis-

tance and direction are nearly identical to fronts.  

The correlation between cyclone pressure and rime  
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Table 9. Correlations of rime and synoptic weather.  

All study days  Rime days only  

Rime days only with  

temperature s -4.0°C  

Variable  r 	Sig. N  r Sig. Ν r Sig. N  

Frontal distance -0.16 0.010 268 -0.02  0.817 101 0.08 0.579 48  
Sine 0.21 0.001 268 0.23  0.022 101 0.41 0.004 48  
Cosine 0.08 0.222 268 0.03  0.733 101 0.14 0.349 48  
Tangent 0.04 0.552 268 0.07  0.469 101 0.38 0.008 48  

Cyclone distance -0.19 0.012 175 -0.10  0.345 83 -0.21 0.216 38  
Sine 0.29 0.000 175 0.21  0.054 83 0.27 0.098 38  
Cosine 0.07 0.334 175 -0.06  0.610 83 0.03 0.863 38  
Tangent 0.09 0.257 175 0.02  0.855 83 -0.16 0.343 38  
Pressure -0.18 0.020 175 -0.28  0.010 83 -0.37 0.023 38  

Anticyclone  
distance 0.21 0.024 117 0.29  0.145 27 0.29 0.258 17  

Sine 0.03 0.736 117 -0.04  0.844 27 -0.02 0.947 17  

Cosine 0.18 0.056 117 0.30  0.129 27 0.34 0.181 17  

Tangent -0.01 0.909 117 -0.12  0.537 27 -0.30 0.236 17  

Pressure -0.34 0.000 117 -0.19  0.351 27 -0.26 0.320 17  

intensity suggests that lower pressure and perhaps  

stronger storms produce the greatest rime intensi-
ties.  

The relationship of rime intensity to anticyclone  
pressure is similar to that with cyclones. Weaker  

anticyclones allow more rime accretion. The high-
er correlation with the cosine of the anticyclone di-
rection than with the sine and tangent suggest that  

rime intensity increases as highs move in a north-
erly direction over the region. The positive corre-
lation with anticyclone distance suggests, log-
ically, that for Mt. Mansfield rime intensity de-
creases when highs are nearby.  

When only days with rime accretion are consid-
ered, the relation between frontal distance and  

rime weakens, but the mean frontal distance de-
creases from 495 to 438 km (Table 10). The lower  
correlation suggests that once accretion begins,  

frontal distance is relatively unimportant in  

changing intensity.  
Frontal direction correlations remain essentially  

unchanged on rime days as compared to all study  
days, but mean frontal direction changes from  

southeasterly to northeasterly (Table 10). The fre-
quency of cold fronts associated with rime is simi-
lar to all days of the study, but the frequency of  

warm fronts decreases and that of occluded fronts  

increases. These directional and type changes sug-
gest that most rime events occur within the colder  
air following cold or occluded fronts.  

Cyclone directions become more northeasterly  

on rime days as well, with a mean direction of 95 °  

as opposed to 126° on all study days. The inverse  

relationship between cyclone pressure and rime in-
tensity strengthens on rime days, but the mean  
pressure drops only 1 mb.  

Correlations between anticyclone distance and  

rime intensity strengthen on rime days, with rime  
intensity decreasing as highs approach, and mean  
distance increasing from 652 to 751 km. The in-
verse relationship between anticyclone pressure  

and rime intensity weakens, however. The correla-
tions between the sine, cosine, and tangent of high  

pressure direction suggest, though not strongly,  
that rime intensity increases as highs move to the  

northeast. This may be due to warmer, more moist  

air advected poleward behind highs as they leave  

the region. On most rime days, however, the mean  

high pressure cell location is northwest of the  

Green Mountains, subjecting the area to cold,  

northwesterly winds. Most noteworthy is the small  
number of rime days to have any highs within 960  
km: only 27 days, as opposed to 117 days for the  

entire study period.  
Overall, days with only dry growth have strong-

er but less significant correlations. Mean frontal  
distances increase to the northeast but, as with all  

rime days, there is no relationship between frontal  
distance and rime intensity. Rime is associated  
with cold air during dry growth, with 59% of all  

dry growth days associated with either cold or oc-
cluded fronts. The positive correlations between  

the sine, cosine, and tangent of frontal direction  

suggest that rime intensity increases as fronts  

move over the region from west to north.  
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Table 10. Synoptic weather percentages and means. 

Rime days only 	 Rime days only 
Al! study 	Rime days 	with temp. 	 All study 	Rime days 	with temp. 

days 	only 	. 4.0°C 	 days 	only 	. 4.0°C  
Variable 	% 	N 	% 	N 	% 	N 	 Variable 	% 	N 	% 	N 	% 	N 

Front type Cyclone pressure (mb) 

Cold 25 	84 	27 	33 35 21 Mean 1002 	1001 999 
Warm 29 	94 	18 	22 19 11 960-980 2 	7 	4 	5 5 3 
Occluded 18 	58 	29 	35 24 14 981-1000 23 	77 	32 	39 32 19 
Stationary 10 	32 	10 	11 3 2 1001-1020 27 	87 	31 	38 25 15 
None 18 	60 	16 	20 19 11 1021-1040 1 	4 	1 	1 2 1 

100 	328 	100 	121 100 59 1041-1060 0 	0 	0 	0 0 0 
No cyclone 47 	153 	32 	38 36 21 

Frontal distance (km) 100 	328 	100 	121 100 59 

Mean 495 	438 492 Anticyclone distance (km) 
0-320 23 	74 	27 	33 19 11 
321-640 31 	101 	33 	40 34 20 Mean 652 	751 821 
641-960 23 	75 	21 	25 25 15 0 * 320 5 	15 	0 	0 0 0 
>960 23 	78 	19 	23 22 13 321-640 10 	33 	6 	7 2 1 

100 	328 	100 	121 100 59 641-960 15 	50 	11 	14 19 11 
).960  70 	230 	83 	100 79 47 

Frontal direction ( ° azimuth) 100 	328 	100 	121 100 59 

Mean 133 	73 61 Anticyclone direction ( ° azimuth) 
0-60 12 	40 	12 	15 14 8 
61-120 13 	44 	23 	28 19 11 Mean 270 	322 321 
121-180 16 	53 	13 	16 8 5 0-60 4 	14 	5 	6 7 4 
181-240 11 	34 	6 	7 5 3 61-120 4 	13 	2 	2 0 0 
241-300 12 	40 	13 	16 12 7 121-180 4 	13 	2 	2 4 2 

301-360 17 	56 	16 	19 24 14 181-240 10 	32 	4 	5 4 2 
No front 19 	61 	17 	20 18 11 241-300 7 	21 	3 	4 5 3 

100 	328 	100 	121 100 59 
301-360 7 	24 	7 	8 10 6 
No 
anticyclones 64 	211 	77 	94 70 42 

Cyclone distance (km) 
100 	328 	100 	121 100 59 

Mean 634 	585 597 
0-320 4 	14 	9 	11 7 4 Anticyclone pressure (mb) 
321-640 21 	68 	27 	33 27 16 
641-960 24 	80 	28 	34 24 14 Mean 1027 	1023 1025 

> 960 51 	166 	36 	43 42 25 960-980 0 	0 	0 	0 0 0 

100 	328 	100 	121 100 59 
981-1000 
1001-1020 

0 	0 	0 	0 
10 	33 	12 	15 

0 
14 

0 
8 

Cyclone direction (° azimuth) 
1021-1040 
1041-1060 

24 	78 	8 	10 
2 	6 	2 	2 

12 
3 

7 
2 

Mean 126 	95 61 No 
0-60 9 	29 	12 	14 17 10 anticyclones 64 	211 	78 	94 71 42 
61-120 11 	35 	20 	24 24 14 100 	328 	100 	121 100 59 
121-180 14 	45 	17 	21 8 5 
181-240 6 	21 	4 	5 0 0 
241-300 9 	30 	8 	10 7 4 
301-360 5 	15 	8 	9 8 5 
No cyclone 46 	153 	31 	38 36 21 

100 	328 	100 	121 100 59 
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Mean cyclone distance increases somewhat dur-
ing dry growth, though the negative correlation  

between rime intensity and cyclone distance is  

stronger. Directional means and correlations indi-
cate that dry growth is more frequent when cy-
clone centers are northeast of the region, and in-
tensity increases as the systems move north of the  

region from west to east.  
In spite of the necessity of cold air, anticyclone  

distance increases as dry growth intensity in-
creases. The inverse relationship between high  
pressure and rime intensity strengthens in dry  
growth, though mean pressures remain nearly un-
changed. Mean anticyclone direction does not  
change during dry growth. Intensity increases as  
highs move to the northeast advecting warmer,  

moist air in from the south.  
Multiple regressions were not generated relating  

rime intensity to synoptic weather. However, the  

simple correlations suggest that rime is associated  

generally with the lee side of cold fronts extending  
from cyclones moving from west to east and pole-
ward of the region. Rime is not associated with  
high pressure and occurs intensively in the lowest  

pressure cyclones.  

Rime meteorology discussion  
Though most of the correlations are weak, there  

are several noteworthy relationships between  
weather and rime in the Green Mountains. Most  
rime events are of low intensity, with the greatest  
intensities found in warmer subfreezing air near  

the dew point within deep lows. They are usually  

associated with small amounts of precipitation  

and abundant cloud cover. Cold or occluded  

fronts passing from west to east or northeast usu-
ally produce more intense events, probably due to  

mixing of the warm, moist southerly air ahead of  
the fronts with cold anticyclonic air following the  

fronts. Wind directions are westerly for most rime  
activity, a relationship that was quite evident from  
measurements on Mt. Mansfield and Madonna  

Peak. Nearly all deposits on collectors were from  
the west and northwest.  

ROSEMOUNT ICE DETECTOR  
PERFORMANCE  

The Rosemount Model 871C Β1 Ice Detector is  
commonly used in strong radio-frequency envi- 

ronments to activate antenna heaters automatic-
ally. It has also attracted attention as a research  

tool for automated measurement of rime activity  
in remote locations. However, serious questions  

have been raised about its reliability as a research  

tool. Tucker and Howe (1984) have made exten-
sive tests of Rosemount detectors, as has Tattel-
man (1982). Both expressed concerns about accu-
racy, especially in wet growth conditions. Tucker  
and Howe (1984) found puddling of water on  
other models was a problem. Basket and pipe rime  

collectors installed near the Rosemount detector  

on The Nose of Mt. Mansfield provided a unique  
opportunity to compare ice detector performance  

there with performance measured by Tucker and  

Howe (1984) on Mt. Washington.  
Collectors were installed at two locations on  

The Nose of Mt. Mansfield (Fig. 13). The WCAX  
collector was installed at an elevation of 1197 m,  

about 10 m southwest of the Mount Mansfield  
Television (WCAX) transmitter building (Fig. 9  
and 14). The second collector was installed at the  
base of the stub tower on Mt. Mansfield at 1227 m  

(Fig. 9 and 15). The collector post was fastened to  
the concrete foundation of the southwest stub  

tower support. The stub collector is about 8 m  
lower in elevation and 85 m directly to the west of  
the Rosemount detector and is exposed similarly.  
The WCAX collector is located about 150 m south-
west of the Rosemount detector and about 30 m  

lower in elevation. Its exposure is also similar to  
the Rosemount, excellent on the south, west, and  
north.  

Depending upon storm activity and reports  

from transmitter personnel who could see (but did  

not measure) rime accumulations on the WCAX  

collector, trips were made to the mountain at in-
tervals of 2 days to 2 weeks (Fig. 8). The weight of  

ice on the basket, pipe, and tree was measured,  

along with the minimum and maximum length of  
feathers. The quality of ice and direction of maxi-
mum accretion were also noted.  

Rosemount ice intensity comparisons  
Tucker and Howe (1984) measured the cycling  

rates of two Rosemount ice detectors on Mt. Wash-
ington, Models 871CΒ1 and 872DC. They also  
measured cloud liquid-water content and median  
droplet size, in addition to air temperature and  
wind speed.  
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Figure 13. The Nose of Mt. Mansfield as viewed from the south on 
The Forehead. Arrows indicate locations of the WCAX and stub tower col-
lectors relative to the Rosemount ice detector. 

Figure 14. WCAX collector with rime deposit. The 
view is to the northeast. 
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Figure 15. Stub collector with heavy rime deposit. The view is to the south. 

Tucker and Howe (1984) correlated ice detector 
cycling (cycles/hr) to icing intensity (g/m 2  s) for 35 
to 45 different cycling rates on the two models. 
They obtained correlation coefficients of 0.83 and 
0.93 between cycling rates and icing intensity for 
the 871CB1 and 872DC detectors and expressed 
those relationships with linear equations. 

Icing intensity was compared in this study to the 
cycling rate per hour of the Model 871CB1 detec-
tor on Mt. Mansfield, and then compared to the 
results of Tucker and Howe (1984). None of the 
meteorological parameters measured on Mt. 
Washington was measured on Mt. Mansfield dur-
ing rime accretion. However, Rosemount cycling 
rates per hour were recorded, and icing intensity 
was computed indirectly. 

Average hourly cycling rates were computed 
from the Mt. Mansfield Rosemount record by di-
viding the number of cycles by the hours of cycling 
between ice collections. Icing intensity was com-
puted from the weight of ice on each collector, the 
dry cross-section area of each collector (0.039 m 
for the basket and 0.018 m for the pipe), and the 
number of hours of Rosemount cycling during the 
period. 

During the 2-year period, over 30 sets of accre-
tion measurements were made on Mt. Mansfield. 
However, not all measurements yielded informa-
tion useful for comparing with Mt. Washington 
data. Only periods of dry growth were used for 
comparison: periods with clear ice accretion and 
periods when maximum temperatures above 0°C  

were not used, to minimize problems with melt, 
ice fall, and sublimation. Only periods with accre-
tions of friable, white rime were compared. 

Mt. Washington icing intensity per Rosemount 
cycle was computed from the Tucker and Howe 
(1984) equation for the 871CB1 detector and the 
mean cycling rate of the Mt. Mansfield detector. 
Mt. Mansfield intensity was computed from the 
ice weight, area, and accretion period of each col-
lector on The Nose and the cycling rate of the Mt. 
Mansfield detector. 

There is a moderate correlation (r = 0.53) be-
tween the intensity measurements of the detectors 
on the two mountains (Table 11). The highest cor-
relations were with the stub collectors, whose ex-
posure is more similar to the Rosemount detector 
than to the WCAX collectors. Chi-squares showed 
no statistical difference between the detector re-
sponses on Mt. Mansfield and Mt. Washington 
(Table 11). Means of Mt. Washington and Mt. 
Mansfield intensities are similar, but the range and 
standard deviation of the Mt. Washington values 
are considerably larger (Table 12). 

One possible cause of the relatively low correla-
tions between the two mountains is the nonlinear 
response of the 871CB1 detector during warm 
temperatures. Cycling rates may be depressed at 
temperatures above -4°C (Tucker and Howe 
1984). Another source of error could be loss of ice 
from the Mt. Mansfield collectors due to warm 
temperatures, high winds, or intense sublimation 
before measurements were made. Estimation of 
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Table 11. Rosemount icing intensity relationships. 

Stub collector WCAX collector Pooled  
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Basket intensity by 	0.53 	0.037 
Tucker intensity 

Pipe intensity by 	0.44 0.088 
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Basket intensity by 	0.53 	0.037 
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Pipe intensity by 	0.44 	0.088 
cycles/hr' 
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accretion time simply by the total number of hours  
of cycling could have caused error because accre-
tion may occur for longer or shorter periods than  

suggested by the Rosemount record itself. In some  

respects, computation of accretion time from the  

Rosemount record confounds the relationship be-
tween the mountains because the variables are not  

completely independent. Finally, the collection ef-
ficiency of the Rosemount probe is probably  

greater than the basket collection efficiency, de-
spite the basket's fine metal mesh. The Rose-
mount probe is most certainly a more efficient col-
lector than the 60-mm diameter plastic pipe (Tuck-
er and Howe 1984). No correction was attempted  
for efficiency differences because of the unknown  
efficiencies of the basket and pipe, especially after  

accreting several centimeters of rime.  
Scatter plots between the Mt. Mansfield and the  

Mt. Washington detector responses were produced  
for the stub collectors only, since their exposure  

was most similar to the Rosemount detector (Fig.  

16). The equation relating cycling rate to intensity  
on Mt. Mansfield was generated from the stub  
basket values alone (Fig. 17). Accretion rates per  

cycle on the basket and pipe at both the Mt. Mans-
field stations are indicated in Table 12. 

Rosemount feather-length comparisons  
Tattelman (1982) investigated the relationship 

between Rosemount detector performance and the  
thickness of ice collected. In climate chamber  

tests, he found strong relationships between the  

number of cycles of the Model 872DC detector  

and the maximum radial ice thickness (MRIT) on a  
25-mm diameter rotating cylinder, with correla-
tions of 0.89 for dry in-cloud growth. Tattelman  

(1982) states that the estimated thickness of ice on  

an instrument is twice the radial ice thickness.  

Measurements of maximum and minimum  
feather length were made on all Mt. Mansfield col-
lectors, from which mean feather length was com-
puted. Maximum and mean feather growth per  

Rosemount cycle was compared to Tattelman's  
(1982) laboratory-generated equation for dry-
growth MRIT on the 25-mm collector per Rose-
mount detector cycle. Corrections were not made  

for differences in collection efficiency between the  

Mt. Mansfield and Tattelman collectors, but cor- 

a. Stub collector basket.  

Figure 16. Scatter plots and linear equations relating icing intensity per Rose-
mount cycle on Mt. Washington (abscissa) to Mt. Mansfield (ordinate).  
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Figure 16 (cont'd). Scatter plots and linear equations relating icing intensity per 
Rosemount cycle on Mt. Washington (abscissa) to Mt. Mansfield (ordinate). 
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Figure 17. Scatter plot and linear equation relating icing intensity to Rosemount 
cycles per hour on the Mt. Mansfield stub tower collector basket. 
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rections were made for the different Rosemount  

detector models [Mt. Mansfield's 871C Β1 vs Tat-
telman's (1982) 872DC], which respond much dif-
ferently to similar icing rates (Tucker and Howe  
1984). A least-squares regression equation was  

computed from Tucker and Howe's (1984) equa-
tions to convert the Mt. Mansfield detector rates  

to the 872DC rates. Theoretical MRIT computa-
tions were then generated from Tattelman's (1982)  

equation using the Mt. Mansfield 871 CB 1 detector  
cycles.  

Correlations are moderate between MRIT and  

measured feather lengths at the stub basket (Table  

13). Correlations are stronger for the other collec-
tors at the stub tower and at WCAX. However,  
there are relatively large differences in the means,  

with chi-squares being significant at 0.01 for most  

of the stub and WCAX collectors (Table 13). There  
are also large differences in the means, extremes,  

and standard deviations of Tattelman's (1982)  
MRIT and the measured feather lengths for all  
equipment on Mt. Mansfield (Table 14). Sources  

of error could be similar to those suggested for the  

intensity measurements, but could also include the  

variability of the mountain environment and the  
coarse relationship between the two ice detector  

models. In addition, efficiency differences be-
tween the 25-mm rotating cylinder and the Mt.  
Mansfield equipment could have caused error.  

Mean feather accretion rates per Rosemount cy-
cle on Mt. Mansfield are about 1.1 mm, and maxi-
mum rates are about 1.4 mm (Table 14). Accord-
ing to Rosemount (1982) literature, the Mt. Mans-
field Model 871C Β1 detector should cycle when  

approximately 0.51 to 0.64 mm of ice has collect-
ed. The stub and WCAX collectors are accreting  

about twice the thickness of ice per cycle as the  

Rosemount is collecting as calibrated at the fac-
tory. In theory, the lower efficiency of the larger  

basket and pipe collectors should reverse the rela-
tionship (Tucker and Howe 1984). Either the  

length of the Model 871C Β1 heating cycle is reduc-
ing accretion, or the Mt. Mansfield detector is out  
of calibration.  

Least-square regression equations and scatter  

plots of basket, pipe, and tree mean and maxi-
mum feather growth rates are illustrated in Figure  

18. WCAX collector plots are not included because  

they are not as similar in exposure to the Rose-
mount detector.  

Ice detector discussion  
Despite the coarse measurements on Mt. Mans-

field as compared with the more precise measure- 

rents on Mt. Washington by Tucker and Howe  

(1984), the Rosemount detectors on both moun-
tains gave similar results. This suggests that site  
differences may not cause significant changes in  

Rosemount response, and that they may be used  

cautiously to compare locations. Comparisons of  

the Rosemount to maximum radial ice thickness as  

measured by Tattelman (1982) in the laboratory  

were not as strong, nor were comparisons between  

actual feather growth rates and the ice thickness  

that is necessary to generate a deicing cycle on the  

Rosemount probe. Differences in ice density,  

caused by a still warm but cooling probe, may  

have caused problems. The 871C Β1 detector  
should be used with discretion for predicting ice  

thickness.  

RIME ACCRETION WITH ELEVATION  

Though nearly all investigators working with  

rime accretion understand implicitly that rime ac-
cretion rates increase with elevation on mountains  
due to higher wind speeds and greater cloud fre-
quencies, very few have measured and document-
ed the phenomenon. McKay and Thompson (1969),  

in reviewing the factors affecting ice accretion,  

state that small changes in elevation can cause  

large changes in accretion rates and suggest that  

more work is needed. In northern New Mexico,  

Gary (1972) found that rime feather length and  
amount increased above 2700 m, with maximum  
amounts on treetops and minimum amounts in  

narrow, protected canyons. Tepes (1978) states  

that altitude is one of four mountain chain charac-
teristics that play an important role in rime forma-
tion. She continues that the number of icing days  

increases, but the frequency of icing events de-
creases, with altitude because events last longer at  
higher elevation.  

Rime accretion and feather length were meas-
ured with elevation on Madonna Peak from 643 to  

1107 m during the two winters of study. Collectors  

consisting of the basket, pipe, and tree described  

previously were installed along a chair lift oper-
ated by Smuggler's Notch Ski Area. Posts were  

fastened to the front (downslope side) of the con-
crete foundations supporting the lift towers (Fig.  

5). Baskets were perched about 2 m above the con-
crete foundation, or about 2 m to 3 m above the  
snow surface depending upon the local topog-
raphy (Fig. 19). The baskets were located about 1.5  

m northwest of the 0.6-m-diameter towers, and  

were completely exposed to westerly and northerly  
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Figure 18. Scatter plots and linear equations for maximum and mean feather  
growth rates per Rosemount cycle on the stub collector basket, pipe, and tree.  
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Figure 18 (cont'd). Scatter plots and linear equations for maximum and mean  
feather growth rates per Rosemount cycle on the stub collector basket, pipe, and  
tree.  
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Figure 19. Collector installed at Tower 33 along 
the Madonna Peak chair lift. 

winds. Nine sets of collectors were installed, about 
70 m apart vertically, along the lift line. 

The lift line is straight and is oriented along an 
azimuth of about 3100  (Fig. 20). The lift runs 
along a forest clearing about 40 m wide, with the 
trees on either side ranging in height from about 
20 m at the lower elevations (650 m) to about 7 m 
near the top of the peak (Fig. 21). The canopy 
changes from largely deciduous species at the low-
er elevations to spruce-fir at about 900 m, and to 
all spruce at 1000 m (Siccama 1974). The width of 
the forest clearing, with the chair lift in the mid-
dle, and the low tree height allowed almost unob-
structed wind movement from the westerly and 
northerly directions. Vegetation in the clearing 
was always shorter than 0.5 m and was usually 
buried beneath the snowpack. The slope is very 
steep in places, up to 42° between Towers 20 and 
21, requiring use of mountaineering gear to nego-
tiate it. Consequently, most of the area between 
Towers 11 and 34 was not open to skiing and van-
dalism did not affect measurements. 

Access to the top of Madonna Peak was usually 
via the chair lift. High winds and large ice accu-
mulations on the lift cables frequently caused it to 
shut down for several days at a time. However, 
measurements were made after nearly every major 
winter storm, as on Mt. Mansfield—over 30 times 
during the two years of study. Measurements were 
made between approximately the first week of 
January and the middle of April, the period of 
time the Smuggler's Notch Ski Area usually oper-
ates. 

In general, rime accretion and maximum and 
mean feather lengths increase with elevation. 
Spearman correlations of elevation and basket 
and pipe weights are moderately high when eleva-
tions are compared on Madonna Peak alone, and 
are slightly higher when Mt. Mansfield's WCAX 
and stub tower collectors are included, extending 
the elevations to 1227 m, with a total range in ele-
vation of 584 m (Table 15). Correlations were 
computed with about 50% of the data collected 
because periods of clear icing, melting, or loss of 
ice from winds were not used. 
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Figure 20. Map and profile of collection sites along the  
Madonna Peak chair lift.  

Figure 21. Forest opening along Madonna Peak chair lift between  
Towers 20 and 21. Tower 21 is visible in the background.  
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Table 15. Rime accretion and feather length correla-
tions with elevation. 

Variable 

Madonna Peak alone 
Madonna Peak 

and Mt. Mansfield 

r N Sig. r N Sig. 

Basket weight 0.67 144 0.000 0.70 177 0.000 

Pipe weight 0.58 143 0.000 0.65 175 0.000 

Maximum feather length 
Basket 0.65 144 0.000 0.70 177 0.000 
Pipe 0.62 144 0.000 0.69 177 0.000 
Tree 0.63 142 0.000 0.68 175 0.000 

Mean feather length 
Basket 0.66 144 0.000 0.68 177 0.000 
Pipe 0.62 144 0.000 0.67 177 0.000 
Tree 0.62 142 0.000 0.66 175 0.000 

Plots of accretion with elevation show the varia-
tion in rime accumulation throughout the winter 
(Fig. 22). Some variation is due to differing time 
periods between measurements, but measurements 
were not made unless accumulation had occurred. 
Plots of mean accumulation with elevation for 
both winters indicate that rime does not accumu-
late linearly with elevation (Fig. 23). For example, 
rime accretion on the basket is unusually low at 
Towers 19, 25, and 33. The pipe shows little varia-
tion because it collected little ice. The tree is not 
included in the accretion analysis because it col-
lected snow as efficiently as it did ice. This varia-
tion in accretion from linear with elevation is 
probably one reason that accretion correlations 
were not higher. 

Since the amount of ice collected is a function 
of the volume of air swept over a collector, the ex-
posed collectors should intercept more cloud 
water and accrete more rime than sheltered collec-
tors. The profile of the Madonna lift indicates that 
Towers 19, 25, and 33 are at topographic low points 
along the profile when compared to the other tow-
ers (Fig. 20). This suggests that microscale topo-
graphic features may have a strong effect on rime 
accretion rates close to the ground surface. To test 
this hypothesis on the nine collection stations of 
Madonna Peak, linear least-squares equations 
were computed for elevation vs distance from 
Tower 11, and for the amount of rime collected 
with elevation. Residuals of the linearly predicted 
elevations to the actual elevation of each tower 
were computed, as well as residuals of the linearly 
predicted to the actual amount of ice that collected 
on each basket. Since there were only 9 cases, the  

residuals were correlated using Spearman's meth-
od. Rime and elevation deviations from the linear 
correlated with a 0.70 correlation coefficient and a 
significance of 0.037. Though the correlation is 
not significant at even 0.01 because of the small 
sample size, it does suggest that microscale topo-
graphic features do control rime accretion. 

Scatter plots and least squares regressions of 
mean rime accretion in grams per day are plotted 
for Madonna Peak only (Fig. 24). Though correla-
tions are higher for Madonna Peak and Mt. Mans-
field together, wind speeds on both peaks are 
probably higher at the elevations of the crests than 
if the mountains were higher. As a result, a regres-
sion equation using Mt. Mansfield and Madonna 
Peak might be more exaggerated than an equation 
of Madonna alone. Mean, maximum, and mini-
mum daily accretions for each elevation on Mt. 
Mansfield and Madonna Peak are indicated in 
Table 16 for the period of January through April. 

Correlations of feather length with elevation on 
Madonna Peak alone and with Mt. Mansfield are 
similar to accretion rate correlations (Table 15). 
Correlations between maximum and mean feather 
lengths and elevation are similar for each collec-
tor. The tree is included because snow accretion 
on the tree does not affect feather length signifi-
cantly. Correlations might have been higher, ex-
cept that the same microscale topographic factors 
affecting accretion may also affect feather length 
(Fig. 25). A correlation between elevation devia-
tions from the linear and maximum feather length 
deviations from the linear for both winters on the 
basket gave a Spearman correlation of only 0.28 
with a significance of 0.470. The impact of micro- 
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Figure 22. Rime accumulation on baskets with elevation for each measure-
ment trip on Mt. Mansfield and Madonna Peak. Extreme variations are due  
primarily to differing rime intensities per storm.  
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MEAN RIME ACCRETION WITH ELEVATION 
ON MADONNA PEAK AND MOUNT MANSFIELD 

1983 AND 1984 
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Figure 23. Mean rime accumulation per day and by elevation for the two 
winters on the basket and pipe on Madonna Peak and Mt. Mansfield. 

2000  

Ι  
Ι  

1800  

Ι  

1600  

Ι  Ι  
1100  

1200  
1  
Γ  

1000  

800  

6ο0  

Ι  

Υ00  

200  

630 	690 	750 	810 	870 	930 	990 	1050 	1110 	1170  

2000  

Θ00  

1600  Υ = -398.022 3 9 + 0. 546850  

> 1400  
3  
Ι  
Ι  
Ι  
Ι  
Ι  

Ι  

7  

ι  

Ι  
Ι  

	

600 	
Ι 
. 

Ι  

τ  
200  

Ι  
1  

Ι 	 • 

	

ο 	 9 

• 	

9 	..
• 	

9 

• • 	• 	. 	• 	. 	. 	• 	•  
600 	660 	120 	7Θ0 	8Υ0 	900 	960  

Eleoatloo (m)  

Ό  1200  

< 1 000  

Ύ  Θ00  

600  

Figure 24. Scatter plots and linear equations of rime accretion with elevation on 
Madonna Peak. Numbers within plots denote the number of points with similar values at  

that plot location.  
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Figure 24 (cont'd). Scatter plots and linear equations of rime accretion with eleva-
tion on Madonna Peak. Numbers within plots denote the number of points with similar  
values at that plot location.  

Table 16. Basket accretion and feather length means and extremes with elevation.  

Station 

Elevation 

(m) 

Accretion (g/day) Maximum feather length (mm/day)  

Mean Max. Min. Std. dev. Mean Max. Min . Std. dev.  

Stub 1227 443.6 1500.0 0.0 367.2 21.2 76.2 0.0 18.3  
WCAX 1197 231.4 1214.0 0.0 299.3 15.4 54.4 0.0 15.3  
Τ34 1107 301.9 1717.0 0.0 421.6 Ι6.8 93.1 0.0 22.4  
Τ33 1057 121.7 557.0 0.0 157.9 12.0 67.7 0.0 16.2  
Τ28 1000 135.7 627.0 0.0 181.3 9.9 42.3 0.0 11.5  
Τ25 927 24.1 109.0 0.0 33.7 2.2 12.7 0.0 3.3  
Τ21 873 51.1 290.0 0.0 80.6 4.3 25.4 0.0 6.5  
Τ19 782 1.8 28.0 0.0 6.7 0.1 1.0 0.0 0.3  
Τ16 756 11.8 87.0 0.0 26.1 1.5 12.7 0.0 3.2  
Τ14 704 14.5 153.0 0.0 39.4 1.5 16.9 0.0 4.2  
Τ11 643 1.8 26.0 0.0 6.4 0.2 2.0 0.0 0.5  
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MEAN MAXIMUM FEATHER ACCRETION WITH ELEVATION  
ON MADONNA PEAK AND MOUNT MANSFIELD  

1983 AND 1984  
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Figure 25. Mean maximum feather growth per day and by elevation for the  

two winters on the basket, pipe, and tree on Madonna Peak and Mt. Mans-
field.  

topography upon feather length is apparently less  
than it is upon total rime accretion.  

As with accretion, scatter plots and least  

squares regression equations of feather length  

with elevation are plotted for Madonna Peak  

alone (Fig. 26). Statistics for the maximum feather  
lengths to collect each day are found in Table 16.  

The tables and plots indicate that rime accretion  

on Madonna Peak increases sharply above ap-
proximately 800 m. This corresponds well to Sic-
cama's (1974) observations on Camel's Hump  

(about 28.5 km south of Madonna Peak) that the  
cloud base begins between elevations of 762 and  
914 m in the Green Mountains. He notes also that  
hoar frost increased rapidly above this elevational  

range, a deposit he apparently confused with rime  

since he does not mention rime accretion (Fig. 27).  
This elevational range happens, also, to be the  

lower limit of the spruce-fir, or "boreal," forest  

in the region (Siccama 1974).  
Though rime increases with elevation in the  

Green Mountains as in other areas of the world,  
the correlations with elevation on Madonna Peak  

and Mt. Mansfield may be distorted by wind flow  
over the peaks. Rime accretion was measured at  

the crests of Madonna Peak and Mt. Mansfield,  
where windflow is less influenced by friction than  
at lower elevations. The scatter plots of accretion  

with elevation suggest that accretion intensifies  
nonlinearly and at an increasing rate with eleva-
tion. The rate of increase with elevation on higher  

mountains, but within the same elevational range  

as on Madonna Peak and Mt. Mansfield, would  
probably be smaller. Measurements near the peaks  
may have distorted the relationship to elevation.  

Other factors possibly affecting rime accretion  

rates with elevation are the northwest exposure of  
Madonna Peak and the forest on either side of the  
chairlift clearing. Though most rime apparently  
originates from the west in the Green Mountains,  
rime from other directions may not increase with  

elevation at the same rate as accretion from the  

west. In addition, forest on either side of the  

chairlift clearing could distort wind flow because  

of the changes in height and species with elevation  

in this portion of the Green Mountains.  
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Figure 26. Scatter plots and linear equations of feather growth with elevation  
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Figure 26 (cont'd).  
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Figure 26 (cont'd). Scatter plots and linear equations of feather growth with 
elevation on Madonna Peak. Numbers within plots denote the number of points  
with similar values at that plot location.  
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Figure 27. Rime deposit on Madonna Peak viewed from the west. Rime begins at approximately 800m in this pho-

tograph. Collectors were located along the chair lift in the forest clearing running straight to the mountain top. 

CONCLUSIONS 

Rime accretion is an active phenomenon in the 
higher elevations of the Green Mountains. During 
the approximately 12 months of Rosemount detec-
tor monitoring during the study, over 100 discrete 
rime events were recorded, with a rime event 
judged as a period of Rosemount cycling with no 
breaks of more than 6 hr in the record (Fig. 8). 

Most significant rime accumulations are related 
to specific weather events such as front and cy-
clone passages. However, the relatively low corre-
lation between rime activity and specific synoptic 
weather features suggests that local rather than re-
gional weather patterns may be important to ac-
cretion frequency and amount. For example, ac-
cretions in the fall and early winter may be tied 
closely to air flow over the Green Mountains from 
Lake Champlain and local water bodies that are 
rapidly evaporating water and producing clouds in 
the mountains. In addition, upper air weather pat-
terns may not predict windflow efficiently over the 

Green Mountains because local flow perturbation 
may produce more or less flow over the peaks than 
is detectable from regional rawinsonde monitor-
ing. 

Though individual events rarely accumulated 
rime with feathers longer than about 15 cm on the 
collectors located 2 m above the snow surface, a 
few individual events did produce feathers 40 to 60 
cm long. Since accretions frequently accumulated 
through several events on natural objects and tow-
ers on both mountains, very large accumulations 
can occur over time. Feathers estimated at over 
1.0 m long have been observed 30 m above the 
local ground surface on transmission towers on 
The Nose of Mt. Mansfield. As observed else-
where, accumulations within the free air flow 
above a mountain can be far greater than those 
measured at the surface. Therefore, the accumula-
tions measured near the ground surface in this 
study represent minimum accretions within the 
elevations monitored in the Green Mountains. 
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Though measurements of ice accretion were less 
precise on Mt. Mansfield than those obtained by 
Tucker and Howe (1984) on Mt. Washington, there 
was fairly strong agreement between the intensity 
to cycle/hr responses of the Rosemount detectors 
at the two locations. This suggests that the Model 
871CB1 detector could be used to monitor ice con-
ditions at remote locations and its data compared 
directly with those of similar instruments at other 
locations. This does not appear to be as true for 
feather length, however. Feather growth per cycle 
of the Mt. Mansfield Rosemount did not concur 
with Tattelman's (1982) laboratory measurements 
nor with literature distributed by Rosemount con-
cerning calibration of the instruments. In addi-
tion, the Model 871CB1 does not respond linearly 
to all intensities of icing at all temperatures, a 
problem suggested by Tattelman (1982) and meas-
ured directly by Tucker and Howe (1984). Since 
detector error was greatest during wet growth in 
warmer weather when higher ice loadings normal-
ly occur on structures, the 871CB1 may not be suf-
ficiently reliable to warn of dangerous icing inten-
sities and impending structural failure. This prob-
lem was not apparent on Mt. Mansfield, but may 
account in part for the low correlations obtained 
in the meteorological analysis. 

As in other mountainous regions, rime does in-
crease rapidly with elevation in the Green Moun-
tains. Accretion was minor below approximately 
800 m, but increased rapidly above that elevation. 
The measurements in this study agree well with 
Siccama's (1974) "hoar frost" observations on 
Camel's Hump and correspond well to the mean 
position of the local cloud base and the boreal 
forest transition zone. 

With elevation, rime accumulates most rapidly 
in locations exposed to the wind. This is apparent 
even with changes in the microtopography for ob-
jects exposed 2 m above the snow surface. This il-
lustrates the importance of windflow in determin-
ing accretion rates, despite the poor correlations 
between icing intensity and wind speed in the me-
teorological analysis. The more rapid increase of 
accretion at the highest elevations also illustrates 
the effects of improved exposure and higher wind 
speeds near the mountain tops. 

The field and monitoring phases of this study 
were conducted without benefit of funding. Be-
cause of limited financial resources, minimal 
equipment was installed for monitoring, and no 
meteorological instruments were available except 
those in place and operated by the National Wea-
ther Service. If funding were available to conduct  

a similar study through the field phase, several im-
provements could be made that might produce 
more reliable results. Wind recording instruments 
with heaters are needed at the study site, along 
with temperature, humidity, and cloud cover re-
cording equipment. With sufficient personnel, 
cloud droplet size and liquid water content of 
clouds could be monitored during a large portion 
of riming events. In addition, continuous record-
ings of ice accretion, feather growth, and changes 
in ice density should be recorded. 

Ice accretion should be monitored for a longer 
period of each winter and for a larger number of 
winters than were monitored in this study. Two 
years of monitoring is an absolute minimum time, 
with additional years making results more repre-
sentative of long-term and extreme conditions. 
Since rime is not only a winter phenomenon and 
could actually be more dangerous to structures in 
the spring and fall when clear or hard rime and 
freezing rain are more common, monitoring 
should be continuous from September through 
May on midlatitude mountains. Rime was report-
ed in August 1982 on Mt. Mansfield, for example, 
though in small amounts. 

Tucker and Howe's (1984) tests of the Model 
871CB1 and 872DC Rosemount detectors suggest 
that the 872DC is more accurate than the 871CB1 
and should be used for mountain-top monitoring. 
The larger number of cycles of the 872DC instru-
ment with increased icing intensity would give a 
more precise measure of accumulation rates. 

Finally, occasional ice losses through wind, 
warmth, or sublimation caused problems with 
measurements of accretion rates with elevation on 
Madonna Peak. More frequent measurements, or 
instruments better designed to hold ice after it has 
accumulated, might produce improved results. In 
addition, differences in the collection efficiency of 
the various collectors and the Rosemount detector 
should be accounted for. 

The study provides information about icing 
conditions in the Green Mountains that have never 
been studied before. More could be done, how-
ever. Weather conditions could be monitored con-
tinuously at all elevations along with rime accre-
tion to determine the causes of riming at various 
times and the reasons for steep thresholds at vari-
ous elevation and topographic exposures. Local 
sources of moisture should be studied, along with 
the seasonal variation in accretion rates, to deter-
mine the role of local weather conditions, such as 
seasonal evaporation rates, as opposed to the im-
portance of long-distance advection of moist, 
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maritime air. Air mass analyses similar to those  
conducted in acid rain studies may provide some  
understanding. Correlations should be done be-
tween different kinds of icing, such as clear and  

hard versus soft rime, and rime versus freezing  

rain, to determine the weather conditions and the  
frequencies associated with each on high moun-
tains.  

Finally, long-term monitoring of rime accretion  

is necessary to establish return intervals for events  

of damaging intensity, especially when associated  

with high winds. Such studies are necessary for de-
signing safer structures at high elevations, for de-
termining the economic feasibility of installing  

equipment that can be shut down by rime—such  
as chair lifts and wind energy systems, and for es-
tablishing fair insurance rates to protect and re-
place equipment that must be installed in high  

rime intensity locations.  
Rime is not a phenomenon that should be ap-

preciated only for its beauty. Its meteorological  

and engineering significance, as well as hydrologi-
cal and chemical deposits in Vermont's water-
sheds, demands more complete study.  
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