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Cover: Photos of the six test roofs showing that
aluminum roofs of the higher slope tend to
shed their snow cover almost Immediately,
while those of the lower slope tend to develop
ice dams at the eaves that prevent the loss of
snow cover and create numerous problems.
The asphalt and cedar shingle roofs behave
more similarly at the two different sIopes~
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SUMMARY

The response of a roof to its snow cover and the environment is a complex phenomenon de-
pending sensitively on the design and construction of the roof. This study investigated the roles
of the slope and composi tion of the roof covering.

When there is no snow cover befo re snow begins to fall , the slope of the roof dominates its
icing behavior by controlling the interaction with solar radiation and attic heat , the rate of fall of
snow sliding from the roof , and the rate of flow of meitwater from the roof. In general , as the
slope increases , the attic air , and the middle section , eaves , and lower section of the roof increase
in temperature while the temperature of the ridge decreases.

Interfering with the action of the slope on a roof’s snow cover are the smoothness of the roof
covering and its therm al characteristics . Shingles with large butt ends impede the fail of snow from
the roof. If its solar absorptivity is low , the roo f’s surface does not interact strongly with solar
radiation even though optimally exposed by a high slope. If the roof’s thermal conductivity and
diffusivity are low, it may be able to absorb large amounts of thermal energy without a change in
temperature significan t enough to melt its snow cover , thereby reducing the effects of solar radia-
tion , attic heat , and heat trapped unde r the eaves.

Once any ice has formed on the eaves, it acts as a barrier to the flow of meitwater and sliding
snow while also acting to maintain the eaves at a cooler temperature than the middle section of the
roof , producing and maintaining the temperature profile that leads to more icing. Under these
circumstances, the roles of the thermal and optical characteristics of the roof dominate the icing
behavior.

To reduce or eliminate icing, a roof may be designed to have a high enough slope to eliminate
as much of the snow cover as possible through the action of gravity. This must not enabl e the
roof to interact with solar radiation and attic heat enough to cause a temperature rise of the
middle section sufficient to generate meitwater that may become ice at the eaves. The thermal
properties of the roo f covering must be chosen to compensate for higher slope. An alternative
approach is to design the roof with a low slope and rough surface so that its exposure to solar
heating is reduced and a sufficiently deep snow cover is retained to insulate its surface from the
exposure to solar radiation that cannot be avoided. In the latter case , it is important to insulate
the attic floor and the underside of the eaves while constructing the roof of materials of low
thermal conductivi ty .

In order to promote improvements in roof design , it would be wise to direct future research
into better measurements of the thermal and optical properties of roof materials and to study the
detailed interactions between snow cover , roof charact eristics , and environmental variables.
Efforts are currently being made in these directions. ’ 6 8 11 12
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ROOF RESPONSE TO ICING CONDITIONS

J .W. Lane , S.J. Marsh all and R.H. Munis

INTRODUCTION (HEJ , HMj J heat flow prof ile of j th roof
h
~ 

snow depth of/th roof

Roofs for use in cold regions should be designed % of area covered at depth h1

to minimize icing and enhance the thermal integrity Vj volume of meltwater runoff for /th roof

of the total building. The former problem has long Jj degree of icing for ~th roof
I means solid layer of ice under snow

been considered importa nt , and the recent empha- 0.75 means solid layer of ice beginning to
sis on energy conservation has focused attention on form
the latter. ’ 2 50 The purpose of this work is to des- 0.50 means numerous icicles extending

cribe the thermal response of a roof (as a function of from snow cover or roof cover ing
0.2s means few small icicles hanging from -

its design) to the conditions that promote icing. cave
The variables with which this work will deal can 0 means no visible sign of ice

be divided into three different types: 1) variables
Meteorolog ical variables

that specify the design of the roof , “roof character- vertical eppley solar radiation
istics”; 2) variables that specify the thermal response s snowfall
of the roof , “roof responses”; and 3) variables that t time of day
specify the icing conditions , “meteorological van - TA air temperature

ables.” Table I lists these variables and defines them. ~~ 
density of snow

As others could have been chosen , this list serves to ~~ 
density of water

v windsp eed
define the scope of this discussion.

EXPERIMENTAL PROCEDURE
Table I. Definition of variables.

Description of roofs
Roof characteristics Two contiguous gable roofs were built on top of

A thermal diffusivity of plywood sheathing a trailer being used as an office at CRREL , Hanover ,
A ’ thermal diffusi v ity of shingles New Hampshire. These roofs differed in slope butc’ composition = asp halt , aluminum, cedar
i section of roof (E = cave , L = low , M = middle , were otherwise constructed the same. The sheathing

R ridge , U = under deck , F attic floor) of the combined roofs was divided into seven identi-
/ (a, c’) I to C (1 = low -slope , asphalt roof; 2 = low- cal panels — three of them on the high-slope end and

slope , aluminum roof; 3 = low-slope , cedar roof ; four on the low-slope end. Six of these panels were
4 = high-slope , asphalt roof; S = high -slope . alumi- covered with one of three different roofing materials —
num roof; 6 high-s lope , cedar roof)

k thermal conductivity of plywood sheathing cedar shingles, corrugated aluminum sheeting, and
k’ thermal co nductivity of shing les asphalt shingles so that six “test roofs” were created.
L length (Hereafter , “roof” will refer to one of these six test
p angle (in ho rizontal plane measured CW) between roofs.) The seventh panel was provided as a separa-

ridge line and north
S’ solar absorp t iv ity of shingles tion to prevent the high-slope roofs from shadowing
W wi dth the low-slope roofs. Figure 1 shows the test roofs
a slope = low , high (for 16.3° , 39.8°) shortly after they were constructed. Table II gives
r thickness of plywood sheathin g their characteristics. The trailer was positioned as
r ’ thickness of shingles at butt end shown in Figure 2, which also gives the location of

the monitoring stations for the meteorological data.
Roof responses

i = E,L,M,R, 1J,F; temperature of the Ith section The floor of the attic (originally, the trailer’s roof)
/ 1,2,3,4,5,6k of the fth roof was insulated with Styrofoam panels and access to

the attic was provided by doors built into the gables.
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Tible II. Characteristics of roofs.

a 1” k ’ A ’ L W p r k A
(°) c’ (cm) (W/m.K) ,~.~

2/ sXJO 7) 3’ (ml (en) (
0
) (cm) (W/mK) (m2/sX 1O 7)

16, 3 Asp halt 0.635 O.l4 5 l 5~475 3 0.8 2 to 0.9l~ 2.438 1.129 43 l.90s 1 0.138 1 I .S9~
Aluminum 0.0381 1 1 2 5 0  229k 480 to 946k 0.266 2. 438 1.829 43 I. 90S~ 0.138 1 l . s9~
Cedar 1.27 0.12 1 2 1.826 2,3 0.9~ 2.438 1.829 43 1.905 1 0.l38 1 l .S9~

39.8 Asphalt 0.635 0.145 I 1,47S~ 0.82 to 0.9l~ 2.438 1.829 43 1.905 1 0. 138 1 l .S9~
Aluminum 0,038 1 1 1 2  to 229~ 480 to 946k 0.266 2.438 1.829 43 l.905~ 0.l38 1 l.S9~
Cedar 1.27 0.12 1 2 1.8262,3 0.9~ 2.438 1.829 43 1.905 1 0.138 1 l .s9~

Definitions: A thermal diffusiv it y of sheathing (plywood)
A ’ thermal diffusivity of covering
c’ material used to cover roof
Ic thermal conductivity of sheathing (plywood)
k’ thermal conductivity of covering
L length of roof
p angle (measured CW in horizontal plane) between ridge line of roof and north
5’ solar absorpti vity of covering
W width of roof
a slope (16.3 ° = 3.5 in 12;  39.8° = l O i n  12)
r thickness of sheathing (plywood)
i” thickness of covering (butt-end of shingles)

Sources:
1. Burch , D.M., B.A. Peavy and F.J. Powell (1975) Comparison between measured computer-predicted hour ly heating

and cooling energy requirements for an instrumented wood-framed townh ousa subj ected to laboratory teat s.
ASHRAE Trans., vol. 85 , part 11, no. 2363 , P. 70-88.

2. Same as ( I )  but assuming cedar and redwood are similar.
3 . Calculated using values in (1) for thermal conductivity, specific heat , and density.
4. Eckert , E.R.G. and R.M. Drake , Jr. (1950) Introduction to the transfer of hea t and mass. New York , Toronto ,

London: McGraw-Hi ll Book Co., Inc., 1s t ed., p. 266.
5. Strock , C. and R.L . Kora l (Eds.) (1965) Handbook of air conditioning, heating and ventila ting. New York:

Industri al Press , 2nd cci.
6. Brown , AJ . and S.M. Marco ( 1 9 5 I ) J n troduction to hea t transfer . New York , Toronto , London: McGraw-Hill

Book Co., Inc., 2nd ed ., p. 68.
7. ASHR.4 handbook of fundamentals (1974) American Society of Heating, Refrigerating, and Air-Conditioning

Engineera , Inc., New York , P. 572. (Assuming that white oak is representative of other woods and that wood
Is approximately a black body so that emissivity is approximately equal to abso r ptivity.)

Each test roof was instrumented as follows (see under the high-slope test roofs and the other was
Fig. 3): A calibrated gutter was provided to measure centered under the low-slope test roofs ; these thermo-
the volume of meltwater runoff. Four thermocouples couples measured the temperature of the attic floor
were installed in the covering materi al on the south- TF for the two different slopes.
eastern side to measure the temperatures of the eaves The cables for the thermocouples and heat flow
TE , the lower edge of the roof just above the eaves meters were stru ng from each test roof to a data
TL, the middle of the roof TM ,  and the rid ge of the logger located in an adjacent building.
roof TR. Another thermocouple was installed under
the deck of each roof , directly beneath the thermo- Meteorological data
couple measuring TM to measure the under-deck Before 1 November 1972 , meteorological data
temperature Tü. Two heat flow meters were in- were taken as follows. Solar radiation was measured
stalled , immediately adjacent to the thermocouples with a solar radiometer that was mounted on the
measuring TE and TM ,  and these measured the heat building housin g the data logger. The output of the
flow through the eaves H~ and the heat flow through radiometer was coupled to a strip chart recorder ,
the middle of the roof HM , respectively, which plotted a continuous radiation curve as a func-

Two additional thermocouples were installed. tion of time. These curves were integrated by hand to
These were placed immediately above the insulated obtain values of ER n (total radiation energy incident
attic floor so that one was centered in the attic space in the vertical direction) for each day. Other

3

_ _  - -



- ~~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _

H~~~~~~1 

: I

j ~~~~~~~
~P

°’1~ ~~~ -1 3  ~~~~~~~~

~~
-
. ~~~~~~

a,
V a, 

-~~
V 

~
•_
. ~~~~,-.

I -j
- —  __________________________ ~-

s 
~~~~~~~~

P 1  ___________

- 
a, 
_ _ _ _ _ _ _ _ _ _  

.~~
—i g.

L D 

_____ 
Uus c) ~~~~~~~~O O

1 II
1 L 1 I

H

4

_ _ _ _ _ _ _  

ii
V

- - . 

‘ 
-

— i._V _ - - ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -  - - -, g 
_______



- -
~~~~~~~~

Table 111. Data for test days of minimum windspeed.

Vertical Eppley
Wlndsrpeed V (km/h) Ale temperature TA (‘C; Snowfail S solar ra diat ion ER~

Date Mm Max Astg Mm Max Avg (cm) (MI/rn2)

23 D.c 72 0 3.22 1.945 — 6.61 — 2.78 — 4.10 16.16 1.46
24 Dcc 72 0 6.44 2.28 — 3.61 — 1.39 - 2.78 16.76 2.845
is D.c 71 0 6.44 3.15 — 1.61 + 2.22 - 0.24 16.76 0.96

9 Jan 73 0 4.83 2.01 -28.89 —10.00 -20.545 0 8.20
13 Jan 73 0 3.22 1.94 —21.11 — 4.17 —13.46 0 9.83
14 Jan 73 0 8.05 2.415 —17.22 0.00 — 6.39 0 4.895
15 Jan 73 0 4.83 2.49 - 4.72 + 4.17 — 0.60 0 5.48

Snow depth of/rh roof (cm)
Date h (/ 1) h(j 2) h(f 3) h(/ —4) h(j 5) fl(j 6)

23 Dec 72 1.3 1.3 1.3 L3 1 1.3
24 Dec 72 1.3 1.3 1.3 1.3 1 1.3
25 Dec 72 1.3 1.3 1.3 1.3 1 1.3
9 Jan 73 21.6 23.5 30.5 14.6 0 14.6

13 Jan 73 21.6 23.5 30.5 13.0 0 14.0
14 Jan 73 21.6 23.5 30.5 13.0 0 14.0
15 Jan 73 20.95 22.9 29.8 12.7 0 12.1

Snow coverage of/rh roof (%)
Date -y (/ ~~ I)  ~ (/~~ 2) 7(j 3) 7(/ =4)  “y(/ S) 1(/ 6)

23 Dec 72 100 100 100 100 100 100
24 Dec 72 100 100 100 100 100 100
25 Dec 72 100 100 100 100 100 100

9 Jan 73 87.5 87.5 81.5 81 0 81
13 Jan 73 87.5 87.5 87.5 81 0 81
14 Jan 13 8’I.S W7.5 5~’7.S 81 0 81
15 Jan 73 87.5 - 87.5 87.5 81 0 81

meteorological dat a were taken from the records kept slides (35-mm camera, Kodachrome film) were taken
at Lebanon Airport , West Lebanon, N.H. (13 km to at regular intervals to record the coverage 

~‘, 
the

the south), and Dartmouth College, Hanover, N.H. degree of icing I , and the chronological history of
(1.6 km to the south). the snow cover for each roof from snowfall to snow-

After 1 November 1972, hourly, on-site dat a for fall .
all meteorological variables were provided by a
meteorological team attached to the U.S. Army
Electronics Command and stationed at USACRREL, ANALYSIS
Hanover, N.H.

General
procedure The approach was to consider the meteorological

Data were collected from 3 December 1971 to variables as interacting with the roof characteristics
20 March 1972 and from 28 November 1972 to 30 to produce the roof responses. From this point of
March 1973. Thermocouple and heat flow meter view, it was necessary to attempt to “separate van-
data were automatically recorded on an hourly basis. ables.” The meteorological data were sorted to select
Meteorological data were recorded on a daily basis seven test days for which the windspeed v was the
before 1 November 1972 and , after that date, on an lowest of all the test days. This was assumed to mini.
hourly basis. Meltwater runoff volumes were re- mize the wind effects on the selected days, thus
corded as necessary to prevent overflow of the gutter allowing a study of the effects of solar radiation. The
Snow depth measurements were made daily on each values of the meteorological variables for the selected
roof immediately following each snowfall. Color test days are given In Table III.
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Table LV. Frequency of temperatui~ profiles: In each profile expression, temperature increases
from left to right and indices in parentheses indicate equal temperatures.

(L ,AsF) (L ,AT ) (L ,cnR ) (H ,ASP)
of N. .01’ 0. 0 No. of

test  te st test test
Pro f i l e  no-ur n Profile l~our s Profile bour n Profile hours

E(LMR )~rF 147 ERLMUF 21 EL(~~~) tJF 68 E(LM) !JF 57
ER(LM)uF 30 (E L ) (MR) u?  20 ELR~~ U 30 ELMUF 56
ERMLTJF 27 E (U~~)UF 19 EL(~~ )FU 27 ( ELM)UF 18
(ELMU )uF 23 E( LR )MuF 13 ELRFMU 8 (MIJFLE 8
E(LR )MUF 7 E(LM) (RU)F 10 ELR(MF)U 6 MLUFE 5
M (LR )UFE 5 ER(L M ( UF 10 RMLEFIJ 5 M(UF ) LE 3
( u.u~)uF E 3 ELRMTJF 10 RMLFEU 14 (EL )MUF 2
(LM)RUFE 3 EL(MP)UF 10 E(Lt .~~)uF 3 EL(MUF) 2
R ( LM ) uFE 3 E(LM)URF 9 EL(MR)(UF) 3 EL(MU)F 2
( E R ) ( u ~)uF 2 (ELri)MuF 7 RMLFUE 3 ~ ‘ULE 2
L( MR ) UFE 2 LMPUF E 7 (~~~)L~~’u 2 MU ( LF)E 2
MLRUF E 2 ( ELM ) URF 6 ELRUI.W I MULFE 2
RMLUFE 2 LMR EUF 6 ( E R ) ( LM ) FU 1 ELU ( MF ) 1
R ( LM) EUF 2 LMNUEF 3 ELMR ( uF) 1 EM( UF )L 1
(E L ) (M R ) uF 1 E (LM) R IJF 2 (ELR ) MFu 1 EMu ( LF ) 1

1 (LR )~1EuF 2 (EL)( ~~~)FU 1 LM ( EIJ)F 1
EL( i~iB )UF 1 LEM~tJF 2 (EL ) (r~ti~) ( ui’ 1 LM!JFE 1
(LR)MUFE 1 (E R) ( LM) UF 1 (~~~)(EL ) FU 1 (LM )u ~~ 1
(LR ) MEUF 1 ERMLUF 1 R ( LM) EFU 1 MLEUF 1
LMFUFE 1 ELMRUF 1 i~( ELt.t)Fu 1 M( LU ) PE 1
LMBEUF 1 LMR (Eu) F 1 MW ( EF) 1
(M R)LEUF 1 L ( M R ) ( E U ) F  1
(M R )L(E IJ ) F  1 L(MR ) UFE 1
N( LM)UEF 1 LMERUF 1

L( EM)R UF 1
R (LM ) uEF 1
RELMUF 1
R(EL )MU F 1

6
(H ,ALM ) (H ,cDR)

No.o f a. of Jo. of No. of

test test te~,t. 
test

Profile hours Profile hours Profile how-s Profile how-s

E(L~)UMF 30 (ELMu)(RF) 1 ELM(R1J)F 514 EPi.U.UF 1
ELRUMP 25 ( E L ) ( M U ) R F  1 ERLMUF 314 L(MR ) UEF 1
(ELu )~~F 20 ERLUMF 1 EL?’fl~UF 22 (LM)RUFE 1
E (LU )

~~RP 18 EL(MRU)F 1 ER ( LM ) UF 6 LM (RU)EF 1
E ( L U ) ( ~~ )F ib (LR )UEMF 1 MLUFRE 6 (LM)ERUF 1
FMULEE 10 (LR)(EMU)F 1 EL(MR )UF 5 L(EM )RUF 1
(EL)u~~F 7 MU(ELF)R 1 LMRUEF 3 (LM)(Ru)EF 1
E(L RU )~~’ 6 M(EL)UFR 1 ERMTJLF 2 (LM)uREF 1
EL (R U) MF 6 ~~(ELu)R 1 (LM)URFE 2 M(LBU)FE 1
EL(MU)RF 3 (MtJF)(LR)E 1 (LM)(ER)UF 2 MLU(RF)E 1
E(LU)RMF 2 ~~‘ULER 1 (LMIt)EtW 2 MULRF’E 1
(ELu)(~.c~)F 2 (MF)(Lu)RE 1 ~L(~nu)F 2 (MR )ULFE 1
ELU (~~ )F 2 R(EL)UMF 1 p(Mu)LFE 2 ,.a.u(~n)F 1
(l~’)uLBE 2 FMUL(ER) 1 (EL)MRiW 1 R(MU)E(LF) 1
(MF)(Lu)(En~ 2 F(MU)RLE 1 ELMURF 1 RE(MU)(LF) 1
(E R ) ( L u ) ~~ 1 FM(LU)(ER) i (ER )Mu(LF) 1 RMULFE 1
(EL)u(~~ )F 1 FM( LU ) RE 1 ER(M IJ ) (LF)  1 RM ( LU)EF 1

(~~~)( LM )u ~ 1 RF~4ULF 1
E (LR )MUT 1 fi(ELM)IJF 1

— _________ -— 
( Eu4)RUF 1 _________
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Table V. Maximum temperature profiles . In each profile expression , temperature increases
from left to right.

No. 0-f -

Maximum test
Roof, j  Profile hours Observed Members of Compatible Set

1 ER1~EV~UF 129 E ( LMR )uF , ER C LM)UF , ERMLUF , ( Eu.~ )uF ,
(E R)( L M ) u F

2 ELRMUF 79 (EL )(M R ) uF , E(LMR)U F , E (LR)MUF ,
ELRMUF , EL(MP )uF , (ELR )Mu1~’

ERLMUF 71 ER LMUF , E(LMR ) UF , E(LR ) MUF , ER(LM )UF ,
( ELR ) MUF , (ER )(L M )u F

V 

3 ELMRUF 76 EL (MR)U F , E(LMR ) UF , E L ( M R ) (U F ) ,
EL~~ (U F ) ,  ( E L ) ( M n ) ( u F )

ELRMUF 75 EL(MR)IJF , E(LMR ) UF , EL ( M R ) ( U F ) ,
(EL) (NP) (uF )

ELRMFU 69 ELRMFU , EL(MR )Fu , ELR (NP )u , EL (MR ) (uF) ,
( ELR)MFU , (E L)(MR ) FU , (E L ) ( N P ) ( I J F )

ELMUF 137 E( LM)UF, ELMUF , ( ELM )UF , (EL ) MuF ,
EL(MUF ), EL (MU ) F

ELUMRF* 70 ( ELU ) MRF , E(LU)MRF , E ( L u ) ( M R ) F ,
(EL ) UMRF , EL(M U )RF , (E LU )(M R )F ,
ELIJ (MR)F, (EL)U(MR)F , ( EL MU )( R F) ,
(EL)(Mu)RF , EL ( MRU )F

ELRUMF 68 E(LR )UMF , ELRUMF , E(LRU)MF, EL(RU ) MF,
EL (NPU )F

6 ELNPUF 83 ELM ( nu )F , ELJ4RUF , EL(MR )u~ , (EL ) MRUF ,
( ELM)RUF

‘Significant observations of competing profiles make this identification
as “maximum ” unst~re. In these cases, the competing profiles are given
below the tentative maximum profile.

Temperature profiles Once the distribution of profiles had been obtained,
For a given roof / and a given hour of the day t , the this distribution was analyzed to determine the profile

temperatures TE1, T’LJ ’ TMJ, T~~, and TFI (where the containing no equalities that most nearly accounted for
Indices refer to the roof section and roof as defined all the profiles observed for a given roof. For example,
in Table 1) were compared to provide a “profile” of Table N shows that the profiles (ELXMR)UF,
the roof for that hour. The profile was symbolized E(LMR)UF, E(LR)MUF, E(LM)(RUW, ELRMUF,
by writing the indices E, L, M, R , U, and Fin the EL(MR)UF, and (ELR WUF are all compatible in that ,
order of increasin g temperature values with equal for the i qualities, the order of indices is immaterial .
temperatures represented by parentheses around the This entire set of profiles can be represented by
relevant indices. For example, “FL(UR)ME ” meant ELRMI F , the member with no equalities. All of the
that , on a given day at a given hour for roof!, TF, < possible compatible sets of this sort were assembled
TLJ < Tu1 TRI < TMJ < TEl.., These profiles were for each roof and the total numbers of observations
i s d  as convenient shorthand to display the manner f x each counted. (To distinguish these sets of pro-
in which the different parts of a roof chanrd in temp. files from the profile that is only a member of the set,

erature relative to each other as the solar radiation the profile expression was underlined when it re-
changed. Profiles were written for each roof and ferred to the compatible set.) The compatible set

each of the l~8 hours of the seven test days. For with the largest number of hours of observation was
each roof , the number of hours for which each profile termed the “maximum profile” for the roof. Table V
was observed was counted. Table IV lists the profiles lists the maximum profiles for the six test roofs.
observed and their frequency for each roof.

7 V
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Table VI. Temperature profile variation with solar radiation.
The “ most likely ” pro file fo r each hour of a day Is compared with the values of the hourly solar radiat Ion for
14 January 1913. (The total daily solar radiation was a median value for 14 January 1973 as compared with

- 4 the other aix test days.) In each profile express ion , temperatur es increu ed from left to right.

MOST LIKELY PROFILES FOR j th  R OOF R
1 2 3 l~ 5 6 n

Hour (L ,ASP ) (L ,ALM ) (L ,CDR ) (N ,ASP) (H ,ALI4) (H ,CDR) NJ/rn
2

0100 ER?’S~UF ERLMUF ELRNPU ELMUF ELRUMF ERLMUF’ 0

0200 ELR!4U3’ ,‘ * ~‘ “

0300 “ ERLMUF ~ *

0)400 ,, ,, * 
,, ,, ,,

0500 
,, ,, ,, ,, ,,

0600 “ * ‘~ ‘~ “ ,‘

0700 “ ,, * “ ,, ,, ,,

0800 “ ELRMUF’ “ * “ “ “ 0.25

0900 “ “ * “ ‘ ELUMRF EUIRUF 0.29
V 

1000 ~‘ “ “ “ “ 0.514

1100 “ * ELMUBF ELMRtJF “ * “ “ 0.83

1200 “ * “ “ MUFLE FMLJLRE “ 0.96

1300 “ * “ * “ “ * “ “ 0.63

11400 “ * * “ “ * “ “ 0.5 14
1500 “ “ “ ELMUF “ “ 0.50

1600 “ “ “ “ ELUiil~F “ 0.25

1700 “ ELRMUF “ “ “ “ 0.08

1800 “ “ ~‘ ‘~ “ * 0

1900 “ ER LMIJF* “ “ ELRUMF “

2000 “ 
V 

* * ‘~

2100 “ “ ELR1.~’U “ ~‘

2200 ELRMUF “ ~‘ “
2300 ‘~ ~‘ ~‘ ‘~ ‘~ ~‘

21400 “ ERLMUF* ~ ~‘

* Significant observations of competing profiles make this
identification as~ sost likely’unsure.

The profiles were then considered by time of day Temperature rankings
for each roof. For each hour of the day and a given For a given section i of a roof and a given hour of
roof, a profile for each of the seven test days was the day, the temperatures T,~, ~‘l2 ’ T13, 7~ , 7~ , and
written. The compatible set to which most of these 7

~6 (where the numerical indices now refer to the roof
seven profiles belonged was then termed the “most number / as defined in Table I) were compared to pro-
likely profile” for that roof at that time of day. For vide a “ranking” of the roofs for that section at that
example, if the low-slope aluminum roof exhibited the hour of that day . These rankings were expressed in a
following profiles at 0800 hours on the seven test manner analogous to that discussed above for profiles
days: (ELRWUF , ELRMUF, ERLMUF, ERLMUF, and analyzed in the same manner to find the maximum
ELRMUF, ELRMUF, and (EL XMR)UF, the most ran king for a roof part and the most likely ranking for a
likely, profile for this roof at 0800 hours was ELRVM(JF. roof part at a given time of day. For example, the rank- -
The results of this analysis are given in Table VI, which ing 126543 meant that 7~ < 7 ~ 

< < T ~ < 7 4 <
displays the most likely profiles as a function of roof , 

~
‘
13 and the ranking 126543 represented a set of rank-

time of day, and solar radiation . ings compatible with 126543.
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Table VII. Frequency of temperature rankings for ith roof section.
The lists of rankin gs have been abbreviated to give only the fIrst 16 rankings in order of de~~esaing frequency.
This is sufficient to acco uflt for at least 50% of the data hours.

4 E = EAVES L = LOW H MIDDLE R = RIDGE
Ranking 

- 
No. Ranking 

- 
No. Ranking No. Ranking No.

(654321) 16 (654321) 23 (421)3(65) 56 13265 23
3(651421) 9 5463(21) 13 (1421)365 7 65123 21
(64 321)5 8 2(65)431) 13 (6)4)1(52)3 5 (21)356 15
3265114 7 (64321)5 10 (64)5123 5 1 ( 3 2) 65  9
(632)(5141) 5 (21)6345 8 64(51)23 5 56123 8
362514 5 3(651421) 5 5(64)123 5 (65)123 6
(6532)(51) 14 2163145 14 (421)(53)6 5 6(51)23 6
(63)(5421) 14 (32)(6451) 4 6(41)523 14 213(65) 6
(632)(141)5 4 (54321)6 4 6(41)2(53) 3 (21)3(65) 6
1415263 14 4(653)(21) 14 (61)21435 3 132(65) 5
1451236 3 32(65141) 3 6(41)(52)3 3 123(65) 5
3(61)(542) 3 (543)621 3 6(1421)35 3 12365 14
31(6542) 3 (5143)6(21) 3 641253 2 16235 4
36(5)421) 3 546312 3 (64)2253 2 (65)(21)3 3
3(61421)5 3 514(21)36 3 6(541)23 2 65(21)3 3
3(62)5114 3 (62)(431)5 3 6(141)235 2 (61)(52)3 3
others 814 others 62 others 56 others 141

U = UNDER DECK F FLOOR
Ranking No. Ranking 

~~~~~~~~

564123 43 (654)(321) 95
524(61)3 11 (654321) 57

— 564(21)3 11 (321)(654) 16
5(42)(61)3 8
54(21)63 8
514(621)3 7
51i(21)(63) 7

V 
(65 )4 123 6
52(41)63 5
5(4 2)163 5
61(42)35 14
641253 4
(5142)(61)3 4
6141235 3r 5(142)1(63) 3
5421(63) 3
others 36

It should be noted at this point that , for the floor of than that for the variation for a given roof section. This
the roof , only two thermocouples were installed so is because , in the latter case, there are competing effects
that the high-slope and the low-slope roofs could be of roof covering composition c’ and roof slope a. The
distinguished but not the individual high-slope roofs or effects of these two roof characteristics must be separated.
the individual low-slope roofs. That is, for the floor To determine the relative effects of the roof character-
(i = F), there were only three possible rankings: (321) istics a and c’, Tables X and XI were constructed. Table
(654), (6 54X32 1), and (654321). X gives the percentage of the total number of test hours

Table VII gives an abbreviated listing of the ob- for which each of the possible ranking equalities was
served rankings for each roof section . Table VIII lists observed for a given roof section. This displays which
the maximum rankings for each roof section and the roofs tend ‘o behave alike for a given roof section and
most likely rankings are given in Table IX as a function should reveal effects due to composition. Table XI
of the hour of the day and the solar radiation , was constructed by first eliminating all those rankings -

A comparison of Tables N , V and VI with Tables VII , for which the presence of equalities made it unclear
VIII , and IX immediately Indicates that the interpretation whether the high-slope roofs as a group were lower or
of the variation for a given roof is more straightforward higher m temperature for the given roof section than

9
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Table VIII. Maximum temperature rankings.

-~~ ith Maximum
Section Ranking No. Observed Members of Compatible Set

E = Eaves 362415 61 (654321), 3 (6 5 1 42 1 ) ,  (64321)5, (632)(541)
(6432)(5 1), (63)(542l), (632)(lil)5,

-: 36(1421)5, 3(62)(541), 3(64 2) ( 5 1 )

L Low 216345 62 (6514321), 2(65431), (64321)5, (21)6345,
216345, (621 )345, 2163(54), 2(6431)5

M = Middle (421)365 64 (421)3(65), (1421)365, (42l)(63)5

R = Ridge’ 65123 40 65123, (65)123, 6(51)23, (65)(21)3,
65(21)3, (651)23

13265 39 13265, 1(32)65, 132(65), 1(632)5

U = Under 564123 63 564123, 564(21)3, (65 ) 14123, 56( 141 ) 23
deck 

____________ _______ 
_____________________________________________

F = Floor (654)(321J 95 (654)(321)

‘More than one set Included due to lack of distinction in number of observed hours of data.

the low-slope roofs. The remaining rankings were di- time periods t1 to t2 , 0000 to 0800 hours , 0800 to
vided into three groups : those with all high-slope 1700 hours , and 1700 to 2400 hours, of two repre-
roofs having higher temperatures than all the low-slope sentative test days. The results are given in Table XII
roofs, those for the reverse case, and those for which along with the relevant meteorological data and the
neither case was true. This displays effects due to the corresponding average temperatures of the eaves and
slope of the roof, middle roof sections.

Heat flow Snow depths and meltwater volumes
The net heat accumulated per unit area in the time The snow depths h 1, h2, h3, h4, h5 and h6 (where

period t 1 to t2 by the cave (or middle) sections was the indices refer to the particular test root) that were
calculated from the heat flow meter data for the seven observed on the roofs are given in Table XIII and the
test days by use of the approximation: corresponding percentages of cover ~~ )‘~~, 7~. v~,

7~. and 
~~6 are given in Table XIV.

(net heat \ f
2H d: 

~ E E(l hr)HE(t) The fraction of the original snow cover that was
\unit area/E t j collected as meltwater volumes V1, V2 ,  V3,  V4, V5

(1) and V6 where the indices again refer to the test roofs
was calculated by assuming that the original snow cover

where HE(t) Is the value of HE that was measured at had a density of 0.2 g/cm 3 and had a uniform thick-
the beginning of hour t. (The equivalent expression ness,3 “Original snowfall” is the snowfall occurring
for the middle section is achieved by substituting H M in such close proximity in time as to be undissipated
and H M (t) for HE and H E (t).] This approximation at the time of the first measurements of snow depths
means to assume that the heat flow HE (or HM ) re- and coverages following its cessation . The meltwater
mained constant during any given test hour. Equation volumes were measured whenever the practical re-
I Is written so that net heat flow into the eaves (or quirements of using the calibrated gutters made it
middle) section of a roof will be indicated by a posi- necessary . With these assumptions, the meltwater
tive value of,fliEdt (orJ~IMdO. The net heat flows fraction of the original snow cover could be calculated
./tEdr andj7lMdt were calculated for three specific for each roof from

10
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Table IX. Temperature ranking variation with solar radiation.
The most likely” ranking for each hour of a day Is compared with the valu es of the hourly solar radiation for
14 January 1973, (The total daily solar radiation was a median value for 14 January 1973 as compared to
the oth er six test days.)

MOST LIKELY RARKINGS FOR ith ROOF SECTION ~n 2Hour J~~~Eav~~~’ L=LOW M MiddTle R~~j~x~ U Under F=Floor ________

0100 451632 546321 (42 1)3(65) 65123 564123 (655)321 ) 0

0200 ~‘ “ ~‘ ~‘

0300 4 16352 “ “ “ ‘ “ “

0400 415632 “ “ “ “

0500 0 0 ii

o600 164352 “ 0 0

0700 “ “ *

0800 163525 “ “ 132(65) “ “ 0.25

0900 362515 “ “ “ “ “ 0. 29
1000 362154 “ “ “ 5214163 “ o.~ 4
1100 “ 621345 “ * “ “ 0. 83
1200 “ “ “ 13265 641235 “ 0. 96

1300 “ 216345 ‘ “ 615235 “ 0.6 3

1500 “ “ “ “ “ “ ‘ O.51i

1500 326515 “ “ “ “ “ ‘ 0.50

1600 326415 “ “ “ * 524 163 “ 0.25

1700 324 165 “ “ 12365 “ * “ 0.08

1800 3214615 “ “ “ 5614123 “ 0

1900 326515 “ “ “
2000 512536 0 0

2100 326515 “ “ 65123

2200 41526 3 “ “ “ ‘ * “

2300 145263 “ “ “

2400 515623 0 “

* Significant observations of competing rankings make this Identification
as “most likely” unsure.

Meltwate r 
— .1. ~rno~I~ w~ ~ 

to provide a record of the changing conditions on the
Snow cover roof no. 0.2 roo no. roofs following snowfall. The values of h and ~ that(2) were used in eq 2 to compute meitwater frac tions

were those measured immediately after cessation of
and the results are listed along with the relevant melt- the snowfall before significant dissipation had occurred.
water volumes in Table XV. In eq 2 , L and Ware the Depending upon meteorological con ditions, the cali-
common length and width of the test roofs (refer to brated gutters required emptying at differing fre-
Table II); the other variables are meltwater volume V, quencles for different snowfalls. The meitwater frac-
coverage y, and snow-depth h, which are functions of lions and volumes recorded in Table XV represent the
the particular roof and meteorological variables, total meitwater fraction for the particular snowfall :

In Table XV , all data are keyed to the “origInal The relevant values of V for each roof were determined
snowfalL” Upon cessation of a snowfall, measure- by addin g all of the meltwater volumes collected for a
ments of h and ~y for each roof were made at intervals given roof subsequent to the given snowfall. The dates

11
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Table X. Effects due to composition of roof covering.
For each section, th. percentage of teat hours for which the given roofs ~vere equa l In temperature is displayed.
The equal temperature roof; are indicated by the equality portions of rankings. All poasibilitles for equalItIes
are listed.

Partial PERCENT OF T~~T HOURS OBSERVED FOR ith ROOF SECTION
Ranking E Eaves L=Low M=Mlddle R Ridge U Under F=Floor

(6514321) 9.5 14 .0 0 0 0 34 .0
(65432) ~‘ “ ‘~ ,,
(651431) 10.0 21.0 “ “ “ “

( 6 542 1 ) 15 . 0  18.0 “ “ “ “
(65321) 14 .0 20.0 “ “ “
(54321) 11.0 16.0 “ “ “ “

6 4 )  10.0 23.0 “ “ “ “

(6 542) 17.0 19.0 “ “ “
65141) 15.0 27.0 0.5 “ “
6,32) 11.0 15.0 0 “ “

( 6 5 3 1) 1 0 . 0  2 2 . 0  “ “ “
(6 1432 ) 18.0 20.0 “ “ “
(61*31) 15.0 28.0 “ “

5 1 43 2 )  11.0 17.0  ‘ “
5431 ) “ 26.0 “ “ “
1432 1) 160  23.0 “ “ “
5 32 1 )  11 .0  17.0  “ “

( 51 42 1 )  20 .0 21 .0  “ “ 0.5
V ~632l) 15.0 20.0 “ “ 0

( 642 1 )  21 .0 2 1 4. 0  “ “ “
(6,21) 15.0 19.0 “ “ “ “

(65 14 ) 17. 0 31.5 1.0 “ “ 100.0
(6 143) 19.0 30.0 0 “ “ 314.0 

- 

-~( 632) 26 .0 23.0 “ 1.0
(621) 23.0 26.0 “ “ 5.0
(653) 12 .0 24 .0 “ 0 0
(652) 18.0 20.0 “ 0.5
(651) 15.0 31.0 1.0 “ “ “

( 6 4 2 )  28 .5 25.0 “ 0 “ “

( 64 1) 23.0 37.0 2.0 “ 0.5
(6 3 1 )  1 5 . 0  2 8 . 5  0 “ “
( 51*3) 11,0 3 1 . 5  “ “ 0

5142 ) 214.0 2.1 “ “ 5.0
5141) 25.0 35.0 2.0 “ 0 “

532 ) 15. 0  18.0 0 “ “
531) 11.0  2 7 . 0  “ “

(521 ) 20 , 0  21.0 ‘ O 5  1.0
( 1432) 21.0 23.0 “ 0 0
(1431) 22 .0 37. 0 “ “
(421) 29.0 29.0 145.0 “ 1.0
( 321) 17.0 25.0 0.5 “ 0 100.0
(65) 22 .0 36.0 37.0 20.0 3.5 100.0
(64 ) 33.0 42.0 15.0 0 0.5
( 6 3 )  “ 140.0 3M 2.0 11.0 34 .0
(62) 40 .0 34 .5 4 .0 5.0 5.0
(61 ) 28 ,5 39. 0 8.0 “ 21.0
( 5 14 )  32.0 46.0 3.0 0 7.0 100.0
(53 )  20 .0 37.0 8.0 14.0 0.5 3 14.0
(52) 33.0 23.0 6.0 “ 7.0 3 14.0
(5]. ) 31.0 36.0 8.0 6.5 2.0
(1*3) 21.0 44 .0 2.0 0 0
(1~2) 38.0 30.0 1*9. 0 “ 19.0
(41 ) 4 2 . 0  1 45 . 0  5 7 .0  “ 10.0
(32) 35.0 25.0 2.0 6.5 0 100.0
(31) 17.0 14o. o 0.5 0 0.5
(21) 3 2 . 0  5 5 . 0  1 46 .0  2 2 . 0  2 1 4. 0

12 TI 

~~~~~~~~ ~~~~~~~~~ ~~~~ - 
~~~~~ -



-

Table XI. Effects due to slope of roof.
For each section , the percentage of test hours for which the high-slope roofs as a group were definitively
lower or higher In temperature than the low -slope roofs as a group is tabulated. All data for which the pre-

V sence of equal temperatures made It unclear whether the high -slo pe or low-slope roofs we re higher In temp-
.4 eratu re were excluded from consideration.

PERCENT OF TEST HOURS OBSER VEDRoof
section High—slope higher Low—slope higher EqU$.1

Eaves 0 0 9.5

Low 28.0 0 14.9

Middle 11.0 0 0

Ridge 27.0 51.0 0

Under 42.0 0 0

Floor 56.5 9.5 34.0

given are those spanning the time from cessation of the no. 5 (high-slope, aluminum) roof
snowfall to dissipation of the snow/ice from the roofs no. 2 (low-slope, aluminum) roof
or the beginning of a new snowfall, whichever applied. With the exception of the cedar roofs, this order
The average total solar radiation for this period is also implies that higher slope leads to a more stable temp.
given. erature profile. The reason that the cedar roofs fail to

display the same slope dependence is that the no. 3
Degree of icing (low-slope, cedar) roof was the only roof that retained

A semi-quantitative estimate of the degree of icing a deep enough snow cover (approaching 30 cm) to
I was made by using the de fin ition of! in Table Ito  screen the effects of solar radiation.5 A study of Table
analyze the chronological sequence of photographic II will reveal that the cedar shingles have the thickest
data. The results of thi s analysis are in Table XVI. butt end , F’, and therefore , for a given slope, the great-
The relevant photographs are illustrated in Figure 4. est ability to retain snow cover from a purely geo-

metrical view.
The stability of the temperature profiles as defined

RESULTS AND CONCLUSIONS above does not take into account how great are the
changes in temperature profile ; that is, how significant

General are the changes in profile irre spective of how often the
In all discussion below, the test roofs will be identi- changes take place? l’his question can be answered by

fled both descriptively and numerically as in the cx- using the concept of compatible sets of profiles. Those
pression “no. 3 (low-slope, cedar) roof.” For more de- profiles belonging to a compatible set are not signifi-
tailed information , refer to Tables I and II. cantly different. The maximum profiles are compatible

Individual results will be recounted followed by a sets most often observed. Table V records the maxi-
discussion relating them to the icing problem. mum profiles and may be used to obtain an ordering

— of the roofs according to their ability to maintain com-
Temperature profiles of the roofs patible temperature profiles:

Analysis of the results compiled in Table IV allows no. 4 (high-slope, asphalt) roof
the roofs to be ordere d according to the stability of no. 1 (low-slope, asphalt) roof
their temperature profiles , i.e., their ability to main- no. 6 (high-slope, cedar) roof
tam the same temperature profile. In order of decreas- no. 2 (low-slope, alumin um) roof
ing stabili ty : no. 3 (low-slope, cedar) roof

no. 3 (low-slope, cedar) roof no. 5 (high-slope , aluminum) roof
n o 4  (high-slope, asphalt) roof Again , the results imply that the greater the slope,
no. 6 (high-slope, cedar) roof the greater the ability to maintain a temperature pro-
no. I (low-slope , asphalt) roof file within a narrow range of change. ‘I’his time, it is

13
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Table XV. Heat accumulated by eaves and middle roof sections.
Data are for three daily time period s and two test days.

Average
Max. Avg V

tem perature Pet heat flow -

(°C) (MJ/r 2) Solar wind— air
Dat e rMj atj on Speed temp .
‘ilme Roof Eave s Middle  Eaves Middle (MJ/tn 2) (kin/h) (°C)

23 1 — 1 .11 +0.00 —0.028 —0.044 0 3.2 — 5 . 7
Dec 2 —0. 555 “ +0,007 +0. 133 ft

0000 3 —1.94 +0.555 +0.00 1 +0.162 “ “

o~~o ~ 0.555 +0 .00 +0. 032 +o.i4i “ “ “

5 “ +0.555 — 0 .04 5 +0.162 “ “
6 —0.8 3 +1.11 +0.019 +0. 143 “ “

o800 1 —0.555 +0.00 —0.019 +0.024 1.46 “ — 3.55

1700 
2 “ “ +0.126 +0.241 “ ‘ “

3 —1 .67 +0.555 —0.098 +0.2725 “ “

4 —0.555 +0.00 +0.112 +0.190 “ “

5 +0.00 +1.11 —0.018 +0.187 “ “ “

6 —0.555 “ +0.101 +0.2225 “ “

1700 1 “ — 0.555 —0.02 4 —0 .052 0 “ — 3 . 3

2400 2 +0.00 +0.056 +o .i48

3 —1.11 +0.555 — 0.26 5 +0 .177 “ “

4 —0 .555 +0 00 +0 .048 +0.351 “ ft

5 “ +1.11 —0.020 +0 J78 “ “ “

6 “ +0.049 +0.153

9 1 —26.67 —15.555 —0.158 +0.329 0 4 .8 —26.9

2 —23.33 _ 14 .41t ~~O.1425 +0.296

00CC 3 —23.89 — 9.72 +0.087 +0.270

o800 ~ —28.33 —16.67 — 0 .34 3 +0.287

5 — 25.5 55 —16.11 —0. 14 9 —0 .421 “ “

6 —25 .555 —16.67 —0.132 +0.165 “ “

0800 1 — 2.22 —14 .44 +0.972 +0.579 8.20 “ -16. 9

i~~o 
2 — 9.44 —13.33 +o.i88~ ÷0.410
3 —12.22 —11.11 +1.104 +0.605 “ “ “
1~ + 1.67 —12.22 +0.476 +0.362 “ “

5 — 3.89 — 8.89 +0 303 +0.208 “

6 — 7.22 —13.89 +0.212 +0.5485 “ “

i ’oO 1 —17.78 —10 .555 —0 .240 +0.3225 0 “ —19.4

2—DO 2 —15.00 —10.00 —0.287 +0.316
—~~~~ .67 — 6 9 4  +0.042 +0. 413 “ “

—21.11 — 9. 44 —0.326 +0.133 “ “ “

5 —18.33 —10.555 —0.196 —0 .376 “ “

6 — iO.555 —10.28 —0.075 +0.077 “
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Table XIII . Snow depths as a function of roof and original mow cover .
‘Original snow cover ’ Ia t he snowfall occurrIng in such close proximity in time as to be und iss ipated at the
t ime of the rust measurements of snow depth on the roofs followi ng Its Cessation.

Origi nal Date Time Snow depths f  j t~ r~~ f
~ ‘ t ’a~~ snow depth ~now depth 

h h h~~~~ h h(cry ) measured measured 1 2 3 5 6

6.35 7 Dec 71 1045 5.08 3.81 5.08 3.81 1.27 5.08
8 Dec 71 0930 “ “ “ “

1.27 16 Dec 71 0930 1.27 1.27 1.27 1.27 0 1.27
1130 0.63 0.635 0.635 0 “ 0
1330 0 0 0 “

7.62 18 Dec 71 1115 0 1.9 2.5 5.71 0 5.715
to to
5.4 6.0

2.03 19 Dec 71 1300 “ 0.6 1.9 4.13 “ 3. 175
to to
3.5 5.7

6.86 21 Dec 71 0800 5.08 6.35 7,62 8,89 5.08 7.62
1430 3.81 5.08 “ 7.62 “ “

22 Dec 71 0800 2.54 2.5 3.8 5.08 “ 5.08
to to
3.8 7.6

23 Dec 71 1000 1.3 “ “ 2.514 ? 2.5
to to
5.0 5.0

1300 ‘‘ ‘‘

254 24 Dec 71 1010 “ “ “ “ “
1300 0 0 0 0 0 0

17.78 31 Dec TI 1030 i6 .~i 20.32 20.32 16.51 ? 17.78

7.62 3 Ja n 72 0930 17,1145 19.685 19.685 13.97 5.08 19.685
14 Jan 72 0800 15.24 17.78 15.214 8.89 2.54 16.51

2.79 5 Jan 72 1000 13.335 17.1145 16.51 12.7 5.08 18.415
10 Jan 72 1300 13.0 17.0 16.2 0 0 18.1

1615 0 0 0 “ “

10.141 21 Jan 72 1630 2.54 4.44 4.44 6.35 6.985 5.08

2.54 24 Jan 72 1500 0 0 0 0 0 0

3.56 28 Jan 72 1500 2.54 2.54 2.54 2.54 2.54 2.54

5.84 ~‘ Feb 72 7 0.5 05  3.5 3,5 0 0

0.76 7 Feb 72 “ 0.6 0.6 0.6 0 “

to to to
______ _______ _______ ,j~~,_, 2 .5 2.5 —

40 3 9  28 Feb 72 0815 5.715 6.35 10.16 2.54 2.54 3.81
29 Feb 72 “ 5.6 6.2 10.0 0 0 0
1 Mar 72 “ 0 0 3 “ “

6.35 6 Mar 72 o8oo 2. 54 3.81 5.08 5.08 3.81 5.08

0.25 7 Mar 72 “ “ 2.5 14 2.54 2.54 2.54 2.54

17.78 15 Mar 72 0830 12.7 12.7 12.7 12.7 trac e 12.7
1545 “ “ 13.97 13.97 0 114.605

16 Mar 72 0800 11.43 “ “ 12.7 “ 13.97
1600 ~‘ “ 0 “ 0
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Table XII I (cont’d).

Original Date Time Snow depths of jth roof
snowfall snow depth snow depth 

h h h h h h
— 

cm naasured measured 1 2 3 14 _~_~~~~~ 6

6.35 23 Dec 72 ? 1.3 1.3 1.3 1.3 1.0 1.3
21. Dec 72 “ “ ~‘ ‘ ‘

25 Dec 72 ‘~ 1 “

16.67 5 Jar. 73 9 21.59 23.495 30.148 16.51 0 15.24
8 Jan 73 “ “ “ “ 15.24 “

9 Jar. 73 “ “ “ “ 114.605 ‘ 14 .605
10 Jan 73 “ “ “ “ 13.97
11 Jan 73 “ “ “ “ “ “ 13.97
12 Jan 73 “ “ “ “ 12.7 “

to
14.0

13 Jan 73 “ “ “ “ 13.0 “

11. Ja_x~ 73 ‘‘ ‘~ ‘‘ ‘‘ ‘
15 Jan 73 “ 20.955 22.86 29 8145 12.7 “ 12.7
16 Jan 73 “ 20.32 “ “ 10.16 “

17 Jan 73 “ “ “ 27 .9 14 5.08 11.13
18 Jan 73 “ 5.08 7.62 15.214 0 “ 2.54
19 Jan 73 1315 2.03 2.54 5.08 “ “ 0
22 Jan 73 9 0 0 0 “ “

29.46 29 Jan 73 1240 20.32 20.32 20.32 25. 4 12. 7 17.78
16 Feb 73 7 2.54 2.54 2.514 2.514 2.514 2.514

the aluminum roofs that are the exception. The reason function of the interaction between solar radiation ,
for this is that the no. 5 (high-slope , aluminum) roof roof characteristics , and snow cover during the ten
was the roof with the least snow cover and therefore hours from dawn to dusk. They then tended to return
most able to interact strongly with solar radiation. to their predawn status in the seven hours after dusk.
Again , a study of Table II reveals that r ’ is least for In general , each roof tended to have one characteristic
the aluminum roofs and therefore , geometrically speak- profile in the absence of solar radiation and another or
ing, these roofs had the least ability to hold snow cover, a series of other profiles in the presence of solar radia.

Comparison of the two types of stability rankings is tion. The ridge, eaves, and low sections heated most
interesting. While the no. 3 (low-slope, cedar) roof had rapidly while the middle , unde r-deck , and floor sections
the most tendency to maintain the same temperature responded most slowly. The no. 5 (high-slope , alumi-
profile, when changes did occur , they were more dras. num) roof , as expected from the results given above ,
tic changes than those that occurred for the no. 4 provided the most extreme example of a characteristic
(.liigh-slope, asphalt) roof. The implication is that the profile change. When solar radiation was applied , the
cedar roofs changed profile less often but more dras- temperature profile essentially reve rsed itself so that
tically than the asphalt roofs and that the aluminum the cooler sections in the early morning became the
roofs changed both more often an d more drastically warmer sections at noon.
than roofs of either asphalt or cedar composition. This Using Table VI and ordering according to the tend-
result can be understood by referrin g to Table 11 and ency to exhibit this type of profile change:
noting that the thermal conductivity k’ and thermal no. 5 (high-slope, aluminum) roof
diffusivity A’ are similar for asphalt and cedar but dif- no. 4 (high-slope, asphalt) roof
fer by orders of magnitude for aluminum compared to no. 3 (low-slope, cedar) roof
either asphalt or cedar. no. 2 (low-slope, aluminum) roof

The next question of interest is when did the pro- no. 6 (high-slope , cedar) roof
files change and what relationships did the changes no. I (low-slope, asphalt) roof
have to solar radiation? Refer to Table VI. The temp. Except for the no. 3 (low-slope, cedar) roof , this order
erature pro files of all the roofs were most stable durin g implies that the controlling factors are k’ and slope .
the seven hours before dawn and became a complex For each composition , the high slope is more prone to
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Table XIV. Snow coverage as a function of roof and original snow cover.
“Original snow cover ” is the snowf all occurring In such close proximity in time as to be undiss lpsted at the
time of the fir st measurements of snow coverage on the roofs follow Ir.g its cessation.

Origi nal Date Time - SI ERAGES OF jth ROOF
~r.c~-~faO1 coverage coverage

(,‘r) measured measured ~l 
~~~~~~~~ . _Li_.. 

‘

~~~ 
~~5 6

6-35 7 Dec 71 101.5 100 100 100 100 100 100
8 Dec 71 0930 87.5 87.5 87.5 87.5 87.5 87.5

1.27 i6 Dec 71 0930 ‘ “ “ “ 0
1130 ‘ “ “ 0 “ 0
1330 0 0 0 “

7 .6 2 18 Dec 71 1115 0 100 100 100 0 100

2.03 19 Dec 71 1300 “ 8 7 5  98 96 98

6.86 21 Dec 7]. 0800 100 100 100 100 140 100
11430 “ “

22 Dec 71 0800 “ “ “ “ 33 “

2 3 Dec 71 1000 “ “ “ 87.5 27 90
1300 “

2 .5 14 21. Dec 71 1010 25 75 75 “ 0
1300 0 0 0 0 ‘ 0

17.78 31 Dec 71 1030 100 100 100 100 25 100

7.62 3 Jan 72 0930 “ “ 97 97 97
14 Jan 72 0800 97 97 97 87 87 87

2.79 5 Jan 72 1000 100 100 100 100 100 100
10 Jan 72 1300 30 30 30 0 0 trace

1615 0 0 0 1 “ 0

10.1.1 21 Jan 72 0830 100 100 100 100 33 100

2.514 24 Jan 72 1500 0 trace trace 0 0 0

3.56 28 Jan 72 1500 100 100 100 trace 100 100

5.84 4 Feb 72 9 “ “ “ 0 0 7

0.76 7 Feb 72 ? 7 ? “ “ 0

40.39 28 Feb 72 0815 97.9 97.9 99 914.8 15 97.9
29 Feb 72 0800 99 87 95 0 0 0
1 Mar 72 “ 0 0 0

6.35 6 Mar 72 “ 100 100 100 100 100 100

0.25 7 Mar 72 
- 

0800 100 
- 

100 100 100 100 100

17.78 15 Mar 72 0830 “ “ “ “ trace
151.5 ~‘ ‘, ~‘ 0

i6 Mar 72 0800 “ “ “ “ 5
1600 77 75 80 0 0 0

16.76 23 Dec 72 9 100 100 100 100 100 100
21. Dec 72 “ “ ‘~ “

25 Dec 72 “ “ ~‘ ‘~ “

6.35 5 Jan 73 “ 90 90 90 75 30 75
8 Jan 73 ‘~ ‘~ “ “ “

________ 9 Jan 7 “ “ 1_... “ .~
_ __

~ _________
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Table XIV (cont’d).

Orig inal. Date Time SN~~J COVERAGES OF jth ROOFsnowfall coverage coverage (~ )
(cm) measured measured ~l J  

V2 V3 V4 V 5

10 Jan 73 ,, ,, ,, “ ,,

11 Jan 73 “ 87 87 87 40 20
12 Jan 73 “ ~‘ “
13 Jan 73 ‘‘ I? ,t H

14 Jan 73 ‘~ ‘ U U It

15 Jan 73 ,I 1 U II I?  It

16 Jan 73 “ “ “ “ 33 0 67
17 Jan 73 “ 75 75 75 30 “ 6o
18 Jan 73 “ 67 67 67 0 17
19 Jan 73 1315 60 30 17 “ “ 0
22 Jan 73 7 0 0 0

29. 46 29 Jan 73 1240 100 100 100 100 75 100
16 Feb 73 9 “ “ 70

exhibit the characteristic profile reversal (except for the roof of high slope covered with a material of high ther-
cedar roofs). For each slope , the compositions in order ma! conductivity , it is solar radiatio n rather than warm
of tendency to exhibit profile reversal are aluminum , attic air that dictates the final temperature profile.
asphal t , and cedar Eexcept for the no. 3 (low-slope , Furthermore , the same is probably true of any roof thaL
cedar) roofj - The latter order is precisel y the order does not consistently retain a snow cover approaching
of decreasing values of k ’. 30cm in depth.

Wh y does the no. 3 (low-slope , cedar) roof appear What causes the observed profile reversal? The ridge
as an exception? Examination of Table VI reveals that , section responses are understa ndable , since the rid ge is
unlike the case for the other roofs where it is the ridge the section most exposed to solar radiation and warm
and eaves sections that are responding, in the case of T

V air. I-low is it that the eave s section heats more
the no. 3 (low-slope , ced ar) roof , it is the floor and rap idly than the middle section? This may be evidence
ridge sections that are responding most rapidly. It has that the eaves are heated from below by warm air con-
already been noted that this roof retained too much vection upwards on the wall and collecting under the
snow cover to of fer a true response to solar radiation. eases. The higher the slope , the greater the ability of
However , it appears that faulty insulation in the floor the roof to retain warm air under the eaves and the
allowed heat from inside the building to affect the pro- greater the therm al conductivity of the roof composi-
file of the roof. As there were only two measurements tion , the more rapidl y it would heat. This collection
of floor temperature , rat her than one for each roof , it of war m air under the eaves has been observed in thermo-
may be concluded that the no. 3 (low-slope, cedar) roof grams ; Figure 5 provides an example.1

actually was the least likely to exhibit profile reversal
due to solar radiation and , just because of its failure to Comparative temperatures of roofs by
react to solar radiatio n , it showed the weaker effects of section — rankings
heat loss from the interior of the building. In other The temperature ranldngs compare the roof temp-
words , the snow cover on lop of the roof insulated it eratures for a specific section. These data are sum-
from solar radiation more effectively than the floor in- marized in Tables VII to X.
suj ation from interior heat , which , like solar radiation , As for the discussion of the profiles above, we be-
was applied only duri ng daylight hours. gin with the question of simple stability. For which
Common discussions in the literature 2 tend to lay section are the roof temperatures most nearly all in

the major blame for heating of the middle section of a the same relationship ? From Table VII , the answer
roof on warm attic air and to discount the influence of in order of decreasing stability is:
solar radiation . It is clear from the results here that the floor
tr ue situation is not so simple. Warm attic air and solar middle
radiation affect every roof and it is the slope , roof under deck
geomet ry, and therm al conductivity of its covering that ridge
determine which effect is greatest. In particular , for a low

eaves
31
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Figure 5. Thermograph o; eave section showing triipped heat under eal’e. (Ref 7,
Fig. 9.)

The results for the floor section are skewed somewhat is the one that most nearly answers the question of
because of the fac t th at there were only two tempera- which roof tends to be coolest and which tends to be
tu re measurements rather than one for each roof. The warmest. The m aximum ranking for the middle see-
implication is then that the middle section is the see- tion is (42 1)365. This means that the no. I (low-slope ,
tion most characteristic of the roof as a whole. asphalt), no. 2 (low-slope , alu minum), and no. 4 (high-

Moving to Table VIII , the question changes to slope, asphalt) roofs tend to respond alike and to be
what section ’s ran kings change the least in terms of the coolest roofs , while in order of increasing tempera-
significant changes? The orde r becomes: ture , the remaining roofs are:

floor no. 3 (low-slope , cedar) roof
middle no. 6 (high-slope , cedar) roof
under deck no. S (high-slope, aluminum) roof.
low This implies that the higher the slope , the greater
eaves the solar heating of the middle section. The fact that
ridge the middle section tends to be cooler for the two

This result could have been expected , since it was the asphalt roofs (regardless of slope) implies that a see-
rid ge, low, and eaves sections that were found above ondary effect due to composition is involved. This
to respond most rapidly to the application of solar compositional effect may be due to thermal diffusiv-
radiation. ity since this property increases in the order asphalt ,

When do the changes in temperature rankings occur cedar, aluminum like the observed temperature rank-
for a given section? The answer is in Table IX. The ing. That is, the thermal diffusivity of aluminum is

middle section ’s ranking remains nearly the same orders of magnitude greater than the thermal diffus-
th roughout the day . At the other extreme , the eaves ivity of the other two materials and it is the aluminum
section ’s ran king changes continually with changes in roofs that are most different from each other , and it
the meteorological variables and tends to reverse it- is the asphalt roofs that are the most similar.
self; the roofs that are warmest at night tend to be- The effects of warm attic air may be dete rmined by
come the coolest roofs durin g daylight . In.orde r of studying the ranking s for the under deck and floor
the tende ncy to show this ranking reversal with solar sections. Table VIII clearly reveals that slope is the
cycle: dominant effect and that the lower the slope , the

eaves warmer the attic air. Subsidiary compositional effects
low are that the attic air tends to be cooler under an alumi-
ridge num roof than under a cedar roof but that the slope
under deck does not affect the attic air temperature of an asphalt
fl oor roof as much as it does roofs of the other two mate-
middle. rials. While the no. 1 (low-slope, asphalt) roof has the

If the middle section is the section most character- warmest attic air of the low-slope roofs , the no. 4
istic of the roof as a whole, its characteristic ranking (high-slope, asphalt) roof has the coolest attic air of

32
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Table XV. Meltwater volwne collected subsequent to each snowfall.

Expressed as a volume and as a fract ion of the original mass of snow cover on th e roof immed iste ly after
the snow fall’s ceasafton. Dates given are those from cessation of the snowfall to diss ipat ion of snow cover
on all roofs or the beginning of a new snowf all, whichever was applicab le.

Meitwat er ~‘raction and nieltwater ~verare
Snowfall Original volwr.e for ~th roof tcta.i ~ C i ar

(x10 3 m ) r aa i~t~~ .dates snowfall - -

• (cm) V1 V2 V
3 

V4 V
5 

V6 
V~~fl I •

7 Dec 71 6.35 0.71’ 0.76 0.49 0.55 0.78 0.66 1.~~to 33.50 25.96 22.38 18.57 8.85 29.72
15 Dec 71

i6 Dec 71 1.27 1.81* 1.955* 2 .20* 1.245* 0 0.07
to 17.98 19.38 2 1.77 12.34 0.71

17 Dec 71

i8 Dec 71 7.62 0 0 0 0 0 0 2.0 75

19 Dec 71 2.03 0 0 0 0 0 0 3.1
to

20 Dec 71

21 Dec 71 6.86 0.045 0.05 0.01 0 .04 0.31 0.01 2.60
to 2.07 2.84 0.62 3.37 5.67 0.55

23 Dec 71

24 Dec 71 2 .5 4  0 0.18 0.09 0 0 0.065 0.35
3.86 341 1.97

31 Dec 71 17.78 0 0 0 0 0 0 2.61
to

2 Jan 72

3 Jan 72 7.62 0.02 0.05 0.005 0.05 0.13 0.02 2.04
to 3.78 9.46 0.95 6.63 5.67 2.84

4 Jan 72 
-

5 Jan 72 2.79 0.25 0.25 0.24 0. 40 0.33 0.36 ~.65
to 29.33 39.08 35. 49 45.66 15.14 59.16

10 Jan 72

21 Jan 72 10.41 0.15 0.i4 0.01 0.27 0.12 0.35 3.98
to 3.31 5.67 0. 47 15.14 2. 48 15.85

23 Jan 72

24 Jan 72 2. 54 0 0 
- 

0 0 0 0 2. 48

28 Jan 72 
— 

3.56 0 0 0 0 0 0 2.5 4
to I

3 Feb 72

4 Feb 72 5.8l~ 0 0 0 0 0 0 1
to

6 Feb 72

7 Feb 72 0.76 0 0 0 0 0 0

28 Feb 72 
— 

40.39 0.57 0.61 0.16 1. 41* 2 .78 1.22~ 8.22
to 28.40 34.07 14.19 30.28 9.46 40.70

1 Mar 72

6 Mar 72 6.35 0 0.03 0 0.15 0. 14 0
0.95 6.62 4 .73 -

7 Mar 72 
- 

0.25 0 0 0 0 0 0 7

to
lii Mar 72

15 Mar 72 17.78 0.26 0.27 0.22 0.375 0 0.3(5 9.37

to 2 9 .3 3  30.28 24.6 42.58 42.58

16 Mar 72 
____ ____ V_____ _____

•Cases w~e,s It axeseda unity were caused by accumulations of Ice from prior anowfa lls melting and con-
tribut ing to the meltw ater vo lume of the snowfall in questIon .
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Table XVI. Degree of icing.
Using the semi .~ us ntitati ve definition of “ degree of icing, ” visual inspection was used to estimate the rela-
tive Icing on th. test roofs. The visual data are recorde d photographicall y in Figure 4. Refer to Tsble I
fo, the definition of t.

Observation Degree of icing on each test roof Figure —
• Ja te I

l 
1
2 

1
3 

I
1’ 

~~~~~~~~~~ 

16 photo

V 7 Dec 71 0 0.75 0 0 0 0 15 , 11, 19, 22

20 Dec 71 0 0 0 0 0 0.25 31, 32, 34, ~
21 Dec 71 0 1.00 0 0 0 0 39, 50 , 51 , .7

23 Dec 71 0.50 0.50 0.50 0.25 0.25 0.25 47,  49

3 Jan 72 0 0.50 0 0 0 0 50 , 51 . 57 , 53

1’ Jan 72 0 1.00 0.75 0 .25 0.50 0.25 64 , 65 , 66 , 6 ’

5 Jan 72 1 0 0  1.00 1.00 0 0.50 0.50 69, 70 , 71 , 72

7 Jan 72 0 1.00 0.25 0 0.25 0 75, ~7, 78 , VV 9
10 Jan 72 1.00 L00 1.00 0 0 0 81, 82, 84

28 Feb 72 0.50 0.50 0.50 0.25 0.50 0.50 96, 98, 99, 112 ,
104, 105, 107

16 Mar 72 0 0 0 0 0.25 0.25 118, 119, 120 ,12L

0.75 0.75 0.75 0 0 0 127 , 128 , 129 ,1~~

the high-slope roofs and , in fact , is more like its low- with slope but do not respond to a change in slope
slope counterpart than the other high-slope roofs. as readily as the ridge, under-deck , and floor sections.

Since the middle section’s maximum ranking is not 4) The eaves section shows a stronger dependence
at all similar to the under-deck se~tion ’s maximum upon composition than on slope.
ranking, (42 1)365 as compared with 564123 , respec-
tively , it is clear that solar radiation rather than warm Heat flow and accumulation
attic air had the most effect on the roofs as a whole. For the two test days that were compared , one had

What effect is dominant in producing the ranking much less solar radiation than the other. In addition ,
reversals? Compositional effects must be separated for the test day with the most solar radiation , the
from slope effects. Refer to Tables X and XI. In snow cover was deepest but least uniform , with the
Table X, all of the possible equal temperature cases no. 5 (high-slope, aluminum) roof being bare and the
are listed. Study of the percentage of the total test eaves of the other roofs exposed. For the day of least
hours for which each case was observed for each sec- solar radiation , the snow cover was thin but uniform
tion (exclusive of the floor section) reveals: and all sections of every roof were covered. (Refer

1) Only the middle and low sections exhibited any to Table XII.)
of the possible equal temperature cases for more than For the day with low solar radiation , the heat bal-
50% of the test hours. ance of all the roofs for both the middle and cave

2) The equalities (41) and (21) were the only equal- sections did not change significan tly throughout the
ities observed for more than 50% of the test hours , solar cycle. The no- I (low-slope, asphalt) and no. 5

3) For all sections, either (41) or (21) was the (high-slope, aluminum) roofs tended to lose heat and
equality most often observed, the no. 2 (low-slope, aluminum), no. 4 (high-slope
These results agree with previous indications that , for asphalt), and no. 6 (high-slope, cedar) roofs tended to
asphalt , compositional effects are dominan t and , for gain heat throughout the day for the eaves section.
aluminum and cedar, slope and geometrical effects For the middle section, all roofs except no. I (low-
are dominant. Table XI shows the data analyzed from slope, asphalt) tended to gain heat during the daylight.
the opposite point of view and shows the percentage For the day with high solar radiation , the heat bal-
of test hours for which a definitive slope dependence ance changed markedly for the cave section (exhibit-
was observed. This analysis implies: ing an increase in heat accumulation for all roofs) on

1) Attic air temperature incre ases with slope , all roofs but did not change much for the middle sec-
2) Ridge temperature decreases with slope. tion except in the case of the no. 5 (high-slope, alumi-
3) Middle and low sections increase in temperature num) roof. For the no. 5 (high-slope, aluminum) roof,
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Figure 6d. 177

both the cave and the middle sections exhibited a In comparison , the total meltwater volume averaged
marke d rise in heat accumulation during daylight. This for the same snowfalls decreased in the same order cx-
was probably due to the lack of snow cove r of this roof cept that the no. 5 (high-slope, aluminum) and no. 6
for this test day. (high-slope, cedar) roofs exchanged positions. While

In general , these results agree with the results ob-’ the no. S (high-slope , aluminu m) roof produced the
tam ed from the thermocouple data. least meitwater volume per snowfall, a gTeater fraction

of its snow cover ran off as meltwater following the
Snow depth , coverage, and meitwater snowfall’s cessation. The no. 6 (high -slope, cedar) roof

The snow depth was generally least for the high- produced the most meltwater volume but the least
slope roofs and , for a given slope, increased with r ’, fraction of its snow cover ran off as meitwater.
the size of the butt end of the shingles. The exception If the results above are compared with the results
to this was the no. 2 (low-slope, aluminum) roof , for the temperature ranking for the middle section , the
which had the greatest tendency to form ice dams at data seem to say that the cooler the roof the more melt-
the cave and thereby hold a deeper snow cover. Refer water it produces. This apparent contradiction is
to Table Xlii. erased when the effects of slope are considered. The

For a given roof , the cave section tended to become meltwater produced by the high-slope roofs tends to
bare first followed by the ridge section. The no. 5 run off more rapidly than that produced by the low-
(high.slope, aluminum) roof often cleared days sooner slope roofs , which freeze more of their meltwater into
than the other roofs. This can be seen in the sequence ice dams because of the slower rate of flow.
of phoipgraphs shown in Figure 6 and in the coverage
data detailed in Table XIV. Degree of icing

The meitwater as a fr action of original snow cover Table XVI records the observed degree of icing,!.
averaged for the 18 snowfalls recorded in Table XV For the 12 observation times, the average value off de-
decreased in the order: creased in the order:

no. 5 (high-slope, aluminum) roof no. 2 (low-slope, aluminum) roof
no. 4 (high-slope, asphalt) roof no. 3 (low.slope, cedar) roof
no. 2 (low-slope, aluminum) roof no. I (low-slope , asphalt) roof
no. 1 (low-slope, asphalt) roof no. 5 (high-slope, aluminum) roof
no. 3 (low-slope, cedar) roof no. 6 (high-slope, cedar) roof
no. 6 (high-slope, cedar) roof . no. 4 (high-slope , asphal t) roof.
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This result implies that the higher the slope, the less I TM (k ’$,A’)—TE (k’$,A’) I h (lkx ,T’)~1(lI a.r’)

icrlikely the roof was to ice; and for a given slope, alumi- v(a,k’,S’04 ’)
num was the most likely and asphalt the least likely to (13)
ice.

•‘l where eq 12 indicates the dependence of icing on the
Discussion of the icing problem roof characteristics directly and eq 13 depicts the man-

If the semi-quant itative indicator ! could be expressed ncr in which the roof characteristics act to control the
as a quantitative function of the relevant variables, the icing. Equations 12 and 13 do not represent quantita-
following assumption s might reasonably be stated: tive results ; they represent the simplest form that quan.

titative results could take. It is therefore clear that
1) Ia (TM —TE) if TM > T~ (3) each of the roof characteristics acts in an interrelated

man ner to affect V, h , y, and the temperature profile
2) Ia 1 / V (4) of the roof, the conditions that lead to the formation

of ice. While the slope is the most important character-3) Ia Ii (5) istic, the other roof characteristics may, if they assume
extreme values, enhance or counter the effect of the

4) Ia ~ (6) slope. Furthermore , it is clear that , as the size and
frequency of snowfalls increase, the roles of the ther-5) I a (7) mal characteristics will become more important be-
cause, once any ice has formed, it acts as a barrier to6) /a r’ (8) the flow of falling snow and meltwate r ,.thereby effec-
tively reducing the ability of the slope to prevent icing.7) Ja k’ (9) 
Thus, for flat or nearly flat roofs (such as the pro-
tected membrane roof) the importance of the insula-8) I a A’ (10) 
tion and thermal and optical properties of the surface

9) Ja 5’ . - (11) covering cannot be over-emphasized. The need for
increased insulation in protected membrane roofs has
been emphasized elsewhere. ’ The results here m di-All of these assumptions are supported to some extent 
cate that the choice of surface covering must receiveby the results discussed previously, 
equal attention .If it is assumed that each of the nine assumptions is

a valid statement about icing, which of the nine effects
is most important? The answer is clearly assumption 
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