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onz and two hours .
RESULTS

The heat fiux probe proved to heve a ver fast response to changes in surrounding
conditions, and the recorded frace of iis output . - ayed the same paitern of random
fluctuotions due to atmospheric turbulence as the records of the windspezd anernometer and
the air temperature thermocouple. From each day's results, heat flux values were selected
from thc charts at o number of point: where the windspeed ¢nd air temperature ware fairly
uniform over periods of on2 or two minutes.

The humidity was high caough to cause condensation only on the 15th of Ap ., the

heati fluxes for this day were corrected by a Bower ratio technic 1e (3) assumir 1 he
eddy or iurb: ' - diffusivity of heot was cqual to the eddy m " u vity of we
This corrcction  luced the orizinal heat fluxes by betweea -y an  wenty— e,

The heat fluxes are shown in figure 5, plotted ogoinst the air-si face temn  tucec
difference, mzasured Tive feet from the surface, There is a lor of s ter in th s~ rom,
which mcy be ascribed in part to the effeci of varying windspeed. « simple © tme t of

. data is to define ¢ eat rransfer coefficient as the surface heat flux divided -t e

—-to-surface tempert 'u : difference at some reference height. Then ihe T
coefficient should depend cn the windspeed alone, at any _iicu ir rae_ Jr ment siv . Ia
oariicular, the heat transfer coefficient is commonly ass  2d to * directly proportiona’
ihe horizontal windspeed (2). Figure & show: the heat tr- © coefficient , ' :d « '
foot air-to~surface tempecraturc difference, plotted againsi W ~d at .« se ' )
data ¢ also Visted in table 1. If the heat tronsfer coeffi nt is proportional
winc seed, then it may be exaressed as

I' Pt k . Ll 5

w < s a proporiionality constant, end Uz :s the windspead at five feet; the convective
heat lux is then given by

Ql_: =k . U5 . (-)J
wricre 95 is the tompcerature difference ai five f=ei. Figurc 6 offers some evidence of a
linn  -elationshio befween heat transfer coefficient ond windspeed, alt gh the dafc '
sco e /alues of the proportionality constant k were astimated by - ttir  siraight linos
son the origin of figure & by o least-mean-squares method. ' ho 1 the neat flux is
~asured in Bru/(fi.zhr), temperature in °F, and wind ~d inn - hour, k was found
to be 1.73 for idoctaquac and .85 for Crabbe Mou  ai

n - aricet power-law relationship wo: also derivec ©  “he convecit ' at Tlux in:

rerms o > windspeed ond temperciure measured at five :t  This was done >y a
multiple lin - regression analysis on the logarithas ¢ t ¢ ta, incorporatin a d y
var jble to distinguizsh between the two measurcment si , whic 1 were expected to
it rosulis because of the nature of the terrain Ihe resul n¢ | siion was
. 0.47 0.80
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where the proportionality constant k1, with units as before, was 5.29 at Mactagquac and
6.92 at Crabbe Mountain,

This correlation fitted the data better than the heat fransfer coefficient expression,
but due to the scafter in the data, neither expression gives a very prec.se prediction of
the heat flux from windspeed and temperature values. The root mean square deviation
between predicted and observed convective heat flux, expressed as a percentage of the
average value of the observed heat flux, is opproximately 35% using the transfer coefficients,
and 26% using the empirical equation. In view of the scatter, it may not be possible
to attach much significance to the low values of the exponents of Us and 85 in the
empirical equation. However, it is interesting that this equation suggests that variations
in windspeed will have a smallar effect on the heat flux than is usually assumed.

A more sophisticated aerodynamic theory (4) may be applied to the heat flux correla-
tion if the gradients of air temperature and windspeed above the surface are accurately
known. Unfortunately, the wind and temperature profiles, obtained using only equipment
which was on hand, were of poor quality, and only two sets of these profiles were '
obtained to which o significant curve could be fitted. Figure 7 shows a set of profiles
obtained at Mactaquac on 15th April, 1972. The curves shown are for a power-law
relationship of the parameters, p say, to height, z:

although o simple logarithmic relationship of the form

p o log(z/zs)

fitted almost equally well. The power~law index N is commonly assumed by engineers to
have a value of 1/6, or about 0.17. The windspeed indices were close to this value,
but the temperature indices were much smaller (0.027 and 0.031). This implies that the
temperature difference will not be much less than the five-foot value even within three
inches of the surface, and in foct all the data taken confirmed this.

DISCUSSION OF RESULTS

These are believed to be the Ffirst measurements of convective heat flux made
directly ai the surfuce of a snowpack. From indirect estimates in the literature, values
of around 10 or 20 Btu/(FI2 hr) were expected, and the present results are surprisingly
high.

Some previous estimates of the convective heat flux have been made as a residual
of the heat balance using measured snow melt, condensation and radiation heat input terms.
Very often the eddy thermal diffusivity is assumed equal to the eddy mass diffusivity,

(the Bowen ratio technique) and the condensation and convection terms are evaluated
together. A determination of this type was made by Gross (2) in 1968, for the North
Nashwaaksis Stream Basin, near Fredericton, N.B. From his figures, and assuming the
1/6th power-law applies, the heat transfer coefficient measured in Bfu/(FfQ.hr.oF) is equal
to 0.318 times the windspeed in miles per hour, measured at five feet. This value
indicates convective heat fluxes less than one fifth of the directly measured values in this
paper. It should be noted, however, that Gross's result is based on data taken for
several weeks, over all 24 hours of the day; the present results; taken only around mid-
day, should be somewhat higher, since atmospheric turbulence is usually greatest at or
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just after noon-tire.

The convective '~ = ' o :de ennined Ly ga o« ' correlotion techmque,
measuring the nstant reous car flu of wind and « r temperature in the
air ai some height « »ove th o f.... such . 2¢ 1w ments over snow w re reportec
by Hicks and Marrin (5) in T mecle m o snow-covered lake in

Wisconsin wi 1 a < ‘ear ur vind fetch of mile anc  quarter, on one day between mid-day
and 5 p.m. Fc¢ windspeeds (n xa sred at 0.5 ‘'of 5 to 7 miles ser hour, ond
temperaiure . ffe :nces (¢! 6.6 f Y of - o 6 °F, they founa h fluxes of 1.3 to 3.8
Bru/(Fr2.hr) in the air (ot an unsr ¢ :d height above the surface). From the present work

surface heat fluxes of ™ to 75 /7 t2 hi| would be cxpected in similar conditions. Hicks
and Martin mention that 1t -« ir tlow appearec to be ' <table, with extensive
periods when iheir te era = r z¢ ; showea no turbl enc flustue =~ Aj the  w
Brunswick sites, co. .iuous Ul u ions were observed, but this in  self would not ...
sufficiznt to expla 1 the _  wrer_ in observed heat fluxes

Another rrequently ur * mnethoc o ne g the flux, the aerodynamic technique,
involves an indireci deterr 1t Hn 16 eddy ernal ¢ usivity, Ky, defined by ine
equation

‘ Cp . <p o
where .} and Cp ¢ e ihe air density ¢ d speciiic heot ¢ :ity. A turbulent Prandtl
number, involving the = cmentur © fusivity X 7 de ned ns
[ —
IT
K
where Kpy may e evaluc ed directly, th wind »rotile ). H K may be
expressed as a 1t tion o t' = w'nds :d, and Qp may L itec an ter of %1
of measured wind ai ko 2r¢ . ofiles. T > ass t ar . o At
flux are non-diverg 1t, ic. do 1 wvec , with hei ht abc. - ¢ rface The valye of
P17 is commonly assumad to be unity, e. Ky = . p; some au rors (6) assume instead that-
Pr equals the Prandtl numbei, (kinematic viscosity divided by m ' :cular thermal diffusivity)
which i approximotely 0.70 for « at around 40°F. ih: a “em; zratu rofit -
cre irequently determined fram ¢l ol ' meC ul two oI VAT L
assumption thai a logarirhinic prof. - : Is; f it s, +h b tak w e the
other, and in this cc he dyi c :quation tor the cc it e “tux  due s o
u‘i v /3 | CF . ~ (U _ U,)(Q- , i

Usina the two pi rs ot profiles | ationed ibove to esrimaf)e valves of U U, etc:,
this equarion, gave e e ly ' fluxes of 0 3 tu/ = hr) ¢ Macta vac a3
4. 23 B 1/(f|‘l.hr) - Cre b Mounk o a7 ker a5 1... Sinct .he present o le
data © < sc fe + some rther _ imat . we * made b :d or prc.. 25 obtained. du
preliminary ‘nvestigations 770 (7). The b of i’ se  imafes predicted heor il :
values o only about one-tii h of the ob vec values, or natively, suggesied thar

1

turbulent Prandtl number- 7 a value of arour ' 0.2 muc lov i o he cor  only

assumed value .
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The + “unt o oor S o/ ¢ ot g r ure -
mcais of co . e o nov SO | N 7 to sc wa : robe
from < i; ‘ iroa owe ¢ i .1 . eident rac )
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hu a co C © - be ma ' rever,  xpe 2 in Naw
Brunswick sugges f r s coul he | wde on ¢ ecst ¢ day " two of the

snowmalt <eason .. thou, th

A therme| anaiy ° robe in action (7,8) indicc "ed that ihe probe may have

a systematic eror of aro ! 20% ‘or  heat f ix of 8tu, ft .hr)  Thea unceriainty arrses
ircm a difference , lculat 4 dial te e oo di o ' in the constanton foil

in the calibration d{ . sic .. The ¢ _n ¢ the or : was base on obtcining a
usable sic | * ut :qu ing ar "orte  ature on I probe su ace. Use of a
very ser-’ ‘ ¢ Hl - we dacllow use of ' " ker cc stan® “oil and perhaps also
of an iron wire {v 1i a low r then al conduc vity thc + spe | the cenire of the
probe. 1 : «l s . Id ¢ , itter temoerature d it on in th .oil ¢  min =
the error. ~ e co or 1 pre should also be desi_, 7~ tc aive the closesi simil rity

possible to conditions in ihe

The meosured heai fluxcr, obta.. d around noon-i i ¢ nerally very moderate
winds, were much higher than ex e« _. The results predicter 'y aerodynamic thecry.
which cre much [ are weo  om steni with the © t {luxes measured above a snow
surface by Hicks and \a ° "'t :ddy correlaiion ond acsrodynamic techniques depend
oin the assumption that e convective h flu: does not divergs wiih height above the
surface. This oppears to vork w | ove. large open waier surface or open grosslands,
where e surface rempera , alte till the net heat input . the surface by «ll
mechani 13 is . riowever, a ow rface will absorb ind remain isothermal at
329F - 1ong a i continues to melt, ar r warmn  ir may - -inus to lose heat to the snow.
The convectiv . :a + yx may ihen be ¢ wye . 1 s ¢ : heut | (=5 measured in the
air will not squal 1e ae  flux ar th o = ot :n, measurements decrribed in this

ar seem fo cc irm th her, ul e , erature ¢ zrant heights
indicated :u " T gly h™ ' ai © atu oy cle ot wurfouce. V' h such ¢ arofile,
a high degree a sk © due to st p on of ¢ - urbulence by - buoyancy effect,
might hove bee expected. |1 tead, a high degrez ul r a o :d t
records of heat 1 _.:. ten verc  _ and windspeed. The . o t.. turbulenc: i. elieved
to be in convection currer sroted by warm oir ri | rc e trees os i are heated
by the su ; appc  “ly ths tur' ' ze ' =5 not die away " agir ¢ n when i' n
long d inces ove | ce. > e~ t o urbulence ui Aac aquac ¢ sprox  at
ihe sc = whett the wii  wa >wi half le T © ore, or . zra
mile over the ¢ ul L th of . =, . | zk o. differ ac - y
cue ro eddies | ing o« ~ s ormal o : « reciios..

Thesa ob: rvarions indicc hat pr iously used t nic 5 re inadequate >  :dict
the convective . lux o a cove = .o - Th ae . Lox, . i.. : >uld be
used to make ¢ ic. of meas ¢ ff Ftios of t o, a i n oer of
different Ic  tions, especially at ¢ erent distc 25 "3¢"" "sv w nd 0" ¢ par” lar
disturbance such as ¢ wooded lak shore  These  ~su coulc tl | ber e
meaasur  temperatu + -ofiles o e uc < the appar ..f oo Ly il ¢ sivik a. u given
heigh. - ove the surfc. . Further, t e .. .. icould be 1 lc ec tc east 3 of

the air te  eroiure and windspeed, fi _ intor  tion fron v overall pro ction
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Figure 1 Schematic of Heat Flux Probe
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Probz Calibration Set-up

Figure 2
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Figure 3 Probe Calibration Curve
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Figure 4
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Figure 5 Observed Convective Heat Fluxes to the Snow Surface
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Heat transfer coeff. / Bru.ft=2. hr~1.OF i

Figure 6

Convective heat transfer coefficients
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Height Aboe Surface/Feet

Figure 7

One Set of Observed Temperoture and Windspeed Profiles

LN

r-to-surface Horizontci
Temperature Differcnce Windspeed
|
(o
-
|
\
\
N —t L]
o 7 2 3
) .
F Miles per hour

o~
o



Table !

Final Corrected Experimen

Place,

Year

f Macta-
quac

1972

Mtn.
1972

Crabbe 18 Apr

| T

1
|
l

Date cal _onvective
“a:at Flux
|Btu/ft2 fr.
|
. Apr 17 a. :
11.27 19
1,30 - |15
11 7 25
| 11.: % 49
— 11.. 18
1 12 Aor 11..
12 1 77
| 12.05
12, . 50
2.3 33
1, ‘ 52
12 47 A3
12 556 - A0
12 5%
15 Apr | 1100 -1 49
1 .07 o 72
1 .21 am) 68
L3 b
] ’ 70
11. - ‘ 7
11. 2 a
11.32 103
] Ja 76
1 .57 am 8
110 p 75
12 - |‘ -
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