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HEAT EXCHANGE OVER A MELTING SNOW SURFACE 
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ABSTRACT. The relative importance of the principal elements of the thermal balance above snow during a 
period of melting has been evaluated using recent studies of the turbulent transfer in the boundary layer. 
Several anomalies in the profiles prove the continuing presence, near to the surface, of a thick layer of air 
apparently re-heated by the radiative flux. It is shown that the upper surface of this "exchange layer" ought 
10 be considered as the new level for the origin of profiles, and taken as the exchange surface. The importance 
of nocturnal refreezing has been quantified. Excellent correlations have been found between mean air 
temperature and total energy balance; they have allowed the establishml,nt of an approximate, non-linear 
expression for the effective daily ablation of snow as a function of mean air t('mperature. This rela tion gives 
satisfactory results at high and intermediate altitudes, in horizontal uncovered terrain. The measurements 
were made in the French Alps at 3 550 m and in Spain at the latitude of Madrid at I 860 m. 

RESUME. Echanges de cha/eur au-dessus d'une surface de neige ell piriode de fonte. On a evalue I'importan('c 
relative des principaux elements du bilan thermique au-dessus de la neige en periode de fonte, d'apres cll' 
recentes etudes sur les transferts turbulents dans la couche limite. Diverses anomalies dans les profils prouvent 
la presence continuellc, pres de la surface, d'une epaissc couche cl'air rechauffee vraisemblablement par k 
flux radiatif. On a montre que la face superieure de cette "couche d'echange" devait e tre consideree comme 
nouveau plan des origines des profils et prise comme surface d 'echange. L' importa nce du rcgel nocturnc a 
ete chiffree. On a trouve d'excellentes correlations entre temperatures moyennes de I'air et bilan total 
d'energie; clles ont permis d'etablir une expression approchee, non lineaire, de I'ablation quotidienne 
effective de neige en fontion de la temperature moyenne de I'air. Celle relat ion donne des n!sultats sat is
faisants a haute et moyenne altitude, en terrain horizontal et decouverL Les mesures ont ete faites dans ks 
Alpes frans:aises a 3 550 m et en Espagne sous la latitude de Madrid a I 860 m. 

ZUSAMMENFASSUNG . Wiirmeaustausch aber einer schmelzellden Schneeoberjliiche. Die Hauptelemente der Warm('
bilanz Uber schmelzendem Schnee wurden auf Grund neucrer Untersuchungcn Uber den turbu lentrn 
Austausch in der bodennahcn Schicht in ihrer relativen Bedeutung bestimm!. Verschicdenc Anomalicn in 
den Profilen beweisen das sUindige Vorhandensein einer dUnnen Luftsehieht dieht liber der Oberflache, die 
wahrscheinlich durch den StrahlungsAuss erwarmt isL Es wird gezeigt, dass die obere GrenzAache diest'r 
"Austauschschicht" als neue Ausgangsflache flir Profile be trachte t und als Auslauschflache gcwahlt werden 
muss . Das Ausmass des nachtlichen Wiedergefrierens wurde zahlcnmassig crfass!. Zwischen der milllcren 
Lufttcmperatur und der Energie-Gesamtbilanz ergabcn si ch engste Korrelationen; sic crmoglichten dir 
Ableitung eines nichtlinearen Naherungsausdrucks fUr die tagliche effektivc Schnecablation als Funktion der 
mittleren Lufttemperatur. Diese Beziehung liefert in grossen und millleren Hohen bci ebenem und offenl'll1 
Gelande befriedigende Ergebnisse. Die Messungen fan den in den franzosischen Alpen auf 3 550 III und in 
Spanien auf der Brei te von Madrid in I 860 m Slall. 

I. INTRODUCTION 

In the thermal balance above a surface, the determination of the flux of sensible and latent 
heat is made indirectly, by measuring gradients, and with an uncertainty which is consider
ably greater than that which is introduced by measurement errors alone: in effect, the 
calculation supposes, on the one hand, that the air is in a neutral state, that is to say that the 
wind velocity profiles are logarithmic, and, on the other hand , that the turbulent exchange 
coefficients of momentum, of sensible heat , and of water vapour, are identical. The first 
hypothesis is rarely true above ice or snow in a period of melting, the air being in general 
stable; as to the second, it seems nowadays to be false. This is why, with the aid of recent 
results obtained on the mechanism of transfer, one is anxious to obtain general relations 
which allow us to calculate these fluxes taking account of the state of stability of the air. 

n. DETERMINATION OF THE FLUX OF SENSIBLE AND LATENT HEAT 

The shearing T of the air layers (which can be interpreted as a vertical flux of momentum ), 
the flux of sensible heat H and of water vapour Ware supposed to be functions, respectively, 
of the mean gradients of horizontal wind velocity u, of temperature (j and of specific humidity q: 
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oil 
T = pKm OZ' 

cO 
H = '- pCpKb -::;- , 

OZ 

oq 
W = - pKw OZ' 

.,."here z, p and Cp are the height, the air density, and the specific heat capacity; Km, Kb and 
Kw are the turbulent exchange coefficien ts of these three quantities. It is generally assumed 
that within the boundary layer T, Hand Ware independent of z. 

The Prandtl mixing theory leads to wind veloc ity profiles which are logarithmic, which is 
not observed in practice except when the air is adiaba tically neutral , that is to say when the 
Richardson number (Ri ) is zero where 

. g (08/oz)+ r 
(Rz) = T (Oil/OZ)2 • (2) 

r being the adiabatic lapse ra te. Prandtl's hypo thesis is therefore that 

kz ail 
-- - 1 u. OZ - , 

u. = (T/ p)~ being the fric tion velocity and k K a rma n 's constant. To take account of the 
profile shapes when (Ri) is different from 0, Monin a nd Obukhov ( 1954) have proposed the 
relation : 

assuming that the fun ction 4> (z/L ), necessarily dimensionless, can be approximated by al) 
expression of the form : 

.p (z/L ) ~ I + rx.z /L, 

QC being a universal constant to be determined a nd L sta bility length , a quantity with the 
dimensions of length , independent of z, a nd such tha t 

L = pCpu. JTjkgH. (6) 
One obtains, after integration , the well-known expression: 

u = u. [In (~) +~ (Z - zo) ] . 
k z" I . 

Neglecting molecular transfer in comparison wi th turbulent transfer, one shows that if 
u', w' , 8' and q' are respec tively the insta nta neous fluctuations around a mean value of the 
hori zontal component of the wind speed u, of its vertical component w, of the air temperature 
B, and of its specific humidity q, at the same poin t, then: 

T ~ pu'u/, } H ~ pCpB'w', (8) 

W ~ pq'w' . 

T he recent availa bility of inst ruments possessing the very small inertia necessary to 
measure these fluctua tions allows one today to determine directly the intensity of the various 
nuxes with an acceptable precision. It is therefore possible to study experimentally the shape 
of the function .p ( z/ L ) for a very large range of val ues of z/ L or of (Ri ). 

This procedu re has been extended to measurements of temperature and water vapour 
pressure (see Miyake and others, 1970). Starting from H a nd W, one can define the magni-
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tudes ()* and q* having the dimensions respectively of a temperature and a specific humidity 
and independent of z in the boundary layer as is the friction velocity: 

or 

()* = -H/kpcpu., 

q* = -W/k pu., 

One then obtains the dimensionless equations: 

H= 

} 

11" = 
p(kZ )2 (la oq 

c/>m (z /L ) c/>w(z/L) r z (:z ' 

(9) 

( 10) 

} 
z being the height at which one has measured the gradients and the Richardson number. 
Whereas the shape of the functions CPm and CPh are beginning to be well-known, we possess few 
reliable results concerning CPw because of the peculiar difficulties presented by the direct 
measurements of water vapour flux. 

Since 1957, numerous experimenters (see Lumley and Panofsky, 1964) have shown that 
in the case of instability c/>m ~ ( I - yz/ L ) - j and c/>h ~ c/>w ~ ( I - yz/ L) - I, Dyer and Hicks 
(1970) give y = 16 for - I < z/L < - 0.01. 

Webb (1970) has found that in the neighbourhood of neutrality, for - 0.03 < z/L < + I , 

the law of Monin and Obukhov is reasonably verified and that CPm ~ CPh ~ CPw ~ 1+ rxz/I. 
with ex = 4.5 if z/L < 0 and ex = 5.2 if z/L > o. For very strong stabilities (+ 1 < z/L < 
1 + ex) he finds that the profiles become logarithmic again and that c/>m ~ c/>h ~ c/>w ~ 1 + ex. 

The determination of the n uxes Hand H' therefore returns to a measuremen t of a, (} and ii 
at two levels z! and z" the height z of a calculation of the gradient being such that, for ii for 
example: 

(z ( 12) 

Ill. ApPARATUS 

The total radiation balance has been measured directly with a thermopile with a bismuth 
telluride- copper thermocouple, blackened and ventilated on its two faces in a current of air 
of 20 m s" ! to avoid accumulations of snow and to minimize the asymmetric effect of wind. 
It is placed at 1.5 m from the surface and its sensitivity is 10.6 fLV W - ! m2, the absolute 
precision being better than lOo~. 

The measurements of wind speed , air temperature and water vapour pressure are made 
simultaneously at four levels: 0.25 m , 0.5 m, 1 m and 2 m. The anemometers and the thermo
metric elements give impulses whose frequency is a function of the intensity of the measured 
quantity. Mean values over 10 min arc obtained directly every hour by counting the impulses 
during this lapse of time. A programmer assures the course of the sequence of measurements 
and the recording of the results. 
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The anemometers with a mean precision of the orrler of 0.05 m s- ', have a lower limit of 
0.3 m S- I. The four cup anemometers are mounted on fixed horizontal arms and perpendi
cular to the direction of the principal wind. Infrared radiation emitted by 500 W resistances 
assure efficient defrosting without perturbing the measurements. Air temperatures are taken 
by aspiration; the thermistors of the thermometric elements are placed along the axis of two 
concentric silvered tubes through which a current of 1.5 m S- I is circulated; the accuracy is 
about 0.05 deg. For the measurements of vapour pressure, psychrometers are used which 
re-heat the aspirated air to + 15 0 C to avoid freezing in the wet thermistors; in this way the 
mixing ratio is not changed. The air speed near the thermometric elements is 3.5 m S- I and 
the precision is estimated at o. I mbar. The apparatus is operated on 220 V A.C. single phase. 

IV. THERMAL BALANCE OF THE VALLEE BLANCHE 

Deformations of the profiles 

The site chosen was at the top of the Vallee Blanche at 3 550 m a.s.!., in the Mont-Blanc 
Massif (Fig. I ). Round the measurement station there was a vast snow field with very little 
I'elief and remarkably free of obstructions. The equilibrium line in this region is at about 
2750 m and the annual balance at the measuring station is 3 m a - I (water equivalent). The 
measurements selected are those for the month of July 1968. 

Fig. I. Locatioll q{ field statiOll in the ValUe Blallche. 
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Fi.g. 2. Willd-speed pro.files ill Ihe Vallie Blallche (Jlli)' 1.968) . 

1n the majority of cases, the wind-speed profiles present at their base a reversal of slope 
(Fig. 2) which can be attributed to the macro-turbulence creat ed by the undulations of the 
surface of the snow. T hl':se undula tions, of small height but large dimensions (ten or so metres 
on average from one summit to the next ) a re caused by drift ; they are not visible except in 
grazing light at sunse t. At the base of the temperature profiles, one finds again a similar 
defOl-ma tion to that observed in the wind-speed profiles, which proves the permanent presence 
of a layer of "warm" air in the first 50 cm a bove the snow. T he re-heating is probably due to 
a n intense absorption of the infi-a red by the water vapour in the air, but no measurement of 
di vergence of radiative flux has ye t been made in this region. Above this "exchange layer", 

Ri 

0.5 \ 

0.4 

0 .3 

Ri. Max. 

Fig. 3. Maximum, minimum and average (Ri ) values, calculated between 0.5 and 2 m, for dqys (D) and nighls (N) in Ihe 
Vallie Blanche (July 1968). 
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the mean daily value of (Ri) calculated between 0.5 and 2 m is equal to 0.060 with a variation 

given by a (j of 0.050; that of (Ri) at night is equal to 0 .076 with (j = 0.0060 showing that the 

air is a little more stable at night; the minimum (Ri) are rarely negative (Fig. 3). The 

parameter f3 of Deacon's (1949) power law: 

u [( ,<:: )I-P ] 
U = k( 1 ~ f3 ) '<::0 - 1 

which, according to the well-known shape of the curve f3 = f (Ri) should be below unity, is 

here, on the contrary, continuously above. To correct this anomaly, one has allowed that 

the origin of profiles usually at the level of the snow, is to be found at a height ~.<:: above the 

surface. This height is chosen in such a manner that, according to the law of Monin and 

Obukhov, the ratio of the differences of velocities at 0 .5, 1 and 2 m (UZ-Ul) /(UI-UO.S) is 

compatible with the measured (Ri) (Fig. 4): 

1.8 

1.5 

0 .5 

I:l Z (m) 

04-----~------+_----_+------~-
---_r---

o 0 .1 0 .2 0 . 3 0.4 0 . 5 

Fig. 4. Varialions of toz wilh ralio of wind-speed differences for (Ri ) values belweell .- 0.03 a/Id 0.17· 
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il, -ill 

ill - ilo.s 

In [ (2 - ~z)/( I - ~z)] +<x/L 

- - - In IX 2 IX (Ri) [ 2-Llz ] 
L - 3 I -<x(Ri) 0.5 - Llz • 
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100 

75 

50 

25 

o From wind data 

k :: :: :J From vapour pressure data 

D From tem perature data 

I 
I ~ 

r~....J . 

0 . ' 0 .2 

1 
1 -, 
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.. ..J r--.J ..., 

0.3 0.4 
Ll Z (m) 

0.5 

Fig. 5. Frequencies tif ~z values between 0 and 50 cm from wind-speed, vapour-pressure and air-temperature profiles, for 
logarithmic law. 

The mean value found for the 25 profiles is 43±9 cm. Assuming its profiles are logarithmic 
((Ri) = 0 or L = (0), one obtains Llz = 36± 10 cm. Taking account of the precision of 
measurements, these values are not very different and it is possible to consider the logarithmic 
approximation as sufficient. This is what has been done, not only for the wind velocity 
profiles u, but also for those temperature (J and vapour pressure f The mean values found 
are respectively 30 cm for u, 34 for (J and 32 for f The means and variances are not signifi
cantly different at the 0.05 level, at least for the wind and the temperature (Fig. 5) ; assuming 
therefore that the ~z of the three magnitudes are simultaneously equal, one can consider the 
new level for their common origins as the exchange surface. Then the calculation of the 
fluxes is simply made by changing the variable from z to z- ~z. A good study made in 
August 1970 at the same place (8 anemometers and 5 thermometric sounds from 0 to 2 m) has 
allowed the discovery above the snow of an air stratification in three superposed layers; the 
lower of 20 cm thickness and the next can go as high as 70 cm (Fig. 6). 
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Summer Ig68 was particularly bad in the Alps. Air temperatures were cool and snowfalls 
abundant. Damage caused by the numerous storms (successive destruction of several 
lhermistors, of a transformer and of a voltage regulator) obliged us to declare only the period 
from I to 25 July to be considered as reliable. 

Contrary to the usual practice, it seemed clearer to us to count as positive the energies 
which contribute to the melting of snow or to re-heating. We have called "diurnal" events 
which occurred during the period of the day when the net radiation balance is positive (on 
average between 8 and 18 h) and "nocturnal" the others. 

Mean hourly values of radiation balance and their standard deviations for a day and a 
night without clouds are: 0.59 ± 0.08 MJ m - 2 and - 0.31 ± 0.02 MJ m- Z • Fluxes of sensible 
and latent heat, Hand Ls W, have been calculated hour by hour; their small contribution to 
the total balance is due to the fact that (Ri) is positive. Table I gives the diurnal and nocturnal 
values. If one had used the classical expressions derived from the logarithmic law, the values 
would have been two or three times more important. In day-time, Hand L s W each represent 
about 5 % of the magnitude of the total balance and, because they approximately compensate 
each other, the radiation balance R represents practically 100% ; in night-time they each 
represent 10% of the total and R 100% for the same reasons (Fig. 7). The radiations therefore 
have a very considerable role at this altitude. The mean gradients being very small, the 
precision in the calculation of the hourly flux oflatent and sensible heat is only mediocre, but a 
large part of the error is random and the precision over a long period is certainly much 
better. The uncertainty in the diurnal or nocturnal total balance is about 15 to 20% 
(Table 11). 
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TABLE 1. THE VARIOUS DIURNAL AND NOCTURNAL FLUXES AND MEAN AIR TEMPERATURES AT 2 m 
IN THE VALLEE BLANCHE IN JULY 1968 

Day 
Night 

2 Day 
N 

3 Day 
Night 

4 Day 
Night 

5 Day 
Night 

6 Day 
Night 

7 Day 
Night 

8 Day 
Night 

9 Day 
Night 

10 Day 
Night 

" Day 
Night 

'2 Day 
:-.light 

13 Day 
Night 

'4 Day 
:'-Jight 

'5 Day 
Night 

,6 Day 
:'-light 

'7 Day 
Night 

,8 Day 
:'-light 

'9 Day 
:'-light 

20 Day 
:-.light 

21 Day 
:'-light 

22 Day 
:'-Jight 

2:! Day 
:\iglll 

24 Day 
:'-Jight 

25 Day 

R 
MJ m - Z 

0.78 
- 3.68 

7 ·59 
- 3.21 

6.20 
- 2.60 

5·,6 

- 3.0 3 
7.7 2 

5·37 
- 3.60 

6.85 
- 2.86 

8 ·93 
- 2·77 

8.24 
- 4.0 3 

3.60 
- 2.2' 

3·55 
- 1.64 

2 .21 

·- 0·74 
3. 16 

2.38 
- 0.30 

2 .30 

- 0.78 
0·74 

- 0.87 
2·73 

2 ·95 
- 2.64 

3.60 

- 2.30 

2.2' 
- 3·47 

3·55 
. 2.82 

:! .86 
- 0.69 

1.77 
- 3. 16 

3·3 ' 

H 
MJ m - 2 

0.00 

0.65 
0 .20 
0.10 
0.08 
0.06 
0.07 
0.14 

0.25 

0.18 
0.36 
0.58 
0·5' 
0.42 

0·49 
0.61 
0·49 
0.21 
0.12 

0.08 
0·39 
0·99 

0·'4 
0.05 

--0.26 
- 0.14 

0.0' 

0.08 

- 0.06 
0.21 

0.1:1 

0.07 
0.16 
0.,8 
0.22 
0.,6 
0·'5 
0.14 
0.2' 
0.12 

-- 0.08 

0.03 

0.23 
Cl.:!9 

L.W 
MJ m - 2 

-0.0 1 

- 0.40 
- 0.18 

- 0.29 
- 0.09 

- 0.04 
- 0.18 
- 0." 
- 0.03 

- 0.20 
- 0·44 
- 0.85 
-0.48 
- 0.04 
- 0.2' 
- 0.03 

0.15 
0.04 
0.01 

- 0.07 
- 0.09 

- 0.24 
0·35 
Cl·'5 

- 0.'0 
- 0.21 

- 0.27 
- 0.29 
- 0':31 

- 0.24 
- O·:i6 

.-O':1n 
- 0.27 
- 0.64 

- Cl·4' 
0.02 

.- 0.09 
- - 0.48 

n.n8 
-. n.67 
- 0 .46 
- o.:i5 
- 0.14 
. - o.:!' 

Bv 
MJ m -'2 

0·77 

7.6 1 

6.19 

7·94 

9·3' 

8.82 

3.85 

3.56 

2.96 

3.36 

2.02 

1.45 

- 3·43 

- 2.58 

--' 3.68 

- 2·49 

- 3·39 

- 2.08 

-- 1.:14 

- 0.25 

- 0.65 

- 0·99 

- 2·75 

-2'49 

-- 3.0 7 

6.8 

5·3 

4·3 

8 .0 

4·3 

0·9 

1.8 

·_· 6.0 

--· 0·7 

·- :!·7 

- ' .0 

-' 1 .2 

2.' 

5.2 

2 . 1 

3·5 

5·4 

5,9 

4.8 

.-- 2·5 

- 0·5 

-- 0.6 

- 6·5 

- 6.1 

- 1.7 

- 1.0 

The daily effective ablation is determined by weighing vertical cores of snow, according 
to the method described by LaChapelle ( 1959). The length of the cores is always above 0.5 m 
and is equal to that of the part of the reference stake which is unde)' snow. Measurements are 
made, as far as possible, each morning before the beginning of melting. Aeolian erosion 
being negligible, one presumes that the difference in mass between two specimens taken at 
24 h interval corresponds to the mass of snow melted in the day reduced by that of the water 
refrozen during the night. The estimated temperatures of the surface snow being slightly 
negative at night, one can consider, to the precision of the measurements, that the quantity of 
capillary water refrozen corresponds to the nocturnal balance. For the diurnal melt calculated 
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Fig . 7. Diurnal (above) and Iwcll/rnal (below ) heat flt/xes in the ValUe Blanche (Ju!v ly6!J ). 

TABLE 11. TOTAL VALUES FOR VARIOUS BALANCES DURING THE 

~IEASUREMENT PERIOD I N THE VALLEE BLANCHE 

Stalldard 
Total Means deviation 

MJ m - 1 MJ m - 1 MJ m - Z 

Diurnal radiation balance 97. 2 4. 2 2·3 
Nocturnal rad iat ion balance -47 '4 - 2·4 I.I 
Diurnal balance of H 4.6 0.20 0.25 
Nocturnal balance of H 4·5 0.23 0.20 
Diurna l balance of L . W - -5·5 - 0.24 0.24 
Nocturnal balance of Ls W - 3.6 - 0.18 0.21 

https://doi.org/10.3189/S0022143000023376 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000023376


HEAT EXCHANGE O"ER A MELTINU S NOW SilRFACE 6 5 

over the Ivhole period of measurement a value of 27 .: , :t 4 . I g cm I was found, as calculated 
refreez ing: 12 .g ± 2.ogem Z and as m easured ablation : 15 .6 :±- 1.5gcm - z. The c.alculatt'd 
evaporation in the course o f this period representing 1.7 g cm 2, one has 13.9 g cm ! of 
measul't'd melt against 14.4 g cm ' of' effective calculated melt , which is not signifi cantly 
diffel't'nt. Ahout 50°.;, of the diurnal melt on ave ragC' is thus r(' frozen during the night. 

( :nrrt'1 ([/ iOlls 

Among all th e correlations which have bC( 'n inv('s tigatcd, thl' most interesting are the 
foll owing : 

A linear correlation between nocturnal lll ean tcmpcra tuIT at 2 m, BN ! , and net noctul'nal 
radiation balance RN . For Ig pairs the coefficient ofcol'ITlation, cqllalto (1.71. is very signifi
cant at the n.ol level; OIl(' finds as th e regression law: 

!\ linear correlation be tween mean nocturnal temperat ure at 2 m , ON" and total no('[ul'Ilal 
hal a nee H N . For 19 pairs , the correlation coeffic ient . equal to o .h4, is also significant a l tlH' 
0.01 level; the ]'(-gression linc is such that : 

This expression permit s a rapid (,valuation of the 1loc turnal rl'iiTezing; it shows th a t the 
radiation balanccs and the total noc turnal balances are th e more negative the higher the' 
nocturnal mcan temperature. In effect onc has recorded at night-tilllc IowCl' temperatures on 
aWI'age in cloudy conditions; th eITf()I'c the long wavelength radiations emilled by the clolld 
opposing those cmitted hy th e snow give a smaller halancc in ahsolut(· value. 

!\ linear correlation hetween mean diurnal telllpcrature at 2 m BIl! and net diurnal 
radiation halance RIl . For 22 pairs the codTic iC'n t cOI'ITlat io n is excelknt. n.90; t 11<' regression 
I i ne is: 

The distribut ion of' points shows a distribution of' exponcntial shape : a linear ('orrclat ion 
between In (HIl ) and BD! gives thercfore for 19 pairs ( , :l abnrants ) a coefficient even better: 
(1.~)4 . Fmlll the rq2;ression line onc dcdu('('s: 

( IB) 

Onc observes (Fig. 8 ) that the diurnal radiation balance, positi ve bet wee n Band 18 h on 
average, reduces as the temperatures deneases, without ever becoming negative. The choice 
of an exponential fun ction having for asymptote t he temperature axis is then-fore Illore logical 
than that of a straight line (Fig. 9) . 

i\ lineal' correlation be tween m ean diurnal temperature at 2 m , BD" and total diurnal 
balance RI) . For 22 pairs , the correlation cocffic ient of o.gl is also C'xccllent; the rcgresslon 
linc is: 

FOI' the same reasons as above a linear correlation be tween In (Bn) and Rn! has been 
tri ed ; the results arc shown in Figure 10. For 19 pairs ( -+- :) aberrants ). one obtains a correla
tion coeffic ient of 0.97, that is to say cvcn better; and one deduces: 

Because of nocturnal rcli'eezing, wc have seen that the effective daily ablation ought to be 
calculated beginning from the total balance over 24 h . Although since there exists a good 
correlation between mean diurnal temperature and m ean nocturnal temperature (co('fficicnt 
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0.g6 for 19 pairs), one can find an expression allowing the evaluation of daily effective ablation 

h beginning only from m ean temperatures during the day-time (Fig. 1 I ): 

h = exp (0. 128D2) - 0.04802 - 0.6 cm water per day. (2 1) 

This approximate expression does not allow us to find the value of 802 for which h is zero, 

that is to say below which refreezing always compensates m elting, but taking the mean daily 

value of the total nocturnal balance ( - 2.3 MJ m 2) instead of the regression law 

B')oI =, ./ (802), one obtains h = 0 when 802 < - 2.5° C. 

Equation (21 ) used for the periods considered gives an effective melt of 12.3 g cm -2 

against 13.9 g cm - 2 measured . 

5 

o 
- JUNE+!--- JULY----+--- A U GUST'---~! SEPTEMBER-(1968) 

0 4-~-----------------

-1 

MJ m2 

r 

~J 
l' ig.l1. Dil/mal (above) alllllloctllmal (below ) radiatio1lllet jll/xes i1l the Vallie Blanche (sl/mmer 19( 11). 

https://doi.org/10.3189/S0022143000023376 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000023376


HEAT EXCHANGE OVER A MELTING SNOW SU RF ACE 

5 5 

H 

S (OC) 
O~ ________ ~ __ ~ __ ~ _____ D~2~_ 

,., e (OC) 
04-____________ ~ __ ~ ____ ~D~2 __ • 

- 1 o +1 -1 o +1 

Fig . .9 (ltjl ). XO II ·/incarcorrelation belwetn average dill/'llal air-Iem/Jerai't" al :! III alld dilll'llal radial ion halmlce in lllr Va/li' 
Blanche ( Jl/~V 1968) . 

Fig. IU (right ). Non·linear correlaliol/ belwefll average dillrnal air lem/lfralllre al ,,11/ mul dillrl/al l{Jlld Ilflll Iwllll/c, il/ Ihe 
Valll., Blanche (.711~1' /.')68). 
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F;.t: . / I . Var;alilll/,\' q/ actllal ablal;oll of J/WIt'. il/ "-I h. wilh aVfI"age dai!I' air lem/Jfralllre a/ "Ill. 
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V. THERMAL BALANCE O F T H E SI E RRA DE G UA DARRA MA ( CASTILE ) 

Siluatioll 

The Sierra d e Guadarra ma (Fig . 12) is a mountain ra nge oriented SW N E some 50 km 
north-wes t of Madrid , Spain . The summits exceed 2 000 m and the sn .\\\. can persist until 
July. In spring, the sudden arrival of wa rm , stable weather after a long pe:' iod of cold causes 
rapid melting of the snow cover ; the phenomena are therefore peculiarly suitable and easy to 
observe. The site chosen was the m eteorological station of Puerto d e Navacerrada ( J 860 m 
a .s.l. ) where the apparatus previously used on the Vallee Blanche was installed, with some 
improvem ents ; it was in the form of an enclosed a rea som e 50 m '. The masts supporting the 
measuring instruments were disposed in a manner in which they were not in the lee of any 
voluminous obstacle. 

m. 
7000 

5250 

3500 

1750 

o 

Fig. I~. I.()cal ioll .,k"lch- lIIa!, 0/ /ield ., Ialioll ill Ihl' S iura dt' (;/ladarrallla. 

Three principal oscillations of the a ir temperature have been revealed ; the snow in the 
neighbourhood of the masts, some 50 cm thi ck on 5 April , had comple tely disappeared in 
the course of the first; however until a t leas t May, 50u" of the surface of the region remained 
covered . The complete measurements las ted from J 2 April to 9 May. The later reduction 
was done on a computer using the sign conventions mentioned in the previous paragraph . 

Results 

The measured va lues of the net radiation balance seem curiously little affected by the 
presence 01' absence of snow under the radia tion bala nce me ter ; the mean hourly fluxes of the 
days and the nights without clouds a re: 2.J4 ± 0.05 MJ m - 2 and - 0 '44 ± 0.04 MJ m - 2 with 
snow and 2. q ± o.OJ MJ m - 2 a nd - 0.49 ± 0.o5 MJ m - 2 without. It is probable that the 
snow scattered with vegetabl e debris possesses an a lbed o close to that of the ground whieh is 
fairly clear. 
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The calculated Richardson number between 0.5 and 2 m over the whole period varies 
from -I to + 1, the air being on average unstable in the day ((RI) = -0.07 ± 0.06) and 
stable at night ((Ri) = 0.IO±0. 18). The fluxes of sensible heat and water vapour have been 
calculated hour by hour; one notes that they do not become important except between 8 and 
18 h, H being negative in the night (Table Ill) ; Figure 13 gives the values, mean for 28 d, for 
each hour. 

To calculate the latent heat flux, the heat of sublimation of ice has been used or the heat of 
evaporation of water according to whether snow was present under the masts or not. Table 
IV shows that this distinction is not superfluous. 

The relative importance of the fluxes of sensible heat and above all of latent heat is 
noticeably greater than in the Alps at 3 550 m a .s. l. in that they represent, in absolute value, 
respectively 12 % and 66 % of the net radiation balance (Fig. 15). Because of the strong 
gradients measured at Puerto de avacerrada, the accuracies are greater. 

0 . 1 

-0,1 

° 
0,1 

-0.1 

Fig. 13 (lift ). Hourly average values for 28 d, of sensible-heat and water-vapour fiuxes in the Sierra de Guadarrama (April, 
May 1970). 

Fig . 14 (right ). Hourly average values for 28 d, of Richardsoll number calclllated between 0.5 m and 2 m in the Sierra de 
Guadarrama (April, May 1970). 

From 12 to 15 April 9.50 g cm- 2 ablation was measured; taking account of evaporation 
which occurred during the same period, the effective measured melt is 8.g g cm - Z• Nocturnal 
calculated refreezing being 3.5 g cm- z, the effective melt is calculated at 7.6gcm-z; this 
value is in reasonable agreement with the above, to the precision of the measurements. 
The refreezing therefore here represents about 30% of the total of the diurnal melt water. 

When the wind is sufficiently strong and the sky is clear, no particular anomalies reveal 
themselves in the velocity profiles between 0.25 and 2 m; on the contrary, by day, when the 
air temperature is positive, (Ri) is negative above 0.5 m and positive below, the snow remain
ing at 0° C. One must conclude that H changes sign at this level. Assuming that we have a 
conservation of water-vapour flux and of total flux of heat, one deduces that the air layer 
between 0 and I m absorbs a certain percentage of the radiation for which it restores the 
energy by turbulent transfer. An evaluation of H above and below 0.5 m by the method of 

38 
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TABLE Ill. THE VARIOUS DIURNAL AND NOCTURNAL FLUXES AND MEAN AIR TEMPERATURES AT 2 m IN 
THE SIERRA DE GUADARRAMA IN APRIL AND MAY 1970 

LsW 
R H W orLW BD BN ~D. ~N. 

MJ m - ' MJm- ' g cm-' MJm-' MJ m - ' MJ m- 2 °C °C 

April 12 Day 5.83 -0.42 -0.070 -3-98 1.43 5.6 
Night - i.78 -0.11 - 0.099 - 2·79 - 4.68 2·4 

13 Day 19·4 - 1·49 -0.277 -7.83 10.08 5·3 
Night - 1.26 0.66 -0.045 - 1.26 - 1.86 4·5 

14 Day 19·3 -0·95 -0.222 - 6.28 12 .07 9·9 
Night -5.83 0.30 - 0.000 -0.00 - 5·53 6,5 

15 Day 21.3 - 1.56 -0. 168 - 4·73 15.01 12·4 
Night -5.21 1.03 -0.006 -0. 18 -4.36 10.0 

16 Day 23. 1 - 3.87 -0.484 - 13.69 5·54 15.2 
N ight -5,48 0-42 - 0.020 - 0·49 -5·55 11.6 

17 Day 23·3 -3·73 - 0.452 - 11.34 8.23 15.6 
Night -5,96 0.12 -0.042 - 1.05 -6.89 11.2 

18 Day 23. 2 - 5·99 -0·577 - 14.48 2·73 14.2 
Night -4.63 0.80 - 0. 192 - 4.81 -8.64 5·5 

19 Day 14·4 - 2·77 -0.266 - 6.70 4·93 1.1 
Night - 1.72 -0. 12 -0.038 -0.96 -2.80 -2.1 

20 Day 12·3 -0·54 -0.020 -0.5 1 11 .25 -2·3 
Night -5.32 0·33 -0.040 - 1.00 -5·99 -3.8 

21 Day 24·5 - 4. 27 -0.309 - 7-79 12·44 2·4 
Night -5,59 1.49 -0. 107 - 2.68 -6.78 2·9 

22 Day 24.2 -5.02 -0.47 1 - 11 .84 7·34 10·5 
Nigh t - 5·35 1.00 -0.064 - 1.62 -5·97 9·5 

23 Day 20·7 - 6.82 -0.466 - I 1.68 2.20 14·5 
Night -6.65 0.64 -0.077 -1·93 - 7·94 7.0 

24 Day 24. 1 - 7-45 - 0.485 - 12.22 4·43 10.8 
Night -5'59 0·59 -0.061 -1·53 - 6·53 6.0 

25 Day 23·7 - 7.9 1 -0·535 - 13·44 2·35 7·9 
Nigh t - 1.92 -0.62 -0.277 -6·95 - 9-49 1.0 

26 Day 19-4 -5. 15 - 0-406 - 10.21 4.04 0.0 
N ight - 2·54 -0.12 - 0.081 - 2.03 - 4.69 -3.2 

27 Day 14·3 - 4·39 - 0. 164 - 4.09 5.82 -2·5 
Night - 2·77 -1.69 -0.026 -0·72 - 5. 18 -4·7 

28 Day 15-4 -3·35 -0.210 -5.27 6.78 -2.1 
Night -3.60 - 1.09 -0.047 - 1.18 -5.87 -5.6 

29 Day 21.3 -3·93 -0.054 - 1.5 1 15.86 1.2 
Night -6·37 1.07 0. 163 4.60 -0.70 0·7 

30 Day 14.8 -2.60 -0.020 -0.56 11 .64 5·3 
Night -7.06 1.37 0. 129 3.64 -2.05 3.0 

May Day 25. 1 -5.02 -0. 150 -3.72 16.36 7. 1 
Night -6.3 1 0.42 0.002 0.05 -5.84 5·5 

2 Day 24.8 -5.02 -0. 150 -3.72 16.06 10.6 
N ight - 5.24 0·99 0.01 1 0.27 -3.98 8.3 

3 Day 2 I. I -8.87 -0.200 -5.02 7·21 12.1 
Night -5.65 0.62 - 0.122 -3.07 - 8.10 8.0 

4 D ay 13·3 -6·53 -0.200 -5.02 1.75 8.6 
Night -4. 11 -0·55 -0.281 -7.07 -11.73 1.1 

5 Day 5-48 -0·59 - 0.206 -5. 19 -0.30 2.6 
Night -3·94 0.26 -0.040 - 1.01 -4.69 3. 1 

6 Day 9·39 -1.89 -0.306 - 7.70 -0.20 4.6 
Night -1·54 0.21 -0.124 -3. 11 - 4·44 - 1.7 

7 Day 6·75 -0.88 -0.297 -7·49 -1 .62 -2·4 
Night -2.19 0.40 -0. 105 -2.64 - 4-43 -3·5 

8 Day 3·77 -0·55 -0.181 -4.52 - 1.30 -1.6 
Night -0.04 0.23 -0.094 -2.36 -2.17 -2.2 

9 Day 3·94 - 1.3 1 -0.2 17 -5-48 -2.85 -1.8 
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gradients shows that we have between 7 and 10 % of the radiative balance absorbed in the 
day and 0 to 3% at night. There, furthermore, the high water-vapour content of the air 
above the snow must be the cause. 

20 

TABLE IV. DIURNAL AND NOCTURNAL MEANS OF THE VARIOUS BALANCES 

IN THE SIERRA DE GUARDARRAMA 

Radiation MJ m - Z 

Sensible heat MJ m - Z 

Evaporation g cm- Z 

La tent heat MJ m - I 

Diurnal means 
with snow without snow 

14·7 
- 1.7 
- 0. 15 
- 4.6 

14.0 
- 1·4 
- 0.25 
- 6·3 

Nocturnal means 
with snow without snow 

- 5·3 
0.70 
0.028 
0.64 

- 4.8 
0.23 

- 0.098 
-3. 1 

DROdiations FrfijLatent heat ~Sensible heat -- - Snow under apparatus 

Fig. 15. Diurnal and nocturnal heat fluxes in the Sierra de Guadarrama (April, May 1970). 

Correlations 

The same correlations have been tried as on the Vallee Blanche. The linear correlation 
between mean nocturnal temperatures at 2 m, ON" and nocturnal radiation balance RN is 
significant at the 0 .01 level. One obtains for 27 pairs a regression line comparable to that 
obtained in the Alps: 
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Because of the great relative importance of the fluxes of Hand W, which results in a 
large inaccuracy in the determination of the total balance, no significant correlation has been 
found between these total balances and the temperatures. On the other hand, the linear 
correlation between mean diurnal temperatures at 2 m, ODz, and diurnal radiation balance 
Rn is significant at the 0.01 level, the regression line found for 27 pairs being: 

RD = 0·7SBDz+ 13 MJ m-2 • (23) 
These values are, probably because of the low snow albedo, much larger than in the Alps. 

We note that here the choice of an exponential function does not improve the correlation 
coefficient. 

We have seen that the conditions of snow melt here are very different from those observed 
in the Vallee Blanche. It has nevertheless seemed interesting to test Equation (21) of section 
IV giving a value for the magnitude of effective daily melt as a function of the mean diurnal 
air temperature alone; in the period from 6 to IS April we measured 13.1 g cm-2 of pure melt 
of which a small unknown quantity is due to light rainfall. The approximate expression gives 
10.2 g cm- z ; we can thus estimate that it gives acceptable indications even at lower altitude. 

VI. CONCLUSION 

We conclude by remarking that, to the extent that the two experiments can be compared, 
a decrease in all the terms in the balance with altitude has been observed, and an increase of 
the importance of the net balance of radiation relative to the fluxes of sensible and latent heat. 
It is to be hoped that this study of thermal balance above snow in a melting period will contri
bute to the improvement of methods of systematic measurement and calculation of fluxes over 
ground, as well as to show the important role, nevertheless difficult to evaluate, of well-known 
phenomena such as the nocturnal refreezing or the divergence of radiative flux. We must not 
finally forget, that the results obtained depend essentially on studies still in progress on the 
real shape of the functions <p (z/L) principally where the water-vapour flux is concerned. 
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