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ABSTRACT

Consideration of the sensible heat flux characteristics over a snow surface suggests a significant diminution
in the magitude of the flux, compared to that over a snow-free surface under the same environmental conditions.
Consequently, the existence of snow-covered mesoscale areas adjacent to snow-free areas produces horizontal
thermal gradients in the lower atmosphere during the daytime, possibly resulting in a “snow breeze.” In addition,
suppression of the daytime thermally induced upslope flow over snow-covered stopes is likely to occur. The
present paper provides scaling and modeling evaluations of these situations, with quantification of the generated
and modified circulations. These evaluations suggest that under ideal situations involved with uniform snow
cover over large areas, particularly in late winter and early spring, a noticeable “snow breeze” is likely to develap.
Additionally, suppression of the daytime thermally induced upslope flow is significant and may even result in
a daytime drainage flow. The effects of bare ground patchiness in the snow cover on these circulations are also
explored, both for flat terrain and slope-flow situations. A patchiness fraction greater than ~0.5 is found to
result in a noticeably reduced snow-breeze circulation, while a patchiness fraction of only ~0.1 caused the

simulated daytime drainage flow over slopes to be reversed.

1. Introduction

Snow-covered ground is common as a temporary or
long-term feature during the winter (and possibly fall
and spring) in the mid-latitudes of the Northern
Hemisphere. With the presence of elevated slopes, snow
cover at this time of the year tends to occur in well-
defined temporal and spatial patterns and, on many
occasions, is limited to mesoscale domains. However,
only a few studies (observationally oriented) have re-
ported on snow-cover effects related to mesoscale at-
mospheric processes.

Any modeling investigation of lower atmospheric
processes over snow-covered ground should ideally
consider a two-way interactive snow-atmosphere sys-
tem. For example, slab snow-layer formulations based
on such a system have been introduced in general cir-
culation models (e.g., Washington and Parkinson 1986;
Dickenson et al. 1986), in order to resolve adequately
the impact of the large snow-covered areas of the high
latitudes on the general circulation. However, research
attention given to the impact of snow-covered ground
on circulations of smaller horizontal scale has been
lacking. As will be discussed in section 3, snow-covered

Corresponding author address: Moti Segal, University of Kansas,
Dept. of Physics & Astronomy, 1082 Malott Hall, Lawrence, KS
66045,

© 1991 American Meteorological Society

Brought to you by Colorado State University Libraries | Unauthenticated | Downloaded 08/26/25 09:41 PM 1

ground is associated with major modifications to the
surface thermal fluxes and, therefore, on thermally
forced circulations of mesof scale (i.e., with a hori-
zontal scale ~ 20-200 km, henceforth termed meso-
scale circulations). Such circulations include daytime
thermally induced upslope flows.

The sporadic nature of snowfall in many geograph-
ical locations may result in a sharp transition from
snow-covered ground to bare ground (e.g., Bluestein
1982; Schlatter et al, 1983; Cramer 1988; Segal et al.
1991a), and such patterns or discontinuities can be
readily identified under clear sky conditions from vis-
ible and IR satellite images. They are likely to be as-
sociated with a corresponding horizontal thermal gra-
dient and thermally induced circulation similar to a
sea breeze—e.g., as implied in the observations along
the Front Range of Colorado by Johnson et al. (1984),
and indicated by Cramer (1988) and Segal et al.
(1991a). Following Johnson et al. (1984), this type of
circulation, which unlike the sea breeze, has not been
widely investigated, is termed in the present study, a
“snow breeze”. A snow breeze is related to the group
of nonclassical mesoscale circulations (NCMC) forced
by differential terrain sensible heat fluxes. The contrast
of snow-covered ground to snow-free ground is also
common along mountain slopes during the seasonal
melting period, with snow-free lower slopes and snow-
covered elevated areas. Thus, a coupling of the slope
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snow breeze and the thermally induced upslope flow
may generate, on such occasions, complex mesoscale
circulations.

The reduction of the surface sensible heat fluxes
during the daytime in the presence of snow cover leads
to a suppression of the daytime development of the
upslope circulation or even to a generation of a drainage
flow (e.g., Ohata et al. 1981, for a small domain). Ad-
ditional observational evaluations of this situation in
a mesoscale domain are provided in Cramer (1988).

The impact of snow cover on mesoscale circulations
as outlined above has been only little investigated
through observational studies, yet may have important
implications related to local weather prediction (mostly
in the spring), and to air-pollution dispersion condi-
tions. On the other hand, apparently no theoretical
study has been carried out to quantify the snow-cover
effect on those circulations. It is the purpose of the
present study to provide initial scaling and numerical
modeling evaluations of this impact. The study includes
a summary of relevant snow-cover physics and a de-
scription of the snow-cover parameterization imple-
mented in the atmospheric model adopted here (sec-
tion 2). Model evaluations of the thermal forcing over
snow are provided in section 3. Scale analysis, evalu-
ating the impact of uniform and nonuniform snow
cover on the induced circulations, is given in section
4. Ilustrative numerical model simulations for a ge-
neric range of real-world situations are described in
section 5.

2. Snow-atmosphere interactive model

One of the objectives of the present study is the in-
troduction of a multilevel, interactive snow layer into
the mesoscale model described by Mahrer and Pielke
(1977) and McNider and Pielke (1981). Early studies
of snow-layer physical processes (e.g., by Schlatter
1972; Anderson 1976) used noninteractive, multilevel
snow-layer models with the surface-layer meteorolog-
ical parameters either prescribed or obtained from sur-
face observations. Later, Halberstam and Melendez
(1979) developed a one-dimensional atmospheric
boundary layer (ABL)-snow interactive numerical
model for the study of the impact of snow cover on
the ABL. In the present study, the snow-layer formu-
lation has similarities to that of Anderson (1976) and
of Halberstam and Melendez (1979), although some
refinements pertinent to the present study have been
included. A general discussion and description of the
snow formulation is given below (note that SI units
are used throughout).

a. Albedo

Snow albedo is dependent on several physical prop-
erties of the snow, including the grain size, snow liquid-
water content, and amount of compaction. Some in-
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vestigators (e.g., Anderson 1976) suggested, therefore,
the use of a functional relation between the albedo and
the density of the snow. The albedo of snow in the
visible wavelength may be as high as 0.95 for fresh and
deep snow, reducing with aging or melting. Typical
values of snow albedo and its wavelength dependence,
as reported by various investigators, have been reviewed
by Mellor (1977), while an updated observational
evaluation of the snow spectral albedo can be found
in Wiscombe and Warren (1980). The snow albedo,
mostly for fresh snow, is also somewhat dependent on
sun zenith angles (with a smaller albedo around noon
as compared to the morning and afternoon hours). On
the time scale of the daytime mesoscale circulations
studied here (~ several hours), the snow-albedo
changes resulting from changes in the physical prop-
erties of the snow can be assumed, in general, to be
insignificant. A simplified version of the relations sug-
gested by Wiscombe and Warren (1980) and Dick-
enson et al. (1986 ) was adopted, giving the snow albedo
as as

as = 0.5(aw + a;,) + 0.32 £(8,) (1

where a,, (=0.95) is the albedo for a solar radiation
wavelength < 0.7 um and a,, (=0.65) for a solar ra-
diation wavelength > 0.7 um. The stated values of a,,
and g;, are typical for fresh snow and zenith angles of
Iess than 60°. Consideration of the effect of zenith an-
gle, 6., on the albedo is expressed through the function:

1 b+1
118:) = b ((1 +2bcosh,) )

with b = 2 and f(6,) = 0 if cos@, > 0.5; also for 6,
> 80°, the constraint f(8,) = f(#, = 80°), was adopted.
The increase in the downward solar radiation flux over
a snow surface, due to multiple scattering between the
surface and the atmosphere, is included (following At-
water and Ball 1978) as a multiplicative factor (1
—0.0685a,)7".

(2)

b. Surface roughness

The surface roughness of a uniform snow cover over
flat ground is on the order of 10™* m (e.g., Hicks and
Martin 1972; Oke 1987). Several studies (e.g., Tabler
1980; Joftre 1982; Chamberlain 1983 ) suggest an anal-
ogy with rough flow over water surfaces, when the sur-
face is affected by moderate to high winds, in which z,
is given by (e.g., Charnock 1955):

Zo = ag_lui.

(3)

Here « is a constant [ Chamberlain (1983 ) suggested
a value of 0.016, close to that given by Tabler (1980)
and to the value appropriate for flow over the sea sur-
face], u, is the friction velocity, and g is the gravity
acceleration. For light winds, z,, given by Eq. (3),
would be replaced by a constant value of ~10™* m.
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When the snow-surface height varies, e.g., because of
a canopy-covered ground (e.g., when bushes or forests
are completely covered by snow) or a nonuniform snow
depth results from melting, the surface roughness will
be strongly related to these surface variations and may
typically reach several centimeters. When the terrain
under consideration consists of urban areas or forest
patches, for example, the surface roughness will be re-
lated to the roughness of the main obstacles.

¢. Thermal heat balance over snow surface

The heat balance equation at the snow surface is
given below, where the sign convention is used that
nonradiative fluxes are positive away from the surface,
and radiative fluxes are positive towards the surface,
—viz.

0T,

R, +r(l —a)Rs— H;— E,— K—
0z s

— esaT?n =0 (4)

with

K =k, + ks, (5)
where
E; latent heat flux at the snow surface

H; sensible heat flux at the snow surface

k.  coeflicient for heat conductivity in snow

ks  coefficient for heat transfer by sublimation in the
snow layer

R; incoming long wave radiation at the snow surface

Rs incoming global solar radiation at the snow sur-

face (the sum of the direct and diffuse radia-
tion)

o  Stefan-Boltzman constant

snow emissivity (¢, =~ 1 for fresh snow)

r efficiency coefficient for absorption of solar ra-
diation at the snow surface (r = 0: all nonre-
flected solar radiation penetrates into the snow
layer; r = 1: all nonreflected solar radiation
absorbed at the snow surface; in the present
study an intermediate value of r = 0.5 was
adopted)

snow temperature

snow surface temperature

T
T,

The snow temperature, T, is limited, obviously, by
the constraint 7, < 273 K.

Using the sample of observational studies presented
in Anderson (1976), «., was approximated, with a de-
pendence on the snow density py, by the relation:

Ko = 4178(7.013psv9.721). (6)
Following Anderson (1976) and Yen (1981) an equiv-
alent thermal conductivity coefficient, x,;, for heat
transferred by sublimation (as a result of temperature
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gradients within the snow-layer), was expressed to a
first order of approximation as

ks = LiD,f", (7)
where
e L,
[ - 1

i At B

and
e = 3.5558- 10" exp{ — L, (9)

! ) R, T,

with

D, effective diffusion coefficient for water vapor in

snow; following Anderson (1976) a represen-
tative value, D, = 0.65 10™* m? s™!, was as-
sumed

e;  saturation vapor pressure over ice (Pa)
R,, gas constant for water vapor
L; latent heat of ice sublimation.

In the above, both «, and «, are in units of J m™!

sT'K™,
d. Temperature stratification within the snow-layer

The temperature, T, within the snow layer is pre-
dicted by the equation:

Cp 8T _ 9 (9T,
Ps"o "9z \ oz
+ 9(1 — r)(1 — a;)Rse™"™ — Lmy, (10)
where
C; specific heat of ice
L latent heat of ice melting
my  rate of melted snow amount per unit volume and

unit time

z depth below the snow surface

n  extinction coefficient for penetrating solar radia-
tion.

The first term on the rhs of Eq. (10) takes into ac-
count the heat transfer by conduction and sublimation
in the snow layer. The absorption of solar radiation in
the snow-layer, as given by Beer’s law, is represented
by the second term on the rhs of Eq. (10), and depends
mostly on the snow density. The extinction coeflicient
7 (in units of m ') is related to the snow density, fol-
lowing Anderson (1976), and is approximated as

7 =200p, ps < 0.2
n =40 — 66.7(p, — 0.2) for

for

ps>0.2. (11)

Snow melting due to absorption of solar radiation
or conduction of heat from warmed soil is represented
by the fusion term, Lm;,. From a computational point
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of view, when the snow temperature at any level is
computed to be above 273 K, the computed temper-
ature excess above this value is translated into the rate
of snow melt 71, necessary to maintain the temperature
at 273 K. It is assumed that the water percolates to the
bottom of the layer.

3. Factors affecting the surface sensible heat flux over
Snow cover

In the present study, the surface sensible heat flux,
H,, over snow is the main forcing related to the inten-
sity of the simulated thermal circulations. In this section
we present extensive conceptual and model evaluation
of its characteristics for a variety of situations. Elabo-
rations relating to the impact of H, characteristics on
the studied circulations are given in sections 4 and 5.

a. General evaluations of sensible heat fluxes

1) EFFECTS OF AIR TEMPERATURE AND SNOW AL-
BEDO

The magnitude of the horizontal gradient of sensible
heat flux across a snow-bare soil boundary determines
the intensity of the snow-breeze circulation as scaled
later through Eq. (13). In ideal cases of uniform fresh
and deep snow, —50 < H, < 50 W m~2 (e.g., Hicks
and Martin 1972; Granger and Male 1978). Extreme
negative values of H; are likely with strong warm flows
(e.g., chinook winds, passage of warm fronts), while
extreme positive values of H; will occur with strong
cold air flows (e.g., arctic flows, passage of cold fronts).
In such situations, McKay and Thurtell (1978) com-
puted (based on measurements) that | H;| > 50 W m ™2
on some occasions. Both of these extreme situations,
however, are not pertinent in the current study because
they are associated with strong background flows. In
contrast, the values of sensible heat flux, H,, over dry
soil on sunny days, and on synoptically unperturbed
days, is usually in the range 100-200 W m™~2 during
midwinter (e.g., Hicks 1981 and Table 2 in this paper).
Obviously, the magnitude of H, over land is closely
related to the intensity of solar radiation, and so, for a
given surface wetness, is highly dependent on the time
of the year and latitude. Therefore, it is suggested that
most intense snow breezes are likely to occur following
fall and spring snow events in the southern mid-lati-
tudes (Northern Hemisphere).

While the bulk evaluation of H, is sufficient for scal-
ing of the snow breeze under fresh snow cover (see
section 4), it has to be evaluated in a more refined
manner under less ideal situations, and particularly
when thermally induced slope flows are considered.

Figure 1 provides an illustrative model evaluation
of the impact of the background temperature, snow
albedo, and snow surface roughness, on the 1200 LST
values of H,, assuming midwinter (21 December) and
early spring (21 March) solar radiation conditions at
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FiG. 1. One-dimensional model simulations evaluating the sen-
sitivity of H; at noon to changes in: (a) 7,;—the initial near-surface
air temperature; (b) snow albedo: T is the fraction of fresh snow
albedo; and (c) z,—the surface roughness length.

a latitude of 40°N. The input parameters and other
general simulation details are given in Table 1. The
simulations were initialized by a geostrophic wind of
5 ms~', atmospheric potential temperature lapse rate
d6/3z = 0.0035 K m™!. Figure la presents the impact
of the initial background temperature with a range of
254-282 K in near-surface temperatures 7, (and
therefore a corresponding range of temperature
throughout the atmosphere). In both cases, the change
in surface roughness from that derived by Eq. (3) to
that of the extreme situation of a snow-covered tall
canopy ( zo = 0.5 m), does not produce significant vari-
ations in H. For the 21 March case, in which surface
temperatures tended to be higher than for 21 December
(due to larger solar radiation fluxes), H; values in the
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TABLE 1. Input parameters and initial profiles in the control model
simulations (modifications in specific simulations are indicated in
the text).

Soil

Soil diffusivity 3X 107" m?s™!
Soil density 1.5 kg m™3
Soil albedo 0.2

Soil moisture availability, m 0.05

Surface roughness 0.04 m

Az in the soil layer 0.04 m
Snow

Snow density (p;) 02kgm™

Snow surface solar radiation 0.5
absorption efficiency (r)

Surface roughness

Snow layer depth

Az in the snow layer

As given in Eq. (3) or as stated
0.24 m
0.003 m; 90 levels

JOURNAL OF THE ATMOSPHERIC SCIENCES

Canopy
Albedo 0.1
Surface roughness 0.5m
Leaf Area Index 7
Canopy shielding factor 1
General
Latitude 40°N
Simulated days 21 December and 21 March
Commencement of simulations 0800 LST
Horizontal grid interval 3 km
Time step 30s
Model levels in the lower 23 levels with variable spacing,
atmosphere top at 15 km
Initial near surface temperature 266 K (21 December); 271 K
(21 March)

30/3z = 0.24 K m™! near-
surface, gradually changing
to 36/3z = 0.016 at 150 m;
860/9z = 0.0035 K m™!
above 150 m

66% relative humidity

Initial vertical profile 6:

Initial specific humidity vertical
profile

cold air environment ( 7,; < 266 K) are larger. When
the initial atmospheric temperature increases, com-
puted H, values reach —10 to —25 W m™? for a near-
surface air temperature of 7,; = 282 K.

As snow ages, snow-surface albedo may be lower
than the values adopted in this study [i.e., as based on
Egs. (1)-(2)]. Figure 1b provides the noon-hour values
of H; assuming reduction factors, I', from the snow-
albedo value g, used in the regular simulations. When
the albedo is relatively low, the snow-surface temper-
ature reaches its maximum possible value of 273 K,
and only small variations in H are found in this range
of modified albedo. In this case, the relatively warm
snow surface (resulting from increased absorption of
solar radiation), in comparison to the cooler near-sur-
face air temperature, results in a positive sensible heat
flux (i.e., into the atmosphere). Decreases in the value
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of H;, and reversal of its sign, are found for. the high
albedo values. Additional evaluations of H, over snow
are given in Segal et al. (1991b).

2) ESTIMATION OF THE EFFECT OF SNOW-SURFACE
ROUGHNESS

Over uniform flat and fresh snow cover, the aero-
dynamic surface roughness, zy, is small (on the order
of <107* m) when the wind speed is light, and is given
by Eq. (3) with relatively strong background winds.
However, when the snow surface comprises noticeable
variations (e.g., a relatively thin snow layer over
ploughed fields; variations in snow depth due to non-
uniform melting; and mostly when tall grass, bushes
or trees are covered by snow), the surface roughness
may increase considerably (suggested values are in the
range ~ 0.01 to ~0.5 m). Figure 1c provides an il-
lustration, based on 1-D model simulations, of the ef-
fect of variations of zy on H, as simulated at 1200 LST.
For the two presented days, the sensitivity of H; to
variations of zp (in the range 0.05-0.4 m) is small,
mainly due to (i) the relatively light near-surface wind
speed (~2 m s™!) computed in the simulations and
(ii) the rapid thermal adjustment of the snow layer to
heat exchange with the atmosphere due to the snow’s
low heat capacity and reduced thermal conductivity.

3) COMPARISONS WITH LONGWAVE FLUX DIVER-
GENCE EFFECTS

The net longwave radiative flux divergence (ALWR)
within the lower atmosphere over snow cover is likely
to affect its thermal structure. For the comparable sit-
uation of a nocturnal stable surface layer over bare
ground, observed values of ALWR are rarely available.
The observational study by Manins and Sawford
(1979) implies similar values of ALWR to that of the
sensible heat flux divergence, AH,. Recently, in an ob-
servational study, Estournel et al. (1986) suggested that
the ALWR thermal effect, within the nocturnal ABL,
is smaller than that of AH,. In contrast, numerical
studies of the nocturnal boundary layer (e.g., Garratt
and Brost 1981) emphasize the importance of the
longwave fluxes and, generally, show comparable cool-
ing rates due to ALWR and AH,.

In order to evaluate the significance of daytime val-
ues of ALWR in the lower atmosphere over snow cover,
selective vertical profiles of ALWR cooling/heating
rates (based on the simulations described in Fig. 1a),
are presented and compared with those related to cool-
ing due to AH,. The 21 December case (Fig. 2a) and
the 21 March case (Fig. 2b) generally show similar
features. For the stable ABL [i.e., near-surface tem-
perature T,; = 274 K (moderately stable) and of T ;
= 282 K (intensely stable], relatively strong cooling
contributions result from AH,, which are limited to a
shallow near-surface layer. The cooling related to
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F1G. 2. Illustrative cooling/heating rate, AT, profiles within the
lower atmosphere due to sensible heat flux divergence (AH;) and
longwave radiation flux divergence (ALWR). These are obtained
from the simulations used to produce Fig. 1a with z, based on Eq.
(3); the initial near-surface temperature, T,;, is indicated; (a) De-
cember 21 and (b) March 21.

ALWR extends through a deeper layer, gradually re-
ducing with height. Overall, the height integrated cool-
ing rates of AH; and ALWR within the illustrated layer
are about the same for the case of the intense stable
ABL. For the moderately stable ABL, the cooling con-
tribution by AH; is somewhat larger. Similar features
were simulated by McNider and Pielke (1981) and
Garratt and Brost (1981) for the nocturnal ABL over
bare ground. When an unstable surface layer is gen-
erated over the snow cover (i.e., due to advection of
cold air, as illustrated by the 254 K initial near-surface
temperature in Fig. 2), the warming contribution by
AH, (although quite small) is significantly large com-
pared to ALWR.

In conclusion, it is suggested that the daytime ALWR
cooling/heating contribution within the ABL over a
snow cover is typically somewhat lower than that of
AH,. Thus, evaluations in the next sections will be
made including H, only; any effects of the additional
cooling/heating involved with ALWR can be deduced,
at least qualitatively, from Fig. 2.
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b. Snow over forested area
1) CANOPY COATED BY SNOW

On some occasions, following snow storms over for-
ested areas, canopies are almost completely covered by
snow. The area can be viewed as a snow cover with a
relatively large value of z,. Figures 1a—c can be used
to evaluate the values of H; over snow covered canopy
during sunny periods that follow such snowfall. As
evaluated previously (subsection 3a.2), the impact of
the increased surface roughness on the sensible heat
flux, under low surface wind conditions and following
an adjustment period, is quite small.

2) SNOW COVER BELOW CANOPY

On many occasions, within a relatively short period
of time (i.e., several days), any snow accumulated on
the canopy has mostly or completely melted or fallen
to the ground. In the case of evergreen forests, the Leaf
Area Index can be as large as 7 (e.g., Monteith 1976),
while for deciduous forests (in fall) the Stem Area Index
can approach a value of 2 (e.g., Dickinson et al. 1986),
so the shielding of solar radiation, mostly below the
evergreen canopy, may be significant. Since for most
of the time winter evergreen forests do not transpire,
it is suggested that a relatively large fraction of the
available net radiation at the surface in areas affected
by snow is converted into sensible heat flux. Detailed
evaluations of the impact of evergreen canopies on the
surface sensible heat flux and the ABL during the winter
are provided, e.g., in Segal et al. (1989). Using the
vegetation module of McCumber ( 1980) for (i) a can-
opy over a snow-free surface and (ii) a canopy over a
snow surface, selective sensitivity simulations were
performed to illustrate the impact on the exchange of
sensible heat between the canopy and the atmosphere.
Winter and early spring cases, where the surface was
fully covered by a dense forest canopy (with a Leaf
Area Index = 7 and a forest surface roughness, z, = 0.5
m), were considered. The initial surface temperature
below the canopy was the same in all cases, while a
canopy shielding factor of one (i.e., fully covered area
by canopy), is assumed. As can Be deduced from Table
2, the existence of a snow cover below the canopy has

TABLE 2. H, values (W m~2) for a canopy surface (with and without
snow cover below the canopy) and for snow-free soil (without canopy).
Values of global solar radiation available at the surface are given in
parenthesis. Computations based on 1-D model simulations for the
indicated days and surface roughness heights.

Canopy Snow-free soil
Day Day
21 Dec 21 Mar 21 Dec 21 Mar
Snow 244 (434) 466 (766) 168 (374) 350 (672)
No snow 251 (434) 482 (766)
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only a small effect on the exchange of sensible heat
flux between the canopy and the atmosphere. Thus, it
is suggested that, in general, a snow-free canopy (al-
though snow cover may exist below the canopy) will
be associated with a significant flux of sensible heat
into the atmosphere on sunny winter days in mid-lat-
itudes. Worth noting is that the sensible heat flux is
larger for the canopy than for the snow-free soil, since
for the latter, the albedo is higher and the subsequent
heat transport into the subsoil is considerably larger.

¢. Bare soil patches /mixed areas

The existence of bare soil patches, mostly when the
snow is at the melting stage, as well as nonuniformity
of the snow cover due to vegetation, urban areas, etc.,
are common on many occasions. Obviously, such het-
erogeneous cover should lead to an increase in the sen-
sible heat flux over the area and to enhanced snow
melting (e.g., Gray and O’Neil 1974). As a crude ap-
proximation, the sensible heat flux {H,) for a unit
area of nonuniform snow cover associated with uni-
formly distributed small snow-free patches is

<Hs> = (1 = f)H;|snow + fHs| snow free,  (12)

where f is the fraction of snow-free ground. Evaluation
of the snow breeze and daytime thermal slope flows
under these conditions are given in sections 4 and 5.

4. Scale analysis evaluations

In this section, we will focus on daytime situations
associated with thermally induced flows forced by a
snow-covered area adjacent to bare ground, or with
thermally induced circulations along slopes. Sensitivity
simulation results presented in previous sections pro-
vide input to some of the evaluations.

a. Analytical evaluation of the circulation intensity
1) SNOW BREEZE

For NCMCs involved with a snow-bare ground
contrast the surface-induced line circulation provides
an estimation for the intensity of the induced NCMC.
Following Segal et al. (1988a), for example, the surface
line circulation between point A located at the edge of
the circulation over the snow and point B located at
the edge of the circulation over the bare ground and
at time ¢ following sunrise, can be estimated by

B t T
f u,dl = K’le‘&’f [e‘;"f (H{ “HSB)dT’]dT
A 0 0
(13)
where

U surface flow component in the circulation di-
. rection
K constant—a product of physical constants
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a Rayleigh friction coefficient
H* sensible heat flux over the snow area at 4
H,2 sensible heat flux over the snow-free area at B.

The sensible heat flux over the bare ground is the
main forcing related to the intensity of the thermal
circulations evaluated in the present study. This con-
clusion is readily derived from Eq. (13) and results
presented in section 3, and it is consistent with that
suggested by numerical model simulations of lake
breezes (see Segal and Pielke 1985; Arritt 1987). In
this section, we present an evaluation of the thermal
forcing of circulations arising from differential snow
cover.

Assume a uniform snow cover in a mesoscale region
and air temperature above 273 K, as may occur fre-
quently under sunny days with flow from low latitudes.
In these cases, H,; < 0 over the snow. In this situation,
the snow plays a role similar to that of a frozen lake
(whose temperature < 273 K), so that snow and frozen-
lake breezes are expected to be of comparable intensity
for the same environmental conditions. In contrast,
with the snow cover in the mesoscale region replaced
by a water body, air-water temperature differences may
be close to zero, or even negative. Consequently, H;
will be smaller or even reversed in sign compared to
that over snow surface, and the implied sea breeze of
slightly less intensity than the potential snow breeze.
Even when the snow surface is warmer than the air,
based on previous evaluations (see section 3), the ther-
mal difference between the snow and the land is not
significantly affected and so the induced snow breeze
will not be appreciably influenced. On many occasions,
bare soil or vegetation patches in the snow-covered area
occur, and as suggested in subsection 3c, the effective
sensible heat flux over the snow can be approximated
by a linear weighting [Eq. (12)], and thus the snow
breeze is expected to decrease in intensity.

In order to evaluate the potential intensity of the
mid-latitude snow breeze using Eq. (13), the surface
sensible heat fluxes over bare ground, integrated from
sunrise to midday, were approximated based on the
relation:

H, = cf (1 — d)Rsdt, (14)

unrise
where Ry is the sum of the direct and the diffuse ra-
diation (computed as outlined in Segal et al. 1988b),
4 is the bare ground albedo (assumed to be 0.2), and
¢ is a proportionality scaling constant which, based on
the numerical model simulations described in this
paper (in sections 3 and 5), ¢ ~ 0.4 over dry
ground. The approximated values of H; are given in
Table 3. Over uniform snow it can be assumed
(based on the evaluations in section 3) that | H | snow
< 0.1(| Hy| snow frec) Where the ALWR cooling effect
should not change the related thermal impact. There-
fore, following Eq. (13), Table 3 provides an indication
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H, (X10°7), at noon at mid-latitude locations for various months

(computed for the 21st day of the month following Segal et al., 1988b).

Month
Latitude
(°N) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
35 1.77 2.43 3.33 4.08 4.58 471 4.54 4.04 3.31 2.46 1.78 1.50
40 1.42 2.01 3.07 3.95 4.55 4.73 4.50 3.91 3.09 2.14 1.44 1.16
45 1.08 1.75 2.79 3.77 4.48 4.72 4.44 2.69 2.81 1.83 1.09 0.82

of the relative change of the snow breeze surface-line
circulation intensity as functions of month and latitude.
For example, the scaling suggests that at latitude 45°
the winter (December) snow-breeze surface-line cir-
culation intensity is only 22% of that of the spring
(April) snow breeze. The midwinter snow-breeze sur-
face-line circulation intensity at 35°N tends to be nearly
double that at 45°N, although toward spring it tends
to be similar at the various mid-latitude locations. The
climatologically based H, values for snow-free months
provide input for scaling of the sea breeze in this period
of the year. It is suggested that the summer (June) sea-
breeze surface-line circulation intensity is ~3.1 times
more intense as compared to a December snow breeze
at 35°, and ~5.7 times more intense at 45°N. Com-
paring the June sea breeze to spring snow breeze
(March) surface-line circulation suggests a factor of
~1.4 at 35°N and ~ 1.7 at 45°N.

When the snow cover is nonuniform due to small-
scale bare soil patches or canopy, H, computations
based on Eq. (12) provide a first approximation for
the modification in H; over the snow cover. As men-
tioned above, |H,| over uniform snow is negligible
compared to that over adjacent bare ground. Therefore,
when the fraction of snow-free patches, f(assumed to
be uniformly spread within the snow area), exceeds
some critical value, f;, it is likely that the contribution
of the snow-free patches to the areal averaged ( H,)
becomes more significant than the contribution from
the snow surface. Thus, for a patchy snow cover, with
H, <0 over the snow surface, using Eq. (12), the value
of the areal-averaged surface sensible heat flux <I{Vsp>
should be given approximately by

<H5p> = (f_f;)l_‘[slsnow free (15)

where f, can also be interpreted as the minimal area
of snow-free patches in the snow-covered area needed
to offset the negative sensible heat flux contribution
from the snow. Based on Eq. (13), it is suggested that
the reduction of the snow-breeze intensity with snow-
free patches is by a factor @ = 1 — f/(1 + f,) compared
to that associated with uniform snow cover. Assuming
a warm day (7, > 273 K), and thus a stable surface
layer over the snow cover, based on the previously sug-
gested scaling | H|snow Z 0.1 Hy | snow free, Yields £, 2 0.1.
Therefore, if f= 0.25, then Q = 0.77, and for = 0.5,
Q = 0.54,

2) UPSLOPE FLOW

Based on the evaluations of H; and ALWR presented
in section 3, it is suggested that over a uniformly snow-
covered slope, a daytime thermally induced downslope
flow is likely to be generated in many cases. Comparing
the values of H; and ALWR computed over snow
cover, as well as those involved with nocturnal drainage
flows (e.g., see Table 1 in Ye et al. 1989) it is suggested
that, occasionally, the two thermal components are of
comparable intensity. The scaling presented in the pre-
vious subsection suggests that, for a uniform distri-
bution of snow-free patches within the snow-covered
area, a suppression of the daytime thermally induced
downslope flow will result for f, =~ 0.1, However, when
the patches are large and isolated, downslope flows over
the snow cover, perturbed by local upslope flow gen-
erated over the snow-free patches, are likely to be gen-
erated. In this case, areal suppression of the drainage
flow will occur only for £, > 0.1. The related value of
/o, in the last case, is determined by the configuration
of the snow-free patches within the relevant area and
their size.

5. Numerical model simulations

In the following subsection, a refined evaluation will
be made through modeling in order to determine the
effects of a range of parameters on the intensity of snow
breezes, and on the thermally induced daytime upslope
flows over snow-covered slopes. The simulations dis-
cussed here are for midwinter (21 December) and late
season conditions (21 March) under clear skies. The
purpose of the simulations is to explore a variety of
situations with snow cover which are illustrative of real-
world cases. Given the variability of the physical prop-
erties of snow and the generic nature of the simulations,
the input parameters listed in Table 1 were chosen.
Results are presented for 1400 LST when the circula-
tions are near their peak intensity. The bare ground
surface wetness is low with the surface moisture avail-
ability value, m = 0.05 (m is the ratio between the
actual surface evaporation and potential evaporation).

a. Snow breeze

As evaluated in section 3, the magnitude of H, and
ALWR over snow is generally small, and comparable
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under light synoptic flows to that over cold water bodies
(e.g., see the nomogram for the derivation of H; values
over water surfaces in Kondo 1975). Thus, assuming
a uniform and complete snow cover, it is anticipated
that snow-breeze intensity similar to that of a sea breeze
under winter conditions will result (worth noting is
that sea-breeze-circulation characteristics in winter
mid-latitudes are, in general, undocumented). In the
following, simulations of snow breezes, mostly under
uniform and extended snow-cover situations, are given,
thus providing the upper limit to the circulation inten-
sity. Selected vertical cross sections of the simulated
horizontal flow (# component—perpendicular to the
snow-bare ground boundary, and the corresponding v
component; the v component is presented when it is
noticeably large), the vertical velocity and the potential
temperature as pertinent, are presented. A list of the
simulations is provided in Table 4.

Snow-breeze characteristics for 21 December solar
radiation conditions are shown in Fig. 3 (SB1). At
1400 LST the snow breeze u component reached a
value of ~4 m s™', while the breeze layer is relatively
shallow (=600 m). The thermal stratification over the
snow section is stabilized close to the surface, thus, it
is not conducive to the development of a deep ABL.
As a result the snow-breeze intensity is mostly affected
by the amount of warming over the bare ground area,
permitting a deep horizontal pressure gradient to de-
velop between the snow-covered and bare ground areas,
as suggested by the scaling presented in the previous
section. The ABL peak depth over the snow-free ground
is ~ 1300 m based on the ¢ cross section. The vertical
velocity associated with the snow breeze is small, ~0.06
m s~! for a horizontal grid resolution of 3 km.

Coupling of the snow breeze with the synoptic flow
is shown in the next two cases. When a supportive
synoptic flow (i.e., from snow towards the snow-free
area) of 5 m s™! is introduced (SB2) the snow breeze
is seen only as a small perturbation to the synoptic
flow, although it penetrates farther into the snow-free
area compared to that presented in SB1 (Fig. 4a). A
gradual change in the ABL depth is simulated over the
snow-free area as a result of the advection of the cold
air (originating over the snow) across the heated snow-
free area (Fig. 4b). The significance of this ABL feature

TABLE 4. Brief description of the snow-breeze simulations
(Ug—geostrophic wind normal to the snow boundary; and date).

Simulation Description Figure
SB1 Ug=0, 21 December 3
SB2 Us=5m 21 December 4
SB3 U, = -5 ms™', 21 December 5
SB4 U =0, 21 March 6
SBS U =0, 21 March, m = 0.5 7
SB6 U = —5ms!, 21 March 8
SB7 As SB4, with /= 0.25, 0.50, 0.75 9
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FIG. 3. Simulated snow-breeze features, at 1400 LST, in the domain
vertical cross section for case SB1. (a) # component (m s~') (per-
pendicular to the snow-snow-free boundary; positive values—solid
contours, indicate flow component from the snow to the snow-free
area); (b) vertical velocity, w (cm s~') (upward motion—solid con-
tours; downward motion—dashed contours; contour interval 6 cm
s™1); and (c) potential temperature, # (K). The snow-covered area
is indicated by the dark line along the abscissa.

can be evaluated and compared to the ABL features
in SB1. The simulated vertical velocities are lower than
in the previous case (not shown), since the snow-breeze
front is weaker in the presence of a supportive synoptic
flow. When the synoptic flow opposes the snow-breeze
propagation (SB3), a shallow snow breeze is produced
with a small ¥ component over a portion of the snow
area (Fig. 5a). Similar features (although for the sum-

1t to you by Colorado State Univ y Libraries | Unauthenticated | Do

nloaded 08/26/25 09:41 PM UTC



15 APRIL 1991

3000 IARARE)ULBREASS AR S AR AR AR SR RS RARRREARRRRARERRRRRRARAES

a

2500F 282 2682 ]
EZOOO 280 280—
%‘I500.' 278 2,5__.——~j
'% 1000

30 KM

FIG. 4. Simulated snow-breeze features for case SB2. (a) # (m s™')
component (m s™'); and (b) potential temperature, § (K).

mer period) have been found for sea breezes with op-
posing synoptic flow (e.g., Estoque 1962; Mahrer and
Segal 1979). The coupling of the synoptic flow with
the snow breeze leads to a noticeable convergence (Fig.
5b), with advection of relatively warm air from the
bare ground area towards the snow resulting in the
development of an intense inversion over the snow;
Fig. 5c (compare with SB1, Fig. 3¢).

The same snow-breeze simulations as above, except
for 21 March, were also carried out. Figure 6 (Case
SB4) presents the simulated field with no synoptic flow.
The incoming solar radiation is close to a factor of
~2.6 larger than that on 21 December (see Table 3;
40°N), implying (as a first approximation) a similar
increase in the time integrated surface sensible heat
flux H; and thus in the surface-line circulation. The
intensity of the cross-boundary flow, u, reaches a peak
of ~6 m s™! (Fig. 6a) with some veering of the flow
due to the Coriolis force (as revealed in the v com-
ponent, Fig. 6b). The peak upward velocity was no-
ticeably larger than in Case SB1 (Fig. 6¢), reaching a
value of 0.3 m s~!. The bare ground ABL depth (as
derived from Fig. 6d) increases by a factor of ~1.5 as
compared to SBI1, consistent with a change in H,; by a
factor of 2.6 since the depth of the daytime convective
ABL is proportional to ( H,) /2. Noticeably, the warmer
snow surface (273 K) results in a weaker surface tem-
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perature inversion over the snow as compared to the
December cases (Fig. 6d). On occasions of rapid melt-
ing of the snow cover, wet ground is likely to result in
areas adjacent to the snow-cover area. Case SB5 reflects
such a situation with a soil moisture availability of m
= 0.5, resulting in some suppression of the thermally
induced flow (Fig. 7a) as compared to the Case SB4
(Fig. 6a). The vertical velocity peak has decreased
considerably (Fig. 7b), while the thermal stratification
(not shown) is only slightly affected. The relatively low
surface temperatures at this time of the year suggests
a larger Bowen ratio than in the same situation with
higher background temperatures; see evaluations in
Segal et al. (1989). Thus, the relative impact of the wet
surface is likely to be lower than in summer sea-breeze
situations. In the supportive synoptic flow case (similar
to case SB2; not shown ) the existence of a snow-breeze
perturbation to the flow was very noticeable compared
to SB1. With an opposing synoptic flow (Fig. 8, Case
SB6) the coupling with the snow breeze shifts the cir-
culation toward the snow, with a convergence zone of
depth ~ 500 m (Figs. 8a,b) and relatively large vertical
velocities (Fig. 8c). The surface inversion is somewhat
more pronounced when compared to SB4 (see Fig. 6),
as a result of the advection of warm air towards the
snow surface (Fig. 8d).

Figure 9 presents the u component of the snow
breeze induced by a contrast of patchy snow and an
adjacent snow-free area, for the background conditions
used in Case SB4. The bare ground patches within the
snow-covered area were assumed to be small in size
and uniformly distributed (otherwise, assuming large
nonuniform patches, secondary thermal circulations
are likely to be generated between the patches and the
surrounding snow). The surface-layer computations
were carried out separately for the snow and the snow-
free surfaces, where weighting of the sensible heat flux
exchange with the atmosphere is used following Eq.
(12). This method (or any other that does not involve
an increased model horizontal grid resolution ) provides
only a first approximation of the net effect of the spa-
tially variable surface on the area-averaged fluxes.

The reduction in the snow breeze when the bare
ground fractional coverage increases from f = 0.25
(Fig. 9a) to 0.75 (Fig. 9¢) is very noticeable, with a
corresponding reduction in the peak ¥ component from
~5t02 ms™!, and a noticeable reduction in the hor-
izontal extent of the circulation. It is worth noting that
snow-free patches are typical of the melting stage fol-
lowing light snow fall and also may result from the
redistribution of snow by strong winds. However, sit-
uations with uniform snow cover in relation to the
snow breeze should not be seen as uncommon in the
real world.

b. Slope simulations

Slope simulations were carried out with a topo-
graphic configuration which we describe as plain~
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FIG. 7. Simulated snow-breeze features for case SBS. (a) u (m s~})
component (m s™') and (b) vertical velocity, w (cm s™').

slope-plateau. Height of the plateau above the level
ground (plain) was taken as either 400 or 800 m, with
the slope extending over a 60 km distance (reflecting
slope angles of @ ~ 0.4° and o ~ 0.8°, respectively).
As in the earlier simulations, 21 December and 21
March were selected as representative days. Illustrative
results at 1400 LST (a time at which the daytime ther-
mally induced upslope flows are near their peak) are
provided below. As in the previous section, vertical
cross sections of various fields, are presented. A list of
the simulations is presented in Table 5.

For midwinter and a snow-covered shallow slope’

(SL1; Fig. 10), a shallow drainage flow develops having
light wind speeds (¥ ~ 3 ms™', v = =2 m s~} the
development of a noticeable v component is attributed
to the turning of the wind associated with reduced fric-
tional effects) and a shallow surface temperature in-
version. When this simulation is repeated, however,
with lower background temperatures (Case SL2; the
initial atmospheric potential temperature was de-
creased by 10 K), a suppression of the negative surface
sensible heat flux in the morning hours, and a change
in its sign later in the day (not shown) result in a sig-
nificant reduction of the daytime downslope flow (Fig.
11a). Also noticeable is the resultant thermal desta-
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FIG. 9. Simulated snow-breeze u component (m s™') for case SB7
with (a) /= 0.25, (b) f= 0.5, and (c) /= 0.75.

bilization of the surface layer compared to the previous
case (Fig. 11b).

Figure 12 (Case SL3) provides an illustration of the
21 March situation for the daytime, while Fig. 13 (Case
SL4) provides an illustration of the development of
the downslope flow under the same slope conditions
as in Case SL3, except for nocturnal conditions (the
simulation started at 1800 LST for case SL4). Com-
paring Figs. 12 and 13, the drainage flow at night is
noticeably more intense and the thermal stabilization
of the surface layer is much larger than the daytime
snow-cover case. Obviously, the thermal energy con-
tribution, through solar radiation, to the upper snow
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layer leads to an increased daytime snow surface tem-
perature compared to the nocturnal period and, there-
fore, a less pronounced surface inversion. For contrast
purposes, Case SL3 was rerun with snow-free ground
(Fig. 14, Case SL5). An upslope flow component of
over 2 m s~! is found (Fig. 14a) with a small v com-
ponent (Fig. 14b), and with a noticeable convective
ABL related to the increased surface sensible heat fluxes
(Fig. l4c).

The simulated # component for 21 December for
an 800 m high plateau with snow cover (Case SL6) is
presented in Fig. 15a. Intensification of the daytime
drainage flow as compared to that for the shallow slope
(SL1)is evident. A less pronounced change is simulated
for the same terrain in the 21 March case (Case SL7,
Fig. 15b). Repetition of SL.7, however, with z, = 0.5
m (i.e., assuming a forest canopy covered entirely by
snow ) indicate some reduction in the downslope flow
due to increased frictional effects (Case SL8, Fig. 15¢).

It frequently occurs that snow cover is found over
elevated terrain while the lower terrain is snow free.
SL9 provides an illustration of such a situation during
early spring, where the terrain above 400 m was as-
sumed to be snow covered. Qualitatively the mesoscale
flow features are associated with (i) upslope flow over
the lower portion of the slope; (ii) thermally induced
drainage flow over the snow-covered upper portion;
and (iii) a slope snow breeze, due to the ABL thermal
contrast along the slope. Based on our knowledge re-
lating to the magnitude of the thermal forcing asso-
ciated with (i) and (iii), and as seen in previous sim-
ulations, these forcings are likely to be more significant
than those associated with (ii). Figure 16a illustrates
the flow pattern for this simulation, with the snow
breeze reaching a peak of ~6 m s ~! and being more
pronounced than the upslope flow. The coupling of
the slope snow breeze and the upslope flow generates
a noticeable convergence zone along the lower slope
(Fig. 16b). The differentiation of the ABL character-
istics between the snow-covered area and the snow-

TABLE 5. Brief description of the slope simulations (slope angle;
date, surface conditions).

Simulation Description Figure
SL1 a = 0.382°, 21 December, snow cover 10
SL2 a = 0.382°, 21 December, snow cover, cold air 11
SL3 a = 0.382°, 21 March, snow cover 12
SL4 a = 0.382°, 21 March, snow cover, night 13
SLS a = 0.382°, 21 March, snow-free ground 14
SL6 a = (.764°, 21 December, snow cover 15a
SL7 a = 0.764°, 21 March, snow cover 15b
SL8 a = 0.764°, 21 March, snow cover, z, = 0.5m 15¢
SL9 a = 0.764°, 21 March, half upper domain 16

snow covered
SL10  a =0.764°, 21 March, elevated terrain is snow 17

covered
« = 0.764°, 21 December, with f = 0.1
a = 0.764°, 21 March, with /= 0.1

SL11
SL12

18a
18b
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FIG. 10. Simulated thermally induced slope flow features at 1400
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component (m s~'); and (c) potential temperature, 6 (K).

free area is evident in Fig. 16¢ through the potential
temperature field. The contrast in thermal structure
resembles that simulated in the snow-breeze case (see
Fig. 6d).

Ookouchi et al. (1984 ) simulated a situation similar
to SL9, except the snow-covered area is replaced by
wet ground. As implied from that study, well-defined
relations can be established between the slope angle (a
decrease in slope angle tends to emphasize the slope
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breeze), the thermal contrast within the ABL along
the slope (its increase tends to intensify the slope snow
breeze), and the initial potential temperature lapse rates
(its increase tends to suppress the slope snow breeze)
[see Ookouchi et al. 1984; Egs. (15)-(16), p. 2290].
These relations can also be applied for the specific
evaluation of slope-snow breeze.

Figure 17 illustrates salient features of Case SL10.
The retreat of the snow cover to the plateau sections
enabled the development of stronger upslope flows than
in the previous case. The coupling of the snow breeze
and the upslope flows leads to a noticeable convergence
zone at the upper slope (Fig. 17b) associated with a
sharp horizontal temperature gradient (Fig. 17¢).

Figure 18 illustrates the impact of uniform bare
ground patches within the snow area which cover 10%
of the area (f'= 0.1), for (a) 21 December and (b) 21
March. In each case the contribution of sensible heat
flux from these patches is sufficient to induce a weak
daytime upslope flow. When values of f< 0.1 were
introduced, suppression of the upslope flows and an
initiation of downslope induced flows were simulated.
Note the more developed upslope flow on 21 March,
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due to the increased sensible heat flux from the bare
ground.

6. Discussion

A numerical mesoscale model with a snow-layer
module, together with conceptual and scaling argu-
ments, have been used to evaluate the impact of an
extensive snow cover on the generation of snow breezes,
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as well as on the modification of the daytime thermally
induced slope flows.

In warm weather conditions (i.e., 7, > 273 K) a
mesoscale region having a uniform and full cover of
snow can be interpreted conceptually as a cold lake,
so that snow breezes, in analogy to the lake breeze,
should be generated. In this situation the depth of the
snow and its albedo are not relevant, since the snow-
surface temperature is constrained to be <273 K and
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FI1G. 13. Simulated thermally induced slope flow features, at 0200
LST, in the domain vertical cross section for SL4. (a) u component
(m s™"); (b) v component (m s™'); and (c¢) potential temperature,
6 (K).
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it is the heating over adjacent bare ground area that is
instrumental in producing a snow breeze. Any surplus
of thermal energy in the snow will produce snow melt
or medification of the thermal storage below the snow
surface. A very thin, uniform snow cover, with a low
albedo (¢.g., snow that has been affected by dust/or-
ganic material deposition), will have the same effect
on the generation of snow breezes as will deep and
fresh snow cover. Therefore, the snow breeze is likely
to be more pronounced in fall/early winter or late
winter/spring situations, and in situations where snow
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cover exists in southerly latitudes. Worth noting, also,
is that a canopy area covered completely by snow has
nearly the same effect on the generation of a snow
breeze, as does snow covered ground in the absence of
canopy.

In many flat-terrain locations affected by snow cover,
vegetation cover is likely to be low or absent in the
winter (e.g., the cultivated areas in the U.S. Great
Plains) and the likelihood of uniform snow cover free
from bare ground patches or snow-free canopies is high.
In any case, the sensible heat flux to the atmosphere
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FIG. 15. Simulated u component (m s™') for (a) case SL6,
(b) case SL7, and (c) case SL8.
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FIG. 16. The simulated thermally induced upslope flow features
in the domain vertical cross section for Case SL9; (a) ¥ component
(m s™"); (b) vertical velocity (cm s™'); and (c) potential temperature,
6 (K).

from the snow-free regions should contribute little to
the areal heat flux so long as the fractional snow-free
patchy area is small (< 0.10). Any further increase in
this fractional area will result in a reduction in the in-
tensity of the snow breeze.

The impact of uniform snow cover on the daytime
thermally induced slope flow is determined by the as-
sociated modifications to the sensible heat and the
longwave radiation flux divergence in the lower at-
mosphere. The daytime surface sensible heat fluxes
over uniform snow cover tend to be much smaller (and
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usually in midwinter with a reversed sign) than that
over snow-free surfaces under the same environmental
conditions. In most cases, and specifically when the
background air temperature is >273 K, a stable thermal
stratification commonly prevails with negative surface
sensible heat fluxes. Model sensitivity simulations gave
small positive heat fluxes (i.e., to the atmosphere ) over
snow when a cold atmosphere is imposed on a snow
surface with an initial 7 ~ 273 K. The magnitude of
the sensible heat fluxes over the snow depends on pa- -
rameters such as surface roughness, snow albedo and
wind speed. The contribution of the longwave flux di-
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FIG. 17. The same as Fig. 16, except for case SL10.
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vergence to cooling/heating of the lower atmosphere
over snow cover was suggested to be, at most, com-
parable to that from the divergence of the sensible heat
flux.

Daytime drainage flows were simulated over uniform
snow cover, although with intensities less than those
found in nocturnal drainage flows. Since the magnitude
of the negative sensible heat fluxes over snow cover is
small (as well as the cooling contribution by the long-
wave flux divergence), even a small fraction of snow-
free surface (i.e., canopy or bare ground) which is
spread uniformly within the snow-covered area may
offset the thermal forcing of the daytime drainage
flow—this fraction was estimated at 0.1 (or even less).
When the distribution of the bare ground patches
within the snow area is less uniform, a larger area frac-
tion of their coverage will likely be needed to totally
eliminate the drainage flow. Vegetated slopes are typical
in many mid-latitude mountainous areas, and
suppression of the daytime upslope flow following
snowfall over a densely forested slope is likely only for
the period during which the canopy is fully covered by
snow. When the snow is partially melted, or deposited
on the ground below the canopy, the redevelopment
of an upslope flow is likely.
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Development of daytime convective cloudiness
along mountainous slopes is common as spring ap-
proaches, so that convergence associated with the snow-
line retreat, and resulting from the coupling of the snow
breeze and the thermally induced upslope flows, may
well provide enhancement of convective cloud for-
mation. However, on many occasions, this effect will
be reduced by the presence of open canopies in the
snow-covered area.
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