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ABSTRACT

The impact of very wet soil and canopy temperatures on the surface sensible heat flux, and on related daytime
boundary-layer properties is evaluated. For very wet soils, two winter situations are considered, related to
significant changes in soil surface temperature: (1) due to weather perturbations at a given location, and (2)
due to the climatological north-south temperature gradient. Analyses and scaling of the various boundary-layer
properties, and soil surface fluxes affecting the sensible heat flux, have been made; related evaluations show that
changes in the sensible heat flux at a given location by a factor of 2 to 3 due to temperature changes related to
weather perturbations is not uncommon. These changes result in significant alterations in the boundary-layer
depth; in the atmospheric boundary-layer warming; and in the break-up time of the nocturnal surface temperature
inversion. Investigation of the impact of the winter latitudinal temperature gradient on the above characteristics
indicated that the relative increase in very wet soil sensible heat flux, due to the climatological reduction in the
surface temperature in northern latitudes, moderates to some extent its reduction due to the corresponding
decrease in solar radiation. Numerical model simulations confirmed these analytical evaluations.

In addition, the impact of synoptic temperature perturbations during the transition seasons ( fall and spring)
on canopy sensible heat fluxes, and the related boundary-layer characteristics mentioned above, was evaluated.
Analogous features to those found for very wet soil surfaces occurred also for the canopy situations. Likewise,
evaluations were also carried out to explore the impact of high midlatitude forested areas on the boundary-layer
characteristics during the winter as compared to those during the summer. Similar impacts were found in both
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seasons, regardless of the substantial difference in the daily total solar radiation.

1. Introduction

Surface sensible and latent heat fluxes (or the Bowen
ratio) over saturated or very wet surfaces (bare soil or
canopy) are affected considerably by the absolute value
of the surface temperature (e.g., Priestley 1959; Priest-
ley and Taylor 1972). For very wet surfaces, under
given atmospheric conditions, the surface latent heat
flux increases as surface temperature increases. The soil
surface temperatures, of course, are highly dependent
upon the air temperature (e.g., Mahrer and Segal 1985)
because of the rapid turbulent exchange between the
air and the surface. Therefore, changes of air temper-
ature as a result of synoptic scale weather perturbations
at a given location are anticipated to cause a modifi-
cation in the magnitude of the daytime surface sensible
heat flux. Assuming a midlatitude region, the impact
of a synoptic cold front passage, or arctic air penetration
during the winter, may be involved with a significant
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fall in the soil surface temperature below its climato-
logical average value. In contrast, the advection of
warm air from low latitudes will produce warming of
the soil surface above this average value. A similar im-
pact of background temperature on canopy (surface)
temperature is to be expected (e.g., Miller 1981).

During the winter and spring in the midlatitudes
(which are emphasized in the present study), grazing/
agricultural areas are commonly associated with a re-
duced vegetative cover. Very wet soils are a common
feature as a result of frequent snow melt in higher lat-
itudes or due to rain in lower latitudes. Therefore, very
wet soil conditions for a range of different surface tem-
perature regimes are likely to occur in the midlatitudes
during the winter and spring. At this time of the year,
the daytime climatological soil surface temperature
decreases significantly toward higher latitudes; Table
1 gives examples of climatological near-surface air
temperatures in North America. Based on the foregoing
discussion, it is suggested, therefore, that for very wet
ground the efficiency of the conversion of the surface
net radiation into sensible heat flux is larger in higher
ratio), is larger in higher latitudes, even though the
magnitude of the sensible heat flux is less.

Similarly, canopies which are not under water stress
transpire on clear warm days at a significant fraction
of the potential evaporation rate. A significant fall in
the canopy temperature will result in stomatal closure,
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TABLE 1. Climatological minimum shelter tempefa_ture for several
latitudes in Central North America (from Climatic Atlas of the United
States, 1968).

Latitude (°N)

Month 25 30 35 40 45 50

December  285.2 2782 2720 266.5 2604 2543
January ° 2843 2776 2715 2643 2565 2499
February 286.0 2799 2738 2665 2582 2521
March 288.8 2832 2776 2715 2654 2599
April 291.5 286.5 2832 2782 2738 2704
May 2943 2915 2876 283.7 2804 2776
July 2969 296.5 2948 292.1 2887 2859

and for a given temperature threshold a cessation of
the transpiration results, with a corresponding increase
in sensible heat flux.

The magnitude of surface sensible heat fluxes is of
considerable importance for various daytime atmo-
spheric boundary-layer ( ABL ) processes; these include
(see later for detail )— (i) the time needed for the break-
up of the nocturnal surface inversion during the morn-
ing, and (ii) the daytime development of the ABL.
Additionally, other lower atmospheric processes, in-
cluding the development of daytime thermally induced
flows along slopes, and the erosion of fronts/air masses,
are affected by the surface sensible heat flux charac-
teristics. When extensive areas are ‘affected over long
periods by a modification in the surface sensible heat
flux, some climatic modification may result.

Model studies (e.g., Sasamori 1970; Carlson and
Boland 1978; Zhang and Anthes 1982; Wetzel et al.
1984; and Pan and Mahrt 1987 among others) have
evaluated the influence of surface wetness on surface
heat fluxes, as well as on the ABL characteristics. How-
ever, there has been little attention given to the eval-
uation of the atmospheric temperature effects on these
characteristics. The present study provides a general
quantitative evaluation of the impact of the surface
temperature of very wet soil and canopy temperature
on the surface sensible heat fluxes, as well as on daytime
related ABL thermal processes. It is worth noting that
extensive bare soil areas, resulting from cultivation,
are typical in midlatitudes during the winter. Clear sky
and snow-free surfaces are assumed in the evaluations.
Asimplied by the discussion presented above, the eval-
uations are most pertinent for the winter and its ad-
jacent seasonal transition periods. Formulations and
general scaling are provided in section 2 (bare soil)
and in section 3 (canopy). Analytical and numerical
model evaluations of several surface and ABL char-
acteristics are given in sections 4 and 5.

2. Impact of the temperature of very wth soils on sen-
sible heat fluxes

In this section, the formulation of sensible heat fluxes
over very wet soil, as a function of the major forcing
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factors, is provided. In addition, the scaling of some of

these factors, as functions of the background temper-

ature and latitude, is presented. A simplified approach
is taken, so it is assumed that in all cases the atmo-
spheric background potential temperature lapse rate is
the same.

a. General formulation

The surface heat balance equation is given by (using
the sign convention that non-radiative fluxes are pos-
itive away from the surface, radiative fluxes are positive
towards the surface):

H +XE=Ry—G (1)

where

H; sensible heat flux,

AE latent heat flux (A = latent heat of vaponzatlon)
Ry surface net radiation,
G soil surface heat flux,
with
RN=R3+R1_R{) (2)
where
Rs magnitude of solar radiation absorbed at the sur-

face,
R; magnitude of the atmosphere long-wave radiative
flux incoming at the surface,
magnitude of the long-wave radiative flux emitted
from the surface.

Ry

Insight into the contribution of the various processes
involved with the surface evaporation over saturated
soils can be obtained through the so-called combination
formulation (Penman 1948; 1956). Following the ap-
proach discussed in Webb (1975), Monteith (1981),
and Slatyer and Mcllroy (1961), we -can write the
evaporation as: .

Y  pA(0q, — 0qp)

s
= ——— (Ry — +
A s+'y(N ) s+ y Ta
(3a)
so that combining this with Eq. (1) yields
A(dg, — &
H,=— (Ry—G)— — pA(8ga — 040) (3b)
s+ s+ S c

where

s dq(Ts)/dT, with g(Tys) the saturated spec1ﬁc
humldlty at temperature T,

¥ ¢,/ is the psychrometric constant, with ¢, the
specific heat of air at constant pressure,
spemﬁc humidity deficit at the reference level in
the air,
dqo specific humidity deficit at the surface,

r, bulk aerodynamic resistance to water vapor

0q,
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transfer (assumed the same as for heat transfer)
between the surface and reference level z,
p air density.

In Eq. (3a), the first term on the right-hand side
reflects the net available energy contribution to the
evaporation, and the second RHS term reflects the
contribution to evaporation through aerodynamic ef-
fects. Equations (3a, b) will be used in the present study
for several evaluations outlined in the next sections.
However, for simplified scaling purposes, based on Eq.
(1), the sensible heat flux at the surface can be ex-
pressed as: '

" Ry-G
H = ——— 4
“TTrarm @
Hs . .
where 3 (= E) is the Bowen ratio.

b. Bowen ratio (B) evaluations

Theoretical considerations by Priestley (1959) sug-
gested that the Bowen ratio over a saturated surface,
based on a linearization of the g,(T') curve, could be
given by

B=~/s (5)

though this equation strictly applies only to the special

‘case of saturated air (e.g., Webb 1975). It is also ap-
proximately valid in the case of a saturated laminar
sublayer near the surface, and represents an upper limit
to the Bowen ratio under saturated surface conditions.
Priestley and Taylor (1972) argued that a general so-
lution for unsaturated air could be written in terms of
an empirical parameter a, given by

K
ME, = ol —— |(Ry— G 6
= a5 )Ry = ) (6)
where E, is the potential evaporation appropriate to a
saturated surface.. This implies, through Eq. (4), that
the Bowen ratio (again over a saturated surface) is,

g loals/s+m]
T oals/(s+ )]

in which «a is to be determined from observations. Their
study suggested its value to be about 1.26 in conditions
of negligible cold or warm air advection, though from
later studies the suggested value was found to be in-
appropriate for large roughness surfaces, e.g., forests
(Shuttleworth and Calder 1979). In fact Eq. (6) fails
to.account for “surface” control on E,, particularly
over time periods greater than one day. Nevertheless,
as a broad indicator of the surface temperature depen-
dence of 8, the limits set by Eqs. (5) and (7) are quite
useful. ‘

In the context of the present study, the evaluation
of B,or T' = (1 + (1/8))"! as dependent on surface

(7)
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temperature, is of considerable importance. We
adopted Eqgs. (5) and (7) to compute 8 and T within
the surface temperature range 248-303 K (Fig. 1). In
the computations for surface temperature lower than
273 K (i.e., freezing), ¢,( Ts) was defined with respect
to the vapor pressure over ice, while A was corrected
to include the latent heat of freezing. The corresponding
range in B using Eq. (5) is 0.27 (higher temperature)

_to 9, while the corresponding range using Eq. (7) is

~0.00 (high temperature) to 7. The dependence of '
on T indicates that, for a given value of Ry — G, the
corresponding change in H; within the assigned range
of surface temperatures is ~0.1 to0 0.9 of Ry — G.
Thus, the conversion efficiency of available surface
thermal energy into sensible heat flux is significantly
larger for very low surface temperatures.

¢. Additional evaluations

In this subsection specific evaluations providing a
generalization and refinement of the evaluations carried
out in subsection 3a-b are given.

1) AERODYNAMIC EFFECTS ON SENSIBLE HEAT
FLUX

The Bowen ratio, 8, given in Eqgs. (5) and (7) is
based on the assumption that the soil surface is satu-
rated and either 1) the assumption of saturated air (Eq.
5), or ii) on an empirically based form which assumes,
through a given «, the existence of average surface
roughness and moisture properties in the atmospheric
surface layer (Eq. 6). It is therefore desirable to elab-
orate further on its possible modification when de-
parting from these ideal conditions. For example,
combining Eq. (3a) with dgy = 0, with Eq. (6) gives,

Y PG,

o l+(s)(RN—G)ra' (8)
The experimental data used by Priestley and Taylor
(1972) and others imply that the second term on the
RHS of Eq. (8) on average ~0.26. For small to mod-
erate z, surfaces, this implies a correlation between Ry
— G and &q,, but where large deviations from these
average conditions are found, e.g., in strongly advective
conditions or where r, — 0 for tall transpiring canopies,
o« may significantly deviate from the assumed value,
implying the reduction in the magnitude of sensible
heat fluxes in order to maintain a given potential evap-
oration rate.

2) VERY WET SOILS

Theoretically, the Bowen ratio provided by Eqgs. (5)
and (7) is applicable for saturated soils, i.e., Eq. (3),
with dgo = 0. Observational and theoretical studies
suggest that, for a period that may extend as long as
several days following saturation, the daytime evapo-
ration is only somewhat reduced from its value during
the saturation period. During this period the daytime
evaporation is governed by atmospheric conditions,
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FIG. 1. The dependence of the (a) Bowen ratio, 3; and (b) I' on surface temperature based on Egs. (5)
and (7) (indicated by the labeled solid curves). Dark circles indicate values obtained from the numerical

model simulations presented in section Sa.

rather than by soil wetness (e.g., Brutsaert 1982; Hillel
1982). In the following discussion, the impact on the
Bowen ratio of departing from the constraint égo = 0
during this stage is examined. ’

Adopting Philips’s (1957) formulation, the soil sur-
face specific humidity can be approximated as:

: v
Ty =amyen(-55)  ®

where ¥ is the soil matric potential (i.e., the potential
caused by the soil capillary and adsorption forces), T
is the soil surface temperature, g is the acceleration due
to gravity and R is the gas constant for water vapour.

The soil matric potential, ¥, can be approximated
for unsaturated soil (e.g., Campbell 1974; Clapp and
Hornberger 1978) as:’

b
-l
n

(10)

where 7 is the soil moisture content, 7, is soil moisture
content at saturation, and b is a constant, which is
dependent on the soil type. Adopting values of 7, < 7
< 15 where 7y is the soil field capacity moisture content

(i.e., the level of soil moisture content in which draining
and upward water suction are nearly equal), the related
values of dgy were computed for various types of soils
and a temperature range 273-303 K. The computations
were carried out using the soil types and physical con-
stants appearing in McCumber and Pielke (1981), and
indicated that even when the soil moisture differs sig-
nificantly from the saturation value, égp € 1 g kg™".
Using Eq. (3b) with a typical value of 7, ~ 100 s m ™
suggests that the increase in H; due to such a departure
from soil saturation (which is considered by the second
term in Eq. 3b) is 220 W m 2, accounting in general
for less than 25% of the maximum value of the energy
term. Thus, it is likely that, for scaling purposes, the
conclusions of this study are also valid for very wet,
but not saturated, soil.

3. Impact of canopy temperature on the sensible heat
fluxes '

a. General evaluations

Analogous forms of Egs. (1)-(3) are used for eval-
uation of the impact of background temperature on
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canopy evapotranspiration AE¢, and consequently on
canopy sensible heat flux, H,°. Equation (3a) can be
used as a reasonable approximation for dense canopy
with the constraint G° < G, where G° reflects thermal
losses to the subcanopy layer and the ground, and for
a very dense canopy, G° ~ 0. The evaluations provided
in section 2 for very wet bare soil are applicable in
general for canopy surfaces. However, in the canopy
case, stomatal closure and a decrease in the vapor pres-
sure leaf-air difference related to decreases in back-
ground temperature should be considered as an addi-
tional constraint on AE*. Using the same arguments
applied in the derivation of Eq. (3a), the canopy tran-
spiration can be expressed as:

C — s —_ < ____7
M _{(S+7)(RN G)+(S+7)

-1
X paA(8¢s)* r,,“][l + (S—Z—v)rsr;'] (11a)

and in analogy to Eq. (3b), by substituting Eq. (11a)
into Eq. (1), yields:

e q/(l-*'_:r'sra'l ey 0%
Hs~[( s+ )(RN @) (S+7)

-1
Xpa)\(BQa)'ra_l][l + (sz’y)rsra_I] (11b)

where r, is the bulk stomatal resistance.

Various studies provide the functional dependence
of r; on temperature. Dickinson et al. (1986), for ex-
ample, adopted a formulation implying a change of r,
between a minimal value at 298 K to an “infinite”
value at 273 K. Kaufmann (1984) could not find, in
extensive observations in subalpine forested areas lo-
cated in the Rocky Mountains of Colorado, direct or
seasonal effect of temperature on stomatal behavior
for temperatures above 273 K. He suggested that above
the freezing level, a drop in temperature is involved
with a decrease in transpiration of the subalpine forest,
merely due to the reduction in the air humidity deficit.
However, within the context of the present study, the
two approaches suggest a similar effect on transpiration.

In general, for temperatures around 303 K, 7
~ Iy, (Where st indicates the lowest level of stomatal
resistance ). Based on Egs. (11a, b), for a transpiring
canopy, AE€ and H are similar in their magnitude to
that of very wet soil (AE and Hj; Egs. 3a, b) under the
same environmental conditions. (Assuming G¢ ~ 0
and considering the energy term, suggests that H,* will
be somewhat larger than H;. However, the aerodyn-
amic term in Eq. (11b) is proportional to r,”! which
increases with the surface roughness, thus, reducing
H over a transpiring canopy. Therefore, in general,
we expect, as a first approximation, H =~ H, for a
given available net radiative input). With a decrease
in the background temperature, the decrease in AE€ is
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likely to be larger than the corresponding decrease in
AE over very wet bare soil, due to the rapid increase
in the bulk stomatal resistance, ;. When r; = o0, and
AE€ — 0, then from Egs. (1) or (11b), Hf =~ Ry
— G°. Consequently, following a decrease in the tem-
perature below a given threshold, it is likely that H¢
> H;.

b. Seasonal effect on canopy sensible heat fluxes

During the winter, in the higher midlatitudes, the
coniferous canopy transpiration is negligible or absent
for the typical environmental background temperature
range (since air humidity deficit is reduced, while it is
likely that r; = oo for very low temperatures). Ob-
viously, no transpiration occurs with the dormant de-
ciduous trees, and therefore, r, — oo (similarly, native
grass areas in low latitudes affected by cold air are char-
acterized by an increased value of r;). Forested areas
in these geographical locations during the winter are,
therefore, relatively efficient in the conversion of the
available net thermal energy to surface sensible heat
fluxes. Obviously, the situation is reversed during the
summer except when vegetation is drought stressed.
Thus, we suggest that a tendency toward relatively small
annual changes in sensible heat fluxes is typical for
such locations. Most interesting, however, are the
spring and fall periods in which rapid changes in tran-
spiration may occur due to physiological changes in
the canopy. Since the absolute day-to-day change in
the daily solar radiation amounts during the short
transition periods is small, a corresponding rapid
change in the canopy sensible heat flux should be ob-
served.

Kaufmann (1984) has evaluated such changes of
transpiration patterns for the subalpine Rocky Moun-
tain forest. He computed a decrease in typical daily
transpiration values of ~3 mm to a negligible tran-
spiration within ~2 weeks during the fall (see Fig. 2;
~ week 42). His study also suggests a noticeably sharp
increase of daily transpiration within a short period
during the spring (see Fig. 2; ~ week 20). These ob-
servations imply large resultant changes in the canopy
heat fluxes. :

¢. Synoptic temperature perturbation effect on canopy
sensible heat flux

Synoptic weather perturbations are often associated
with a large change in the air temperature. Based on
the discussion in section 3a, they are likely to cause
pronounced fluctuations in transpiration, and conse-
quently, in the sensible heat flux. Such effects are no-
ticeable, for example, in the subalpine Rocky Moun-
tains forest during the spring (weeks 20-24), according
to the data adopted from Kaufmann (1984) (see Fig.
2). The sharp changes in the air temperature during
that period are reflected in a corresponding change in
the daily transpiration rate which should be associated
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FIG. 2. Annual patterns of daily transpiration amounts at three
sites in the Lexen Creek area located in the subalpine forest of the
Rocky Mountains, Colorado (week = 0 is the first week of January).
Canopy species include: Engelmann Spruce, Subalpine Fir, and
Lodgepole Pine (reproduced from Kaufmann 1984).

with a change in the surface sensible heat flux. In lower
midlatitudes during the winter, where native grass can-
opies are typical in areas affected by precipitation, sim-
ilar patterns are expected due to the occasional pene-
tration of extremely cold air masses to these locations.

4. Boundary-layer analytical evaluations

In section 3, the various factors affecting H;, as re-
lated to a large range of surface and background tem-
perature changes, were evaluated. In the present sec-
tion, formulations are considered in order to evaluate
the related impact on the daytime ABL development.

" a. Development of the daytime ABL

Following Tennekes’ (1973) and using Eq. (4), the
depth of the daytime convective ABL at time ¢ follow-
ing sunrise, #(?), can be approximated as:

11
2f Hdr
0

)~ | —————
0= beatra2)

i t 1/2
2 f T(T,)(Ry — G)dr

0
= ' (12)
0C,(300/92) \
where 96,/ 9z is the potential temperature lapse rate in
the lower atmosphere around sunrise and I (as defined
in section 2) is depenident on the surface temperature,
T, (a function of time). Equation (12) can be approx-
imated as:

1/2

21(T,) fo t (Ry — G)dr

h(t) = (13)

p¢,(300/32)
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where I'(T;) is a representative value of T" within the
specified time period.

The daytime departure of the averaged potential
temperature within the atmospheric ABL, 8', from its
sunrise value can be determmed from the relation:

96,
~ =~ 14
2 h 0z (14)
b. Break-up of the nocturnal inversion during the
morning

Adopting Tennekes’ (1973) formulation, the time
T needed to erode the nocturnal surface inversion dur-
ing the morning by the surface sensible heat flux is
given by:

T-=- {.ZTPCP_"OAO}”Z (15)

(Hs)n :
where

T time scale of the initial increase of sensible heat
flux (~10* sec),
ho initial inversion depth,
Ao initial surface inversion strength,
(H,), surface sensible heat flux at noon.

¢. Soil surface evaluations

1) THE IMPACT OF A CHANGE IN T5 ON A, ', AND
T /

Assume a given location which is associated with
two daily averaged surface temperature values, (7).
and (7, )w [ where subscript ¢ denotes cold air, w denotes
warm air; (7T;), > (T;).], and that the same initial
background thermal stability 86,/8z occurs. Using Egs.

(13) and (14) and defining a parameter ¢,(¢) = h.(t)/
ho(2) = 6.(1)/8(¢), we have:
[ tra = G31ar |
- N — e T
() = | .2 . (16)

PO [ 1w = Ga1a

which provides an approximation to the relative impact
of temperature change on 4 and #'. Likewise, using Eq.
(15) and defining ¢; = T./T,, it readily follows that e,
= ¢, 7!, where ¢, is computed at noon. As discussed in
the next section, (Ry — G), is likely to be larger than
(Rny — G), in the stage immediately following the oc-
currence of cold/warm advection (see Fig. 4). How-
ever, after some time (Ry — G), =~ (Ry — G),, as im-
plied by Fig. 5. Therefore, for simplicity, and while
considering the above two stages, Eq. (16) can be writ-
ten as:

1‘(Ts)c]”2 (17)

al) > [P( T
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Figure 3 provides the values for ¢; for different com-
binations of (7). and ( T}).. (assuming equality in Eq.
"17) where T was derived from Fig. 1. For example, in
extreme cases when (7). = 248 K and (T}),, = 298
K, yields ¢; =~ 2. Thus, the ABL depth for the case
(7)., will be twice as deep as compared to that cor-
responding to (75),. Similarly, the time for break-up
of the same nocturnal inversion strength in ( 7%),, will
be doubled. Of particular interest is the difference in
the daily potential temperature change, 6', for both
cases: assuming 6, = 1.5 K, then for ¢; =~ 2, . =~ 3.0
K. Based on Fig. 3, it is likely that changes in back-
ground temperatures resulting in ¢; 2 1.5, are typical
for many geographical locations.

2) _THE EFFECT OF A CHANGE IN LATITUDE ON 4,
0,ANDT

As indicated previously, the change of the climato-
logical surface temperature, T,, with latitude (from
the midlatitudes poleward) during the winter is large.
Thus, the Bowen ratio, as implied by Egs. (5) and (7),
tends to increase poleward; however, the solar radia-
tion, and therefore, Ry — G, tend to decrease with
increasing latitude.

The impact on the ABL properties 2 and T as latitude
changes from ¢, to ¢, is given by:

. [ ke = 6r010r

F(T¢2)J; [(Ry — G)g,ld7

1/2

&) = (18)

Thus, using climatological values of T, (e.g., Table
1), while being related to measurements or estimations
of Ry — G, enable the scaling of e;.

248
253
258
263
268
273
o 278

283

288

w (K)

293

298

303 \ N
248 253 258 263 268 273 278 283 288 293 298 303
Tee (K)

F1G. 3. Values of ¢, as dependent on various combinations of surface
temperatures, (7). and (7)., using Eqs. (7) and (17).
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TABLE 2. Input parameters for the numerical model simulations.

Parameter Value
Surface roughness
bare soil 0.04 m
vegetation 1.0m
Soil conductivity 3X 107 m?s™!
a6, _
Initial 6 lapse (-a;“ 35K km™
Initial specific humidity vertical profile 85% relative humidity
.Synoptic flow 3ms™

Model levels: 5, 10, 20, 30, 40, 50, 75, 100, 200, 300, 400, 500,
600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2500,
3000, 3500, 4000, 4500, 5000, 5500, 6000, 7000, 8000, 9000, and
10 000 m.

d. Canopy surface evaluations

As discussed in section 3, the impact of a change in
the background temperature on the sensible heat flux
is more significant when vegetation is present than for
the bare soil case. Therefore, it is probable that the
temperature effects evaluated in subsection 4c, for bare
soil, are greater in the canopy case. Of most interest,
is the seasonal transition periods in which, due to rapid
changes in the canopy characteristics, extreme modi-
fications in AE° and H;° may occur over short periods
of time, even though solar radiation changes are rela-
tively small.

5. Numerical model evaluations

In order to provide an additional quantification of
the evaluations made previously for very wet soil con-
ditions and vegetated surfaces, a numerical model was
applied in several illustrative cases in which ABL char-
acteristics are evaluated. In addition, the main forcing
terms of the sensible heat fluxes, based on Egs. (3b)
and (11b) and in the relations (12) and (16)-(18) in
section 4, are quantified. The model, whose formula-
tion is given in Mahrer and Pielke (1977), and
McNider and Pielke (1981), has been validated suc-
cessfully in various boundary-layer simulations (e.g.,
Pielke and Mahrer 1975; Segal et al. 1982; Steyn and
McKendry 1987, among others).

a. Very wet soils

1) ABL AND SURFACE CHARACTERISTICS AS DE-
PENDENT ON T

The numerical model was used for one-dimensional
simulations of mid-December, mid-February, and mid-
April solar conditions at latitude 40°N and with the
input parameters given in Table 2. Specified initial
surface air temperatures, T, were at 5 K intervals be-
tween 248 and 303 K, where saturated soil conditions
were assumed. The simulations commenced at 0600
LST. The initial surface ground temperature was as-
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sumed to be the average value of the surface air tem-
perature range stated above (275.5 K). Thus, the se-
lected initial surface air temperature reflects cold or
warm air perturbation around an air-soil initial thermal
equilibrium at 275.5 K (Case TC). For comparison, a
similar set of simulations were carried out where the
initial soil surface temperature and the surface air tem-
perature are assumed identical (Case TV). The whole
range of initial temperatures considered in the presen-
tation of the results is not necessarily realistic for all
the presented months. Therefore, discretion should be
applied when selecting a reasonable range of temper-
atures to be considered for each given month.

Values of the computed 8 and I', based on the nu-
merical model results, are shown in Fig. 1, indicating
a general consistency with the theoretical curves for 8
and I" based on Eq. (5), at least for 7, > 278 K. Below
this temperature,. simulated values of 8 and I' are
somewhat higher than those based on the theoretical
curve.

Considering the range of surface air temperatures
previously stated under the same solar radiation con-
ditions, the related changes of (Ry — G) which are
‘considered in the evaluations of H using Eq. 3b, are
contributed by (Ry — R;) and G. Thus, presenting the
model evaluations for the last two variables is useful.
The dependence of (Ry — R;) on the surface air tem-
perature, 7, for Case TC is presented in Fig. 4a. When
the environment is perturbed by warm air (i.e., initially
T; > 275.5 K) the increased value of R; leads to a
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FIG. 4. (a) The dependency of (Ry — R;) on the surface air tem-
perature, T, based on model simulations for Case TC (saturated soil
conditions); and (b) the dependence of G on T based on model
simulations for Case TC (saturated soil conditions).
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FIG. 5. As in Fig. 4 except for Case TV.

reduction in the magnitude of (R, — R;), while for
cold air perturbations (T; < 275.5 K the reversed sit-
uation occurred. However, the difference in the mag-
nitude (Ro — R;) between both extreme ranges of tem-
peratures is only ~60 W m ™2, A reversed situation is
indicated for soil surface fluxes, G; the difference be-
tween the extremely low temperature to the extremely
high temperature values reached ~200 W m 2 (Fig.
4b). It is worth noting that, for the extremely low tem-
peratures, the soil fluxes are toward the surface (i.e.,
the deep soil provides heat to the surface, contributing
to an enhancement of the sensible heat fluxes).

Figure 5a presents the dependency of (Ry — R;) on
T, based on the model-computed values for Case TV.
The magnitude of (Ry — R;) is about constant at the
relatively high air temperatures, decreasing somewhat
toward the extremely low temperatures. A reversed
trend is computed for the soil surface fluxes G
(Fig. 5b).

The dependence of (Ry — G),'/? and H!/? on the
initial surface air temperature, T, is presented in Figs.
6a-b, where (Ry — (), and H,, are the time integrated
values of (Ry — G) and H,, respectively, from the
commencement of the simulation at 0600 LST until
1300 LST. With these figures, a quantification relating
to the analytical evaluations in section 4 can be made.
For the TC cases the (Ry — G),!/? values are relatively
large for T; < 275.5 K, mostly since a cold air mass
over a relatively warm ground suppresses the value of
G significantly. On the other hand, for 7 > 275.5 K,
warmer air over a relatively cooler soil surface enhances
the value of G. For the TV cases, the relative change
of G and (Ry — R;) with a change in T is small (see
Fig. 5a), consequently, the corresponding change in
(Ry — G),!/? is relatively small, too. The rate of vari-
ation of (Ry — G),'/? as a function of T, for the TC
cases, appears to be nearly the same for the various
simulated months. The values of (Ry — G),'/? are sig-
nificantly lower in the mid-winter months primarily
due to the reduced solar radiation. For comparison
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FIG. 6. Simulated time-integrated surface fluxes and ABL char-
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average departure of the potential temperature within the ABL from
the initial potential temperature, §'.

purposes, simulated values of (Ry — G),'/? for abso-
lutely dry soil are presented for April (Curves Ap® and
ApY). These values are lower when compared with
those obtained in the saturated soil case in April
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(Curves A®and AV), since, due to a lack of evaporation
from the soil the surface temperatures increase, thus,
the magnitude of Ry and G should also increase.

The values of H'/? over the saturated soil are mark-
edly higher or the extreme cold environment for a given
month as compared to that of the extreme warm en-
vironment (see Fig. 6b). For a reasonable real world
range of perturbation in 7;around 275.5 K, the related
values of H!/?in the simulated cases can vary by about
a factor of 1.5 to 2 (Fig. 6b). The impact of saturated
soil initial surface air temperature on the magnitude
of H!{?, is illustrated well while comparing it with the
corresponding values obtained for the dry soil case (as
itflustrated for April). .

The impact of a variation in Ty on /4 and 8’ can be
evaluated from Figs. 6¢-d. It appears to be in agreement
with the scaling evaluations given in subsections 4a—
c. Changes in these two variables, within a factor of
1.5 to 2, for the indicated range of Ty are likely to be
common. It is worth noting that in April for low T
values the magnitude of those two variables under sat-
urated surface conditions (Curves A€ and AV) are
nearly the same as those obtained in the dry soil con-
ditions simulations (Curves ApC and ApY).

2) ABL AND SURFACE CHARACTERISTICS AS DE-
PENDENT ON LATITUDE

The impact of latitudinal change, as reflected in the
winter climatological surface air temperature, is sim-
ulated with the same initial potential temperature lapse
as in the previous simulations, The initial surface air
temperatures, Ty, were specified at 5 K intervals be-
tween 25° and 50°N as the minimum daily tempera-
ture and for the months shown in Table 1. Initially,
the soil surface temperature and the surface air tem-
perature are assumed identical (Case TV).

Results are presented for the same variables consid-
ered in subsection 5a.1 and using the same model input
parameters. The time integrated values of (Ry — G)
and R, at 1300 LST, (Ry — G),, and R, respectively,
(Fig. 7a) decrease while moving poleward, most pro-
nouncedly in the midwinter, and primarily due to the
reduction in the solar radiation. The related values of
(Ry — G),'"? and H!/? from which ¢, ¢, and €3 can
be determined based on the analysis presented in sec-
tion 4, are presented in Fig. 7b, c. In contrast to the
trends suggested in Fig. 7a, the values of H./? show a
general drop only in the high altitudes and in Decem-
ber, January, and February. Of special interest is the
slightly higher H!/? values for April as compared to
May although the (Ry — G),!’? values are higher in
May. This situation is explained by the higher efficiency
of conversion of (Ry — @) into H, in the relatively
lower temperatures in April. Following the spring
equinox, a continuous northward increase of H{* val-
ues is simulated. The values of & and 6’ (Figs. 7d and
7e, respectively) show the same trends as suggested by
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the analysis in subsections 4a—c. In the December case,
the ratio of (Ry — G),'/? at 25°N as compared to its
value at 50°N is ~2.3 while the corresponding ratio
of & is only 1.7. In April, the corresponding ratio of
(Ry — G),? is ~1.2 where that of A is only ~0.9.

b. Forested area

The numerical mesoscale model, which was used in
- the previous simulations, was also adopted for forest-
related evaluations using the vegetation module de-

scribed in McCumber (1980) and McCumber and
Piclke (1981). The simulations deal with two situa-
tions: (i) a cessation of transpiration due to stomatal
closure in a cold air temperature environment, or when
dormant deciduous trees are considered (i.e., rs —=> 0
which was established by using r, = 9999 s cm™! in
the model simulations); and (ii) substantial transpir-
ation (i.e., full stomatal opening) under relatively high
air temperatures (r, = 1 s cm ™). However, it should
be noted that for too high temperatures, coniferous
trees experience stomatal control. Therefore, the eval-
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the ABL, &; and (c) the average departure of the potential temperature
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uations need to be restricted, in this case, to the tem-
perature range for which significant temperature de-
pendent stomatal control does not occur. Full stomatal
opening is likely to occur in the first half of the summer
when the soil is wet. In both simulated situations the
Case TV was considered. The dependence of H1/?, h,
and 6’ at 1300 LST on the initial surface air temper-
ature, T, are presented (Figs. 8a, b, ¢).

Stomatal closure in December (Curve DEC*), due
to low temperatures, leads to a slightly increased
H!/? when the temperature drops, while a somewhat
larger corresponding increase is revealed in the April
simulation (Curve APR®). Corresponding relatively
increased values of /& and ¢’ are simulated. Under a
cold air outbreak over a forested area, or native grass
area at relatively low latitudes (mostly when the air
temperature is €273 K), canopy stomatal closure is
anticipated while under moderate warm air advection,
close to potential transpiration rate will occur. The dif-
ference in April between both situations (while con-
sidering, for example, stomatal closure for 7T, < 273 K
and stomatal full transpiration for 7T, > 288 K) in the
value of H!/? differs by a factor of ~1.3 to 1.7 (i.e.,
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¢ = ~1.3 to 1.7). The values of 8’ and h are similarly
different.

_ The values of H./? and A in July (JUL'), assuming
the relatively high temperature ranges, are even re-
duced, compared to those obtained in December
(DEC®) under low temperatures, and significantly
lower as compared to these obtained under low T val-
ues in April (APR *, when stomatal closure is typical).

The simulated results indicate the potential vari-
ability in sensible heat flux and ABL properties due to
the response of the transpiration to the background
temperature. It suggests that on midwinter clear and
cold days, a forested area in a higher midlatitude lo-
cation may generate closely similar sensible heat fluxes,
ABL depth and 8’ as compared to those of warm spring
days or midsummer days. However, the total solar ra-
diation in the midwinter day may be smaller by a factor
of ~2, as compared to that on spring days.

6. Discussion

The present study has evaluated the significance of
the level of the background temperature on various
properties involved with the ABL over saturated, or
very wet, soil surfaces and over canopy surfaces. A
scaling approach and numerical model simulations
were adopted for this purpose. The relative increase in
the efficiency of converting available thermal energy
at the surface into sensible heat flux in cold environ-
ments as compared with warm environments (where
in both environments, the solar radiation is identical)
was evaluated based on scaling formulations. It was
found that a corresponding increase of several times
in the surface sensible heat flux, is not uncommon.
Temperature variations, due to horizontal advection
at a given location, or due to latitudinal changes, par-
ticularly during the winter are considered, with specific
relevance to: (i) changes in the depth of the daytime
ABL,; (ii) changes in the relative daytime warming
within the ABL; and (iii) changes in the time needed
to break up the nocturnal inversion during the morn-
ing. Changes of 50% in (i)-(iii) due to background
temperature effects are not uncommon.

Based on the above surface conditions, the study
suggests several implications. These suggestions should
be considered as an indication of a relative effect (i.e.,
sensitivity) and not a general result when all the dif-
ferences (namely, different environmental lapse rates)
are included, for example: (1) cold weather conditions
provide relatively better vertical dispersion conditions
for pollutants (with respect to ABL depth) when com-
pared to conditions with the same environmental tem-
perature lapse rate, but which have higher background
temperatures; (ii) lower tropospheric convective insta-
bility is likely to be enhanced by a significantly reduced
environmental temperature for the same temperature
lapse rate since the contribution of the surface sensible
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heat flux to the lower tropospheric heating will be
larger; (iii) modification of the lower atmospheric
thermal structure by surface sensible heat flux tends to
be more significant in colder environments; (iv) in the
high midlatitude locations and under wet soil condi-
tions, forested areas may provide a similar sensible heat
flux supply to the atmosphere during winter and the
early summer; (v) cold front thermal modification due
to surface heating tends to be more noticeable in cold
environments; and (vi) in mountainous forested re-
gions, the difference in the sensible heat flux from the
canopy in the winter and summer are smaller than is
implied by the difference in solar radiation.

Very wet soil conditions occur frequently in mid-
latitude winter environments as a result of melted snow
or rain, with both large nonvegetated and vegetated
areas are common in these latitudes. It is suggested
that the aforementioned outlined impacts at these lat-
itudes be studied in more detail.
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