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ABSTRACT

The exchange coefficients for area-averaged surface fluxes can become anomalously large when the large-
scale flow is weak and significant fluxes of heat and moisture are driven by mesoscale motions within the
averaging or subgrid area. To prevent this erratic behavior of the exchange coefficient, the ‘*subgrid velocity
scale’’ must be included to account for generation of turbulent fluxes by subgrid mesoscale motions. This velocity
scale is obtained by spatially averaging the local time-averaged velocity used in the bulk aerodynamic relation-
ship. The subgrid velocity scale is distinct from the free convection velocity scale included in the bulk aerody-
namic relationship to represent transport induced by convectively driven boundary-layer-scale eddies (Godfrey
and Beljaars; Beljaars). The formulation of Godfrey and Beljaars is derived by time averaging the velocity scale
of the bulk aerodynamic relationship.

The behavior of the subgrid velocity scale is explored using data from five different field programs. Ubiquitous
‘‘nameless’’ mesoscale motions of unknown origin are found in all of the datasets. The addition of the subgrid
velocity scale reduces the dependence of the exchange coefficients on grid size. Based on the data analysis, the
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subgrid velocity scale increases with grid size and contains a contribution due to surface heterogeneity.

1. Ihtroduction

The local surface flux is often formulated in terms
of the bulk aerodynamic relationship. This formulation
is simple and practical and therefore widely used. Ap-
plication of the bulk aerodynamic formulation and at-
tendant similarity theories for the prediction of the
exchange coefficient suffer from several problems that
may require generalization of the formula. To introduce
these problems, the bulk aerodynamic formulation is
written as ‘

W = CVD b - 81, (1)
where V(z) is a time average of the wind speed, &,
is the time-averaged surface value of the transported
variable, and ¢(z) is the time-averaged transported
variable at the observational level or the first model
level. With stationary homogeneous conditions, the
exchange coefficient C,(z) is normally predicted from
Monin—Obukhov similarity theory as a function of
stability, surface roughness height, and observation
height z. '

The surface exchange coefficient based on Monin—
Obukhov similarity theory relates the heat flux to the
surface temperature at the roughness height. In practice
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this similarity theory is normally applied using the sur-
face radiation temperature or, analogously, the temper-
ature computed from the surface energy budget. How-
ever, the roughness length for heat used in concert with
Monin-Obukhov similarity theory and surface radia-
tion temperature becomes extremely small over heated
surfaces (Sugita and Brutsaert 1990). Sun and Mahrt
(1995) show that this radiative roughness length is not
systematically related to the actual roughness charac-
teristics of the surface. This difficulty is due to the fact
that Monin—Obukhov theory is not calibrated for use
of the surface radiation temperature or the temperature
computed from the surface energy balance.

The bulk aerodynamic formulation is used to predict
fluxes spatially averaged over a grid area even though
the similarity prediction of the exchange coefficient is
based on local time-averaged data over homogeneous
surfaces. In numerical models, the bulk aerodynamic
relationship is expressed in terms of the speed of the
wind vector based on the wind components spatially
averaged over the grid area. This speed may be signif-
icantly smaller than the spatial average of the wind
speed itself. In fact, the speed of the spatially averaged
wind vector may nearly vanish, yet spatially averaged
scalar fluxes remain significantly nonzero. This situa-
tion requires that the corresponding exchange coeffi-
cient approaches very large values. As an additional
consequence, the exchange coefficients for the spatially

averaged flow become scale dependent (Mahrt and Sun
1995).
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Models sometimes pragmatically address the prob-
lem of vanishing large-scale flow by either

1) specifying a minimum allowed wind speed,

2) modifying the stability dependence of C; such
that the product of C, and the wind speed approaches
a nonzero free-convection constant as the wind speed
approaches zero [see Louis 1979, Eq. (14)], or

3) generalizing the mean velocity scale.

As an example of the third approach, Beljaars (1995)
supplements the speed of the time-averaged wind vec-
tor with the free convection velocity scale in the surface
flux formulation to account for generation of flux by
convective circulations.

To examine the formulation of grid-averaged surface
fluxes, the bulk aerodynamic relationship is spatially
averaged in section 3. The resulting velocity scale in
the bulk aerodynamic relationship is shown to include
a contribution from unresolved subgrid mesoscale mo-
tions. The data used to evaluate the resulting bulk aero-
dynamic formulation and effective exchange coeffi-
cient for spatially averaged fluxes are described in sec-
tion 4. The dependence of the-effective exchange
coefficient on grid size is investigated in section 5, and
the generalized velocity scale for the bulk aerodynamic
formula is parameterized in section 6. With this gen-
eralized velocity scale, the corresponding exchange co-
efficient for the spatially averaged flow C,,, is less sen-
sitive to the spatial averaging scale (grid size ) and more
amenable to similarity theory.

2, Local time averaging and the free convection

limit

The bulk aerodynamic formulation can be expressed
in terms of the time average of the instantaneous wind
speed

17: (u2 +v2)1/2 (2)

or the speed computed from the time-averaged wind
components (vector average)

|v | = (172 + 62)1/2,
where the overbar is a simple time average.
The bulk aerodynamic relationship based on the time
average of the wind speed is expressed in (1), while

the bulk aerodynamic relationship in terms of the vec-
tor-averaged wind is written as

w o = CylVI[da — H(D) 1, (4)

where 6‘4, is an exchange coefficient defined by (4).
Since the speed of the time-averaged wind vector is
less than the time average of the instantaneous speed,
C’d, must be greater than the exchange coefficient based
on the average of the instantaneous speed, C, [Eq.
(1)]. However, the differences are small except in the
case of weak winds and strong surface heating where
the instantaneous speed is dominated by convectively

(3)
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driven circulations. In this limit, C¢ must become large
so that the product C,|V | remains finite as |V | ap-
proaches zero.

a. Averaging the instantaneous speed

The previous use of the free convection velocity
scale in the bulk aerodynamic velocity scale can be
derived for the case where the time average of the wind
speed is replaced by the speed of the time-averaged
wind vector in order to accommodate numerical mod-
els. The following development shows which assump-
tions allow derivation of the generalized bulk aerody-
namic relationship in Godfrey and Beljaars (1991) and
Beljaars (1995).

The most straightforward derivation begins by time
averaging the square of the instantaneous speed, ex-
pressed as

Vi= (@ + 2 +u'2+9°+ 200 +v'2), (5)

where the prime quantities are turbulent fluctuations
from the time average. For simple unweighted aver-
aging, the cross terms 2iu’ and 2vv’ vanish. The re-
maining perturbation variance terms are a function of
the surface friction velocity u, and the free convection
velocity wy,, in which case (5) can be parameterized
as

V2= VT + g([V], ug, ws). (6)

Here g(| V|, uy, wy) is analogous to the gustiness fac-
tor in Godfrey and Beljaars (1991), which is important
in the limit of small- Vector-averaged wind speed Since
the turbulence velocity variance in (5) is important
only with weak winds (small |V |) and significant sur-
face heating, the function g can be formulated in terms
of a quadratic function of w,, . Neglecting the difference
between the average of the square root and the square
root of the average, (6) becomes

V=11V + (Bws)’). (7

Using this velocity scale, the bulk aerodynamic rela-
tionship (1) can be expressed in terms of the speed of
the time-averaged wind vector in the form

W@ = CollV I + (Bwe)’][dee — ¢ 1. (8)

The above development of (8) provides some jus-
tification for introducing wy as an additional velocity
scale but does not offer rigorous justification for the
exact form of the generalized velocity scale. The ad-
dition of the free convection velocity scale was con-
ceptually motivated by Businger (1973), who defiried
a minimum Obukhov length where u, was replaced by
a function of the free convection velocity scale (Liu et
al. 1979; Schumann 1988). Godfrey and Beljaars
(1991) and Beljaars (1995) proposed use of an addi-
tional velocity scale in terms of surface flux generated
by the horizontal velocity fluctuations induced by
boundary-layer-scale eddies.
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In fact, the addition of the free convection velocity
scale is similar to modifying the stability function of
the exchange coefficient, as can be shown by - factormg
out the speed of time-averaged wind vector |V | in (8),
in which case ‘

W = Co(l + RV [ = (). (9)
where
. (,BW*)2
Ri = N (10)

The Richardson. number in the form Rl is valid only for
the unstable case since both w, and Ri are undefined
in the stable case. Equation (9) can be transformed to
the bulk aerodynamic ‘formula (4) by defining the
exchange coefficient C, = Cy(1 + Ri)!”2. Expressing
(9) in terms of the exchange coefficient C, is analogous
to approach 2 in the introduction since the product
C,|V | approaches a nonzero constant in the limit of
vanishing |V |. In fact, the functional dependence on
the Richardson number in (9) is similar to that in Louis
(1979) for the free convection limit. This comparison
shows that the approaches of Louis (1979) and God-
frey and Beljaars (1991) are asymptotically similar in
terms of the dependence on stability. However, the two
approaches are numerically different, and the Louis
scheme underestimates fluxes in the free convection
limit (Miller et al. 1992) without further adjustment.
Equation (9) also indicates that using approach 2 and
the addition of the free convection veloc1ty scale are
redundant

b Explzczt form of buoyancy veloczty

The formulatlon for the generahzed velocny scale in
(8) can be converted to an explicit form where the
right-hand side does not depend on the heat flux by
replacing wy with the ‘‘buoyancy velocity scale”

(Stull 1994) ‘ A
- : NEYZ
wﬂ = (jgv Z,A03> . : ]

where z; is the depth of the boundary layer and Afj is
the difference between the virtual potential temperature
corresponding to the surface radiation temperature and
the virtual potential' temperature. of, the. mixed layer.
This temperature difference must be positive for appli-
cation of (11). Using the velocity scale wy, the bulk
aerodynamlc formula for the heat- flux from Stull
( 1994) is :

W8 = (ComMyn + byws) [0 — B 1, (12)

where Cpyy = 0.001, by = 0.00025, MML is the speed
of the mean wind in the mixed layer, and 0. is the
surface radiation temperature. The free convection
form of (12), where My approaches zero [see Stull
1994, his (Eq. 17)]), is analogous to that of Sykes et al.

(11)
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[1993 (Eq. 11)] if Cyv. = (aa)**(z,/z:)*"?, where z,
is the depth of the surface layer, which in turn depends
on surface roughness and a4 is a dimensionless coef-
ficient defined in Sykes et al. (1993).

In (12), the buoyancy term b,wy is linearly added
to the wind speed term Cpp M, whereas the buoy—
ancy term is quadratically added to the wind speed in
Godfrey and Beljaars (1991). Based on the datasets of
this study, the ability of the two approaches to reduce
the scale dependence of the exchange coefficiénts is
similar (not shown here). Derivation of the quadratic
form (7) requires fewer assumptions than the linear
combination and will be used in this study.

For future use, a genéralized free convection velocity
scale is defined in flux form as '

()= Blwa), (13)
and in explicit form as - | _
(Wie) = bu{ws). (14)

3. Subgrid velocity scale

Since similarity formulation of the bulk aerodynamic
method relates - the flux to the locally time-averaged
speed, formulation of area-averaged turbulent fluxes re-
quires an expression for the grid-area average of the
locally time-averaged speed. Therefore, anticipating
application to parameterization of grid-averaged sur-
face fluxes; the time average of each wind component
and the generalized free convection 'velocity scale
[(13) and (14)] are decomposed into an average over
the grid area ({it), (U}, {w.)) and the deviation of the
local time average -from the area average (u*, v*

wi). Then, '
cu=A{u)+u*
T=(T) +u* (15)

e = (W) + Wie. (16)

The angle brackets deﬁne spat1a1 averaging over a gr1d
area of width Ax and represent the resolved flow in
numerical models. [More precisely, only motions on a
scale of 4Ax or greater are fully resolved (see Avissar
1990).]

Using decomposition (15), the square of the locally
time- averaged wind speed (7) becomes

V2= |V |2+ wh = (@) + u*)?
+ (D) + v + ((we) + w2 (A7)

Spatially averaging the square of the speed (17) over
the grid area

(V2 = (V)% + (we)? + (u*? + 0¥ + wik?),
(18)
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where the speed of the spatially averaged wind vector
is defined as

(V) = (i) + (@), (19)

Numerical models determine only the speed of the
spatially averaged wind vector [(V )| (first term on the
right-hand side of 18) based on the grid-averaged (re-
solved) wind components computed from the equa-
tions of motion. However, the local flux is related to
the local time-averaged wind so that the spatially av-
eraged flux should be related to the spatial average of
the local time-averaged wind, which would require
evaluation of the entire right-hand side of (18).

To show the difference between these two different
spatially averaged winds, an example of diverging
mesoscale flow is sketched in Fig. 1, qualitatively based
on data described in section 4. Here the spatially av-
eraged wind vector nearly vanishes when the grid area
includes both branches of the mesoscale flow. That is,
the two branches of the outflow cancel when averaging
the wind components over the grid area, leading to very
small spatially averaged wind components, so that
(V)] < (V). However, when the grid size is small
compared to the mesoscale circulation, the mesoscale
flow is resolved and [(V )| = (V). Since the spatially
averaged moisture and heat fluxes are about the same
for both grid sizes, the exchange coefficient for the
usual bulk aerodynamic relationship must be much
larger in the case of larger grid size. Consequently, the
exchange coefficient not only becomes large in the case
of vanishing large-scale flow but depends on grid size.
Therefore, use of the speed of the spatially averaged
wind vector ([(V)|) in numerical models requires
scale-dependent exchange coefficients in the case of
weak large-scale flow.

Alternatively, this study will parameterize the dif-
ference between the speed of the resolved flow and the
spatial average of the local time-averaged speed by
simplifying (18). Neglecting the spatial variations of
the free convection velocity scale and neglecting the
difference between the spatial average of the square
root and the square root of the spatial average (found
to be a good approximation for the present data), (18)
simplifies to

(VY2 = UV + (wee)* + V2, (20)
where the subgrid velocity scale is defined as
Vi = (u*?) + (v*?). (21

The subgrid velocity scale represents the generation of
turbulent flux by the unresolved subgrid mesoscale
flow.

Using the velocity scale (20), the bulk aerodynamic
formulation for the spatially averaged flux becomes

(W) = Copere (I{V 2 + (wie)? + V)2

X (s = ((2))]. (22)
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FIG. 1. A schematic of the diverging mesoscale flow over the ir-
rigated area (shaded area) qualitatively based on CODE flight 19
(section 4). For the larger grid box (large dashed box), the spatially
averaged wind components nearly vanish. For the smaller grid box,
the mesoscale flow is resolved and the spatially averaged wind com-
ponents are significantly nonzero.

Here Cy.r is an effective exchange coefficient defined
by (22), which relates spatially averaged fluxes to the
spatially averaged air—surface differences.

The effective exchange coefficient could be esti-
mated by partitioning Cy, ¢y, and ¢(z) into area-av-
eraged parts and deviations from the area average as in
(15), substituting into the bulk aerodynamic relation-
ship and then spatially averaging the entire relationship.
This approach leads to ‘‘extra’” Reynolds terms asso-
ciated with spatial correlations between |V |, Cy, by,
and ¢(z) (Esbensen and Reynolds 1981). This study
will follow a simpler approach and evaluate Cy. di-
rectly from data. The data analysis in section 5 will
show that the addition of the subgrid velocity scale sig-
nificantly reduces the dependence of the effective
exchange coefficient on grid size or averaging scale so
that similarity theory might be used to estimate C,;.

The dependence of the drag coefficient on averaging
scale is more complicated than the exchange coefficient
for scalar quantities because the surface stress is a vec-
tor quantity and is sometimes reduced by spatial aver-
aging, as occurred for the wind vector in Fig. 1. Be-
cause of this averaging effect and the fact that the sur-
face drag is more aligned with the mean shear vector
than the mean wind vector, the drag coefficient for the
spatially averaged momentum flux depends on aver-
aging scale in a way that is not systematic between
studies. The mesoscale flux is also influenced by the
mesoscale pressure field. In a case study of strong sur-
face heterogeneity, Mahrt et al. (1994a) found that the
momentum flux is significantly modulated by transient
mesoscale motions, while the heat and moisture fluxes
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TABLE 1. Data.

Length of flight

Observation

Field program (km) Number of runs level (m) References
CODE flight 13 30 8 30 MacPherson (1992)
CODE flight 19 30 8 30 MacPherson (1992)
HAPEX, 19, 25 May 120 6 125 Mahrt (1991)
buFex, Lake King 50 6 12 Lyons et al. (1993)
TOGA COARE 70 24 40 TCIPO (1993)
Pre-BOREAS 40 6 50 NASA (1994)

are characterized by a simpler quasi-stationary spatial
distribution dictated by surface heterogeneity. This
study will concentrate on the spatially averaged heat
and moisture fluxes.

Since V,, represents the influence of all motions be-
tween the largest turbulent scales and the scale of the
spatial averaging, its value is proportional to the scale
of spatial averaging or grid size Ax, as is shown in
section 5. To organize the data analysis in section 6,
the subgrid velocity scale can be tentatively formulated
as

Vgg(ATﬁbs V» Ax)

= VZ4Li(ATy, V, Ax) + V2i(Ax) + Vis. (23)

The first term on the right-hand side represents the in-
fluence of surface heterogeneity, where AT is some
measure of the variability of surface temperature, to be
defined later. The second term represents the general
influence of transient mesoscale motions found to in-
crease with grid size (section 6). The last term repre-
sents the influence of well-defined mesoscale events
such as organized moist convection and sea breezes and
is not explicitly considered in this study. Formulation
of V,, will be constructed in section 6 by analyzing data
from five different field programs discussed in the next
section.

4. Data

To evaluate the velocity scale in the bulk aerody-
namic formulation, data from five different field pro-
grams are analyzed (Table 1). The data from the Cali-
fornia Ozone Deposition Experiment (CODE) is de-
scribed in Sun and Mahrt (1994) and references
therein. In this field program, strong spatial variations
of surface vegetation and soil moisture due to irrigation
significantly influence the observed flow and generate
inland breezes with weak large-scale flow. The data
contain eight repeated flights over the same flight track,
about 30 km long at 30 m above ground, on each of
the two flight days. This dataset provides the largest
available sample size of near-surface fluxes over het-
erogeneous terrain.

Data from the pre-Boreal Ecosystem—Atmosphere
Study (pre-BOREAS) consist of Canadian NRC Twin

Otter flights over a relatively flat forest. The data were
taken under cloudy conditions along the ‘‘Candle Lake
track” (NASA 1994). Data from the bunny fence ex-
periment (buFex) were collected over a region partly
occupied by mixed agricultural land use and partly by
a semiarid surface with native vegetation (Lyons et al.
1993). The surface heterogeneity in buFex did not gen-
erate observable mesoscale motion, because of signif-
icant large-scale flow.

The data from the Hydrological and Atmospheric Pi-
lot Experiment (HAPEX)) consist of six repeated flights
of the National Center for Atmospheric Research
(NCAR) King Air over a 125-km flight tract above a
flat pine forest in southwest France (Les Landes), pro-
viding one of the largest sample sizes of turbulence and
small mesoscale motions over land. These data were
collected on each of two individual flight days. The
Tropical Oceans Global Atmosphere Coupled Ocean—
Atmosphere Response Experiment (TOGA COARE)
data consist of 24 NCAR Electra flights over the west-
ern equatorial Pacific with a track length of typically
60-70 km. These data include a range of conditions
from relatively undisturbed conditions to well-orga-
nized intense moist convection.

For each flight over land, the runs are aligned and
the influence of variable aircraft speed is reduced by
stretching (or contracting) and translating each record
based on ground markers. For CODE, the ground mark-
ers are determined from the aircraft measured NDVI
(normalized difference vegetation index) (Tucker
1979). For the other flights, the ground markers are
determined from radiometrically measured terrain
heights and the surface radiation temperature. Since the
TOGA COARE flights are over the sea, the flights are
not aligned.

The aircraft runs are divided into 5-km segments.
Fluctuations are computed from the 5-km unweighted
averages. This averaging operator separates the ‘‘tur-
bulence’’ from the mesoscale part and in some sense
is a substitute for a local time average. The choice of
5 km as a partitioning scale is somewhat arbitrary and
theoretically should be proportional to height above
ground, instability, and the boundary layer depth. The
choice of 5 km attempts to eliminate the mesoscale flux
that can be of either sign with respect to the turbulence
flux and is therefore not represented by the bulk aero-
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FiG. 2. The effective exchange coefficient for heat from CODE
flight 19 as a function of averaging scale. The models are the un-
modified bulk aerodynamic formulation (circles), inclusion of wy in
the velocity scale (squares), and inclusion of V,, in the velocity scale
(diamonds).

dynamic relationship. With a smaller partitioning scale,
the so-called ‘““‘mean’ flow contains variations on
scales that are too small to maintain equilibrium tur-
bulence, and the computed turbulent flux would be
more contaminated by small sample size. To compute
the spatially averaged flux, the products of the pertur-
bations are averaged over different values of the aver-
aging scale Ax. Regardless of the averaging scale Ax,
the perturbation quantities are always computed as de-
viations from the 5-km mean.

The speed of the spatial average of the instantaneous
wind vector |[(V)|, measured by the aircraft, will be
used as an estimate of the speed of the spatial average
of the local time average [(V )|, needed in the bulk
aerodynamic relationship. The heat flux, surface radi-
ation temperature, |(V)|, and V,, are computed for
each record subsegment of width Ax. The exchange
coefficient for heat is then computed from these values
for each subsegment. For a given value of Ax, subseg-
ment values of the exchange coefficient are averaged
over all of the flight legs for a given flight day to form
just one value for each value of Ax, symbolized as
[Cyerc]. The square brackets denote averaging subseg-
ment values over a given flight day. For TOGA
COARE, the values of the exchange coefficient, for a
given value of Ax, are averaged over all of the flight
days. The effective exchange coefficients for moisture
are computed in the same way as those for heat, where
the surface specific humidity is assigned to be the sat-
uration value at the surface radiation temperature.

5. Scale dependence of the exchange coefficients

Sections 2 and 3 suggested the use of additional ve-
locity scales in the bulk aerodynamic relationship. Fail-
ure to generalize the velocity scale of the bulk aero-
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dynamic relationship in the case of weak large-scale
flow could require exchange coefficients that are much
larger than those predicted by similarity theory. Such
large values of the exchange coefficients will be found
from data for CODE flight 19 where the large-scale
flow is weak and the surface heterogeneity generates
well-defined mesoscale flow. For this case, the speed
of the spatially averaged wind vector (|(V)|) becomes
small when averaging over the scale of the irrigated
area, as is schematically pictured in Fig. 1. The two
branches of the outflow from the irrigated area (irri-
gation breeze) partially cancel when spatially averag-
ing the velocity components.

The averaged exchange coefficients [ Cy.r(Ax)] are
computed as described in section 4 for the following
different forms of the generalized velocity scale in (22)
using the flux form of the free convection velocity
scale:

1) the unmodified bulk aerodynamic formulation
for numerical models (8 = 0, V,, = 0),

2) the free convection modification (g = 1, V,,
= (), and

3) the modification to include subgrid mesoscale
motions (8 = 0, V,, # 0).

In cases where the virtual heat flux is negative, wy, is
set to zero in the second model.

The exchange coefficient for CODE flight 19 for the
unmodified formulation (model 1) becomes large
(Figs. 2 and 3) as the grid averaging area exceeds the
width of the irrigated area. These large values are nec-
essary to compensate for the decreasing magnitude of
the spatially averaged (resolved) flow |(V)| since the
spatially averaged turbulent fluxes do not necessar-
ily decrease with increasing averaging scale. The
exchange coefficients for heat and moisture computed
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FiG. 3. The effective exchange coefficient for moisture from CODE
flight 19 as a function of averaging scale. The models are the un-
modified bulk aerodynamic formulation (circles), inclusion of wy in
the velocity scale (squares), and inclusion of V,, in the velocity scale
(diamonds).
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from the other datasets generally show much less de-
pendence on averaging scale.

Using either one of the generalized velocity scales
(model 2 or 3) reduces the scale dependence of the
exchange coefficient for CODE flight 19. Any addi-
tional, significantly nonzero velocity scale prevents the
total velocity scale from becoming small as |{V)] be-
comes small. However, choosing the inner 15 km of
the record occurring mainly over irrigated cotton in
CODE flight 19, both |{V)| and w,, become small even
though the turbulent moisture fluxes do not become
small. The significant turbulent moisture flux is main-
tained by the diverging mesoscale flow. As a result, the
exchange coefficient for the area-averaged moisture
flux is significantly larger than that predicted by simi-
larity theory, unless the bulk aerodynamic formulation
includes the subgrid velocity scale V.

When the above analyses of CODE data are repeated
with natural sublegs based on land-use boundaries,
greater scale dependence is captured at smaller aver-
aging scales. As a result, the exchange coefficients for
the unmodified formulation (model 1) begin to in-
crease at smaller averaging scale Ax when compared
to Figs. 2 and 3, where the exchange coefficients for
the unmodified formulation increase mainly between
the 15- and 30-km averaging scales. Dividing the sur-
face area according to natural surface boundaries more
effectively captures the impact of the heterogeneity. In
numerical models, the boundaries of grid boxes are not
chosen with respect to natural boundaries. Therefore,
this study emphasizes the calculations based on arbi-
trarily chosen 5-km subrecords, beginning at the start
of the flight track.

The exchange coefficient for heat predicted by the
model of Stull (1994), defined by (12), was evaluated
by using the temperature and wind speed at flight level
as estimates of the mixed-layer-averaged values. The
exchange coefficient for heat increases by about 30%
when the averaging scale increases from 15 to 30 km.
This increase is much less than the 300% increase for
the unmodified bulk aerodynamic formulation (model
1). Therefore, the addition of the buoyancy velocity
scale in (12) mathematically reduces the scale depen-
dence of the exchange coefficient for the unstable case,
because the total velocity scale does not become very
small when the large-scale flow becomes weak.

6. Parameterization of the subgrid velocity scale

The subgrid velocity scale V,, is estimated from (20)
using 5-km averages for all of the datasets in Table 1.
The subgrid velocity scale V, can be viewed as a band-
pass filter of the horizontal velocity variance between
the scales of 5 km and Ax. Depending on grid size, V,
is typically about 0.5 m s ' for those datasets with no
strong effect of surface heterogeneity (open symbols,
Fig. 4) and significantly larger for the two CODE
flights (solid symbols, Fig. 4), where surface hetero-
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FiG. 4. The subgrid velocity scale as a function of the speed of the
spatially averaged wind vector for Ax = 30 km for HAPEX flight 19
(open circle), HAPEX 25 (open square), buFex (triangle), pre-
BOREAS (diamond), TOGA COARE (inverted triangle), CODE
flight 13 (solid circle), and CODE flight 19 (solid square).

geneity is important. Each symbol in Fig. 4 represents
V., averaged over all of the flight legs for the indicated
field program or flight day.

a. Surface heterogeneity

Surface heterogeneity generates mesoscale spatial
variation of air temperature corresponding to horizontal
gradients of the hydrostatic perturbation pressure. This
pressure gradient produces local mesoscale flow that in
turn generates turbulence and turbulent transport. The
magnitude of the mesoscale pressure perturbation at the
surface is proportional to the depth and amplitude of
the temperature perturbation, which usually increases
with the horizontal scale of the heterogeneity. Smaller-
scale temperature gradients fail to generate local flows,
particularly with significant ambient airflow (Hechtel
et al. 1990; Segal and Arritt 1992; Hadfield et al. 1992;
Mabhrt et al. 1994b).

The largest scale of the thermally generated meso-
scale motions, not resolved by the numerical model, is
proportional to the grid size A x. Choosing the grid size
as the length scale, the simplest subgrid velocity scale
that represents the generation of mesoscale motions by
surface heterogeneity can be constructed as

172
‘/sgl(AT'sfcy I(V>|7 A-x) = C(—ig-.— Anchx) s (24)
0

where AT, is a measure of the variation of surface
radiation temperature, T is the spatial average of the
surface radiation temperature, and C is a decreasing
nondimensional function of the large-scale wind speed
|{V)|. With this formulation, local motions generated
by the surface heterogeneity are proportional to the sur-
face temperature variation and the grid size.
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The total value of the subgrid velocity scale (23)
computed from the data is formulated as the sum of the
transient part (section 6b) and the part due to surface
heterogeneity (24). In section 6b, the transient part is
nominally moddeéled as a function of the grid size and is
approximately 0.55 m s™' for Ax = 30 km (length of
the flight track for CODE flight 19). Subtracting this
modeled value of the transient part from the observed
value of V,;, = 1.42 m s~ for Ax = 30 km for CODE
flight 19, the value of V., is 0.87 ms~'. Assigning
AT to be the standard deviation of the 5-km averages
of the surface radiation temperature for Ax = 30 km
(approx1mately 7°C), the nondimensional function C
in (24) is estimated to be 0.0104 with Ax = 30 km for
CODE flight 19.

For CODE flight 13, the part of V, due to the surface
heterogeneity is computed to be 0.47 m s ~'. The meso-
scale motion organized by the surface heterogeneity for
flight 13 takes the form of diffluence of the large-scale
flow and is visibly weaker when compared to flight 19.
Thus, an increase of large-scale flow from about 0.4
m s~ for flight 19 to about 2.8 ms™~' for flight 13
significantly reduces the mesoscale flow driven by sur-
face temperature variations. For CODE flight 13, the
standard deviation of the 5-km-averaged surface radi-
ative temperature is also about 7°C, and C is estimated
to be about 0.0056 at Ax = 30 km.

The dependence of this function on the speed of the
large-scale flow can be formulated as

KW

Vcril ’
An exact fit to the two CODE flights yields C(0)
= 0.015 and V,;, = 3.9 m s~'. For the other field pro-
grams, AT, is less than 2°C, the wind speed [{V}]| is
stronger than that in CODE, and V,,; is found to be
unimportant within the accuracy of the measurements.
Consequently, V,,, will be assumed to be zero in the
other field programs. The effect of surface heteroge-
neity might be stronger in mesoscale models where the
corresponding mesoscale circulation does not have to
compete with transient mesoscale motions. Further-
more, in mesoscale models, the surface heterogeneity
is organized with respect to the horizontal boundaries
of the model that typically employ periodic boundary
conditions.

Application of (24) as a subgrid parameterization in
large-scale numerical models would require represen-
tation of the subgrid variability of the surface radiation
temperature ATy, which is normally not available in
existing numerical models. Information on AT, might
be deduced from real-time satellite data or from models
that include some representation of subgrid variability
of the surface conditions as in Wetzel and Chang
(1988), Avissar and Pielke (1989), Claussen (1991),
Ducoudré et al. (1993), and Huang and Lyons (1995).

C =C(0) exp(— (25)
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b. Transient mesoscale motions

Significant mesoscale energy is present in all of the
datasets in this study, whether or not surface hetero-
geneity is present. This subsection attempts to formu-
late the magnitude of the subgrid velocity scale due to
transient mesoscale motions, V,r. The data from
CODE are excluded from this formulation since the
surface heterogeneity was dominant. Presumably V,,r
increases with record length (or grid size) since larger
record length includes a larger range of mesoscale mo-
tions. In fact, V,,rincreases systematically with increas-
ing grid size for all of the datasets (Fig. 5). The .ve-
locity scale V., for the TOGA COARE data is a little
stronger at large grid sizes compared to the overland
cases. This may be due to mesoscale organization of
both weak and intensive convective cloud systems in
TOGA COARE. The velocity scale V., is relatively
small in the pre-BOREAS data, which were taken with
nonconvective cloudy conditions. One can speculate
that surface heating induces transient mesoscale cir-
culations such as inertial gravity waves at the top of
the boundary layer and augments V,,r for the other
overland cases. Differences in stability and flight level
above ground, the failure of the turbulence to achieve
equilibrium with the mean flow, and errors in the for-
mulated dependence on Ax might also contribute to
variations of V,r. The following analysis examines
only the dependence of V7 on grid size.

The least squares fit of the log(V,,r) to log(Ax) for
the data in Fig. 5 yields the following relationship:

A 0.33
Vigr = 032(?"—1) ,

where Ax is expressed in kilometers and V,,r in meters
per second. This relationship explains 71% of the vari-
ance of log(V,,). With this formulation, the predicted

(26)
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FiG. 5. The subgrid velocity scale ng as a function of the averaging
length (simulated grid size) Ax for HAPEX flight 19 (circles),
HAPEX flight 25 (squares), buFex (triangles), pre-BOREAS (dia-

monds), and TOGA COARE (inverted triangles).
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at Ax = 10 km, to 0.85
to 1.37 ms™' at Ax

V,er increases from 0.32 m s~
ms~' at Ax = 100 km,
= 400 km.

Depending on grid size, the subgnd velocity scale is
significant only when the large-scale, vector-averaged
flow is less than a few meters per second. Therefore,
the subgrid velocity scale is impeortant only for a small
fraction -of the time. However, in such cases the un-
modified formulation, based on the spanally averaged
wind vector, can lead to sxgmﬁcant errors and erratic
model behavior. Thus, some models contain safety
“if’ statements that prohibit very weak large-scale
flow. The simplest possible model would be to specify
a globally constant value of V,, suchas V,, =0.5ms™'.
This value could be augmented to 1nclude the clima-
tological effect of more organized mesoscale motion,
excluded in most of the data analyzed here. Spec1ﬁca—
tion of constant V,, could replace spécification of a min-
imum wind speed (approach 1, introduction). A more
flexible, but still simple approach is to use (26), which
includes the dependence of V., on grid size.

Substituting (26) and (24) w1th decomposition (23)
into the bulk aerodynam1c relationship (22) y1elds

w8 = Cuaf KDI* + w)?

r "\ 03372 Y172
el T-efonsd)
X [(d’m) (¢(Z)>} (27)

The nondlmenswnal functlon for -the surface hetero-
geiieity term C is a decreasing function of wind speed
(25) and C* = 0.32m s™' [see Eq. (26)]. This surface
heterogenelty term must be neglected unless informa-
tion is available on subgrid surface temperature varia-
tions. Although the above calculations have employed
a large number of flight legs, (27) must be considered
tentative. More data for cases of weak large-scale flow
and cases of strong organized mesoscale motion are
needed.

7. Conclusions and discussion

The value of the effective exchange coefficients for
aréa-averaged fluxes can depend significantly on the
scale of averaging for weak large-scale flow. This scale
dependence of the exchange coefficient ispartly related
to turbulent fluxes generated by subgrid mesoscale cir-
culations within the grid averaging area. In other terms,
the speed of the wind vector, spatially averaged over
the grid area, is sometimes significantly smaller than
the spatial average of the speed, dependlng on the im-
portance of mesoscale motions that are smaller than the
grid size. As a result, exchange coefficients in the un-
modified bulk aerodynamic relationship for weak
large-scale flow become significantly scale dependent.
For the CODE data (section 5), the exchange coeffi-
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cients for heat and moisture increase dramatically with
increasing averaging scale.

This scale dependence of the exchange coefficient is
removed by including the subgrid velocity scale in the
bulk aerodynamic formulation that accounts for tur-
bulent flux generated by subgrid mesoscale motions.
The subgrid velocity scale is derived in section 3 by
spatially averaging the velocity scale in the bulk aero-
dynamic relationship. The inclusion of the subgrid ve-
locity scale into the bulk aerodynamic formula is math-
ematically equivalent to replacing the resolved velocity
(based on grid averaged velocity components ) with the
spatial average of the local time-averaged wind speed
(section 3). Since the latter averaged speed is not avail-
able in numerical models, a parameterlzed subgrid ve-
locity scale should be incorporated in the bulk aero-
dynamic relationship.

The behavior of the subgrid velocity scale is esti-
mated from five different field programs. The first part
of the subgrid velocity scale is formulated in terms of
subgrid variability of the surface radiative temperature
[(24) and (25)] to represent generation of subgrid mo-
tions by surface heterogeneity. This term is dominant
in-the CODE flight 19 data. The second part of the
subgrid velocity scale, due primarily to background
transient mesoscale motions, is formulated as a func-
tion of grid size [Eq. (26)]. Larger grid size corre-
sponds to a larger range of unresolved subgrid motions.

This study also briefly examines the bulk aerody-
namic relationship based on a generalized velocity
scale expressed in termis of the free convection velocity
scale as in Godfrey and Beljaars (1991), Stull (1994),
and Beljaars (1995). Here, the free convection velocity
scale accounts for flux associated with buoyancy-
driven boundary- layer-scale motions. As is shown in
section 2, this approach is analytlcally (but not quan-
titatively) equivalent to modifying the stability func-
tion of the exchange coefficient and can be derived by
time averaging the instantaneous wind speed. This gen-
eralization of the bulk aerodynamic relationship re-
duces the scale dependence of the exchange coefficient
for the case of weak winds and significant surface
heating.

Since the subgrid and free convection velocity scales
significantly reduce the dependence of the exchange
coefficiént on averaging scale (grid size), local simi-
larity theory might be used to éstimate the effective
exchange coefficient in the generalized bulk aerody-
namic formulation [Eq. (27)]. The generalization of
the velocity scale will have little impact on the predic-
tion of fluxes in the case of significant large-scale flow
but becomes important when the large-scale flow is
weaker than a few meters per second. As a simpler
alternative, this study lends some support to simply
specifying a minimum wind speed in large-scale mod-
els. At a slightly higher level of sophistication the min-
imum wind speed could be spe01ﬁed to increase w1th
grid size using (26).
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The above analysis requires more data for cases of
weak large-scale flow, organized mesoscale circula-
tions (sea breezes, moist convective systems ), and the
nocturnal boundary layer where subgrid slope circula-
tions are sometimes stronger than the large-scale flow.
The formulations developed here are conservative es-
timates of the subgrid velocity scale since the data in-
clude mainly background mesoscale motions without
strong organized convective systems. However, the ef-
fect of such stronger systems on subgrid-scale transport
may not yield to simple formulation.
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