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Abstract: In this paper we focus on vertical diffusion of heat and passive scalars (like mois-
ture) in the convective atmospheric boundary layer. In the first part of the paper, a sumrmary
of the recent work by Holtslag and Moeng (1991) is given. In this work the heat and scalar-
flux equations are analyzed with data obtained from large-eddy-simulations. The findings
can be used in a modified ﬂux—grédient approéqh, which takes account for nonlocal convec-
tive vertical exchange utilizing so-called counter-gradient transport and a nonlocal diffusivity
coefficient. In the second part of the paper, the previous findings are éimpliﬁed and applied in
the latest version of the NCAR commumty climate model (CCM2). The impact of the non-
local approach is 1l]ustrated in comparlson with the usual local diffusion approach (Holtslag

and Bov1lle, 1992)

1. INTRODUCTION

Turbulence in the atmospheric boundary layer (ABL) results in mixing of heat, moisture, mo-
mentum, and passive scalars. Global weather forecasting and climate models typically de- -
scribe the turbulent mixing with an eddy diffusivity based on local gradients of wind and po-
tential temperature. Such a so-called “local K” approach, is discussed for instance by Louis
(1979). Local K-theory may fail in the unstable boundary layer because the influence of large
eddy transporfs is not accounted for (e.g., Wyngaard and Brost 1984; Ebert et al 1989; Holt-
slag and Moeng 1991). This will affect the profiles of mean quantities, especially at locations
where dry convection is of importance in the ABL. Moreover, in the upper half of the convec-
tive, atmospheric boundary layer (CABL), the upward transport of heat is typically accompa-

nied by a slightly stable temperatui‘e gradiént indicating counter-gradient transport.

Deardorff (1972) derived a counter-gradient term for heat in the CABL by neglecting the
transport term in the heat-flux equation. Holtslag and Moeng (1991, hereafter HM91) de-
rived a modified counter-gradient term by utilizing the recent results of large-eddy simula-
tions (LES) by Moeng and Wyngaard (1989). HM91 introduced an empirical parameteriza-

tion for the transport term in the heat-flux equation and used the modified Rotta return-to-
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isotropy hypothesis by Moeng and Wyngaard (1986). This leads directly to a simple descrip-

tion of vertical heat transport. In section 2 we compare these results with those of Deardorff.

A similar analysis as for heat diffusion can be ‘given for 'tbp'-down/bottbm-uj) diffusion (Wyn-
gaard and Brost 1984). With such an approach, the impact on the diffusion of scalar fluxes
at the surface and at the top of the CABL are distinguished. In previous studies it has been
found that the eddy diffusivity of the bot?am;up "d'iﬁ'usio'n‘has a singularity in the mid-part of
the CABL, while the op-down diffusivity is well-behaved (Moeng and Wyngaard 1984; Wyn-
gaard 1987; Schumann 1989). Using a counter-gradient correction for the bottom-up diffusion
of a scalar similar to-the one for heat; we obtain a well-behaved diffusivity for the bottom-up
field.. Consequently, the findings can be generalized for the transport of any scalar, such as

the specific humidity (g) or any other conservative species (C).

In section 3 the ﬁndmgs for heat and scalar dlﬂ'usmn are s1mp11ﬁed and applied i in the latest
version of the Community Climate Model (CCM?) Since the present proposals reflect diffu-
sion and countergradlent transport in the convective boundary layer, it is referred to as non-
local diffusion. For stable and neutral conditions also a nonlocal diffusivity is used, which fol-
lows the work by Troen and Mahrt (1986), and Holtslag et al (1990). In section 3 we compare
the outputs of the nonlocal scheme with the usual local down-gradient dxﬂ'usnon approach
This work will be described in more detail in Holtslag and Boville (1992, hereafter HB92). Fi-

nally, section 4 summarizes this paper and provides conclusions.

2. NONLOCAL DIFFUSION

2.1 The heat — flux equation

Under horizontally-homogeneous conditions, the equation for the heat flux, wf, reads in the

Boussinesq approximation as (e.g., Deardorff 1972)

gwb _ 9w —80 . 19
ot T 8z _w6+'39—p06z’ ' 1

where 8 is the potential temperature fluctuation, © is the mean value of the potential tem- .
perature, w is the vertical-velocity fluctuation, z is height, Bg is the buoyancy parameter, po
is density of air at the reference state, p is the pressure fluctuation, and overbars denote en-
semble averages. The terms on the right-hand-side (rhs) of (1) are, in order, the turbulent

transport term (denoted below by T'), the mean-gradient production (M), the buoyant pro-
duction (B), and the pressure covariance (P). Here we have included the minus signs in the

definitions of T, M and P.
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Figure 1, adopted from Moeng and Wyngaard (1989), shows the vertical profiles of the terms
at the rhs of (1). The terms are normalized with the height of the CABL, z;, the convective

velocity scale, w,, and the convective temperature scale, 6,, where

w, = (Bgwloz)'/* | (2)
_ why
m=w*, (3)

and wh, is the kinematic surface heat flux. The statistics shown here are from (96)*, wave-
cutoff filtered simulations over a5 km x 5 km x 2 km numerical domain. They are aver-
aged over the horizontal plane and over about three large-eddy-turnover-times z;/w,. In the
LES we have w8y ~ 0.24 mK/s, z; ~ 1000 m, w, ~ 2 m/s, 6, ~ 0.12 K, and the friction

velocity u, >~ 0.6 m/s.

The transport term T" of (1) is not small in comparison with the other terms. In many cases
(i.e., Deardorff 1972), however, this term is neglected . In second-order closure modeling, T
is often modeled with the down—gfédienf diffusion assumption, but the latter is inappropri-
ate owing to the dominant buoyancy effect (Moeng and Wyngaard 1989). The mean gradient
term M changes sign in the mid CABL, where the buoyancy flux w0 is positive, indicating

the counter-gradient transport.

Figure 1 suggests that 7" is larger than P by a nearly constant value throughout most of the
CABL (i.e., 0.1 < z/z; < 0.8). Therefore, HM91 paramerized the transport term T’ as

29
T~ P4 bt (4)

24

where b ~ 2. Lenschow et al (1980; their Fig. 17) and Adrian et al (1986; their Fig. 19) pro-
vide experimental data on 7" and P, which can be used for comparison. We have to realize,
however, that both T' and P are very hard to measure due to sampling problems. Moreover,
in the cited studies the pressure term P is obtained as a residual, which makes the outcome
very sensitive toc measuring errors. Nevertheless, T' as obtained by Lenschow et al and Adrian

et al, is qualitatively similar to T in Figure 1.

The pressure covariance term P is modeled as (e.g., Crow 1968; Moeng and Wyngaard 1986)

E——-a'—=—aﬁ992——_r— : (5



BUOYANCY FLUX BUDGET (Normalized by w26, /z;)

Figure 1. The normalized terms at the rhs of the heat-flux equation (1), as a function of rela-

tive height (adopted from Moeng and Wyngaard 1989). The terms are defined in the text

of section 2.1.
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where 7 is a return-to-isotropy time scale, and a is a constant. For isotropic turbulence,

a = 1/3. For turbulence within the CABL, Moeng and Wyngaard (1986) obtained a ~ 1/2.
Above the mixed-layer, a may depend on the stability and structure of the inversion layer.
Often, only the second term on the rhs of (5) is taken into account; it is known as the Rotta
return-to-isotropy hypothesis. The first term on the rhs of (5) shows that P is directly related
to the buoyant production rate Bgb2.

When (4) and (5) are substituted into (1), we obtain

By adopting a = 1/2 of Moeng and Wyngaard (1986), the buoyant production term gg02

disappears from (6). Then, in quasi-steady states, (6) becomes

O s s aa—

2 8z 2 =z ()
For a # 1/2 we obtain an additional term at the rhs of (7) which is given by (1/2 — a)fg0Z.

In such cases the description for the heat flux is no longer as simple as we present here.

Therefore (7) is restricted to turbulence within the CABL for which a ~ 1/2.

wl w? 00  buw?é,
-

Although (7) is partly based on the simple empirical parameterization of (4), it is physically
appealing. It shows that the heat flux depends on a local down-gradient transport (first term
on the rhs) and a non-local convective transport (second term on rhs). Therefore, the form
of (7) is closely related to the original proposal by Priestley and Swinbank (1947), who found
from mixing-length arguments that the heat-flux expression should contain a convective part
in addition to the usual down-gradient part. We note that the convective part of (7) arises
from the turbulent transport term and that it is proportional to the surface heat flux w,b,
(see (3)). Recently, Wyngaard and Weil (1991) obtained a very similar result as (7) through a
kinematic derivation. Comparison of their findings with (7) suggests that the parameter b is
proportional to the skewness S of the vertical turbulent velocity field (S = E’T/Efn/ 2). In the
CABL the skewness is positive due to fast rising updrafts and slow descending downdrafts. In
the absence of skewness (e.g., b = 0), it is seen that (7) reduces to the usual down-gradient

diffusion concept.

2.2 Eddy diffusivities and countergradient terms

To facilitate a comparison with the previous results by Deardorff (1966,1972), it is convenient

to write (7) as

—_ 80
wl = -Kg (5; — 7,,) , (8)
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Figure 2. Plot of the non-dimensional counter-gradient term for heat, according to a: (9b), b:

(10b), and c: as a but with subgrid scale contributions.
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where in this case Ky and 44 are given by

Ky = F-;? , (9a)
and
wf

Here K and 74 can be interpreted as an eddy diffusivity and a counter-gradient term, re-

spectively.

Deardorff (1972) obtained (8) by neglecting the transport term T in the heat-flux equation
(1) and using (5) with @ = 0. This means that he makes use of P = —wl/p, where 7p is a

time scale related to the turbulence energy and a mixing length. In that case, Ky and 7, are

given by
Ky = wirp (10a)
and
72 .
Yo = ﬁga—? : . , (100)

The physical intefpretation of the counter-gradient terms by (9b) and (10b) is very different.
Equation (10b) comes from the buoyancy production term, while (9b) arises from the turbu-
lent transport term by (4). We note that in Deardorff’s (1966) paper a proper discussion of
¢ in terms of the transport term in the temperature variance equation is given (see also Schu-
mann 1987). We show here that the third-moment transport term in the heat-fluz equation is

also responsible for the counter-gradient term.

In Fig. 2, we compare the magnitudes of (9b) and (10b), where we have normalized 5 with
0,/z; and where all the turbulent quantities are obtained from the (resolved) LES data of
Moeng and Wyngaard (1989). It is seen that the magnitude of the two expressions differs by
a factor of the two near z/z; =~ 0.7 (or even more for z/z; < 0.2), but that their general be-
havior is very similar despite the different physics (Although, strictly speaking, our results on
basis of (4) apply only for 0.1 < z/z; < 0.8, we have extended the range in figures 3 and 4

below for illustration purposes).

Figure 3 shows a comparison of the (normalized) eddy diffusivity obtained from (8) as
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Figure 3. PIdt of the non-dimensional eddy diffusivity for heat, according to a: (11) with
(9b), b: (9a), and c: (11) with (10b). ‘



Ky ~wl/wly

wazi - (00)87 - 75)7:/0," (1)

utilizing the LES data for 39/8z, w0 (both resolved and subgrid contributions), and using
(9b) for 74 (see curve a). Also, the result of (9a) is given for comparison (curve b), where 7
is directly calculated from the turbulence-turbulence component of the pressure fluctuations
in the LES data (see Moeng and Wyngaard 1986). It is seen that the magnitudes of the Ky
values by both calculations are of the order of 0.1 in the mid part of the ABL. The result by
(9a) shows an unexpected peak near z/z; ~ 0.1, that is probably due to uncertainties in the
calculation of 7 near that height. Overall, Fig. 3 shows that (9a) is fairly consistent with the
results of (11) and (9b).

In Fig. 3 (curve c), we also show the result of Ky that is obtained from (11) with Deardorff’s
expression of 74 given by (10b). It is seen that a singularity appears near z/2; ~ 0.7, showing
that the counter-gradient correction by (10b) is not sufficient to obtain a well behaved profile
for Ky (see also Fig. 2). From the curves a & b of Fig. 3 we note that the maximum value of

Ky is approximately given by 0.1w,z;. A curve fit to Ky is given as (HM91)

4/3 2
Ko _ (i) (1 - i) (1 +RH—Z—) (12)
Wy Z; 2; 2 2

for 0 < z/z; < 1. Here Ry is the ratio of entrainment flux to the surface flux for heat. In

the LES data we have Ry = —0.2. Note that (12) obeys the free-convection limit in the sur-

face layer, e.g., K oc 2*/% for small z/z; (e.g., Panofsky and Dutton 1984). In (12), we have
neglected the small contribution of shear production for simplicity. This means that (12) is
limited to convective cases for which —z;/L > 5 or u,/w, < 0.43 (Holtslag and Nieuwstadt
1986). It can be shown that (12) matches with the results of surface layer theory at the top of
the surface layer (see HM91).

2.3 Scalar transport

To study the diffusion of scalars in a convective boundary layer, it is useful to consider so-
called top-down and bottom-up scalars (Wyngaard and Brost 1984; Moeng and Wyngaard
1984; 1989). Here top-down diffusion is driven by the entrainment flux of the scalar, with a
zero flux for the scalar at the surface; and the bottom-up diffusion is driven by the surface
flux, with a zero entrainment flux for the scalar involved. Similarly with (8), we write for the

bottom-up case
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Figure 4. Plot of the non-dimensional eddy diffusivity for scalar transport by (17) with (15 a

& b), for varying values of the entrainment-surface flux ratio R., namely a: 0, b: 0.5, ¢:

1,d: 1.5, e: co.
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oC
e = — K, (’a’éﬁ - 7,,) , (13a)
and for the top-down case
— oC.
wer = — K, (Ei - 7,) , (13b)
where in analogy with (9b) we write
b = by (14a)
w?z;
and
WL WE
T = b= LY (14b)
wez;

Here Cj and C; are the mean concentrations of the bottom-up and top-down scalar, wcy is
the surface flux of the bottom-up scalar, and ¢, is the entrainment flux of the top-down

scalar.

The top-down flux budgets given by Moeng and Wyngaard (1984, their Fig. 7), suggest that
the turbulent transport and pressure-covariance terms in the top-down flux budgets, i.e., the
equivalence of the first and the fourth terms at the rhs of (1) for the top-down scalar, are
about the same in most of the PBL. Therefore, we empirically set b; = 0 and consequently

vy = 0. For the bottom-up flux budget, the transport term is larger than the pressure term
by a factor close to that shown in (4). Thus, we empirically set by = b (=~ 2). Note that due
to the term 7, in (13a), our definition of K, differs from the one in previous studies by Wyn-
gaard and Brost (1984), Moeng and Wyngaard (1984), and Schumann (1989) while the result
of (13b) for K, with v, = 0 is the same.

It appears that the profiles for K} and Ky can be curve fit as (HM91)

' 4/3 2
- (2)7(-3)
Wy Z;5 Z; 23

and

s 2 3
R _q (i‘-) (1 -~ i) (15b)
WaZ; zi z
for 0 < z/z; < 1. We note that that (15a) is consistent with (12) for Ry = 0, and that both
(15 a & b) peak at z/z; = 0.4.
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Writing

oc :

then the eddy diffusivity for any scalar K, can be obtained as (see HM91)

_ (1 — z/z; + R,,Z/Z,‘) Ky Ky

K. = ,
" (1-2z/z) K¢+ Rcz/zi Ky

(17)

for 0 < z/z; < 1and R, > 0. Here R, = Wey /Wey is the entrainment-surface flux ratio of the

scalar c. Here we set b;=0, as mentioned previously.

Unlike the usual K-theory, the eddy diffusivity profile by (17) depends on the ratio of the sur-
face and entrainment fluxes of ¢. Normalized K, profiles by (17) are plotted in Fig. 4 for dif-
ferent R.-ratios (using the parameterized profiles by (15 a & b) as well): R. = 0 retains the
bottom-up result, and R, = 0.5,1.0,1.5 are typical values for entrainment of moisture. For
comparison we have also included the fop-down result ((15b)), which follows from (17) for

R, — oo. Overall, it is seen that the entrainment flux can have a significant impact. Typi-

cally, K, increases with increasing values of R,..

3. LOCAL VERSUS NONLOCAL DIFFUSION IN CCM2

3.1 The local diffusion scheme

Turbulent mixing in global atmospheric models is usually treated by a local vertical diffusion
approach. Here we will summarize such an approach, and compare its results with those from

the nonlocal approach.

In a local diffusion approach, the turbulent flux is taken to be

w'e! = —-Kc%—f : ((18))

where ¢ € (¢,0,u,v). K, is an “eddy-diffusivity” for ¢, which is typically taken as a function
of a length scale £, and local vertical gradients of the mean wind and mean virtual potential

temperature, e.g.,

K. = L. SF.(Ri). (19)
Here S is the local shear, defined by
S= g—‘-: , (20)
and £, is given by
271: = é + Al,’ (21)



where again k is Von Karman constant, and A, is the so-called asymptotic length scale. Fur-

thermore, F,.(Ri) denotes a functional dependence of K, on the gradient Richardson number:

g 00,/0z

Ri:ev T

(22)
where O, is the virtual potential temperature.

There have been a large number of papers dealing with the specification of A, and F,(R?)
(e.g., Blackadar, 1962; Mellor and Yamada, 1974; Louis et al, 1982). In CCM1 (Williamson
et al, 1987) £, = 30 m was specified, which is thought to be representative for the free atmo-
sphere. Louis et al (1982) distinguish the asymptotic length scales for heat and momentum
to be 450 and 150 m, respectively. However, in previous studies a value of 300 m has been
used for both heat and momentum. This value seems to be typical for the ABL, but is prob-
ably too large for the free atmosphere. Since, there is a lack of atmospheric data to guide us,
we took a simple approach, choosing A, = 300 m for z < 1 km. For larger heights we use a

smooth interpolation to a value of 30 m at z = 10 km.

For our present implementation of the local K approach, we specify the same stability func-

tions F, for all variables for simplicity. For unstable conditions (Ri < 0) we use
F.(Ri) = (1 — 18Ri)'/? (23a)

as in CCM1 (Williamson et al, 1987). For stable conditions (Ri > 0) we use (Holtslag and

Beljaars,1989):
1
FR:) = - —. 23b
) = T Tom a1 889 (235)

3.2 The nonlocal diffusion scheme

In a nonlocal diffusion scheme the eddy diffusivity depends on characteristic turbulent prop-
erties of the ABL, and not on local gradients of mean wind and mean virtual temperature
(as in {19)). As we have seen in section 2 for very unstable conditions, the eddy diffusivity
depends on the convective velocity scale w,, the height z, and the height of the ABL z;. In
that case the heat and scalar fluxes are given by (8) and (16), respectively. Besides of nonlo-
cal eddy diffusivities, these expressions incorporate nonlocal countergradient terms. For the
wind components no countergradient applies, so (18) is retained. Moreover, in neutral and

stable conditions no countergradient correction is of application for any of the variables.

Following Troen and Mahrt (1986) and Holtslag et al (1990), we can write a general form for

a nonlocal eddy diffusivity K. as

2
Kn:kwtz<1— ) : (24)

z
h
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where w; is a turbulent velocity scale and h is now denoting the height of the turbulent
boundary layer for all stability conditions. Eq. (24) applies for heat, water vapor and passive
scalars. The eddy diffusivity for momentum, K,,,, is also defined as (24) but with w; replaced
by another velocity scale wy,. With proper formulation of w; (or w,,), and h it can be shown
that Eq. (24) behaves well from very stable to very unstable conditions in horizontally ho-
mogeneous and quasi-stationary conditions. In fact, the turbulent velocity scale depends on
height and stability (see the review by Holtslag and Nieuwstadt, 1986). For unstable condi-
tions wy and ws, are proportional to the so-called convective velocity scale w,, while for neu-

tral and stable conditions w, and w,, are proportional to the friction velocity u,.

For very unstable conditions, (24) can be compared with (12). It appears that the formu-
lations are very similar, allthough (24) does not fullfil the free convection limit of the sur-
face layer and that it is independent of the entrainment ratio. For simplicity we will retaiﬁ
(24) here. Moreover, for scalar transport the eddy diffusivity may depend on the transported
scalar as formulated by (17). Since the latter proposals need further elaboration, we will
make the usual assumption that the eddy diffusivity for specific humidity is similar to the one

for heat.

We note that Eq. (24) is very similar to the one proposed by Brost and Wyngaard (1978) for
the stable boundary layer. The cubic shape of (24) is consistent with the eddy-diffusivity pro-
file originally proposed by O’Brien (1970), which he derived on basis of the physical require-
ments that the profile and its first derivative be continuous with height and match to surface
layer similarity. The advantage of the present approach over the local eddy diffusivity ap-
proach by (19), is that large eddy transport in the ABL is accounted for in the very unstable
case. Above the ABL, 7. = 0 so (16) reduces to (18) with K, given by (19). In that case we
use I, = 30 m. Near the top of the ABL we use the maximum of the values by (19) and (24)

although (24) almost always gives the larger value in practice (except in the very stable case).

The countergradient terms of (8) and (16), represents nonlocal influences on the mixing by
turbulence. As such, this term is small in stable conditions, and is therefore neglected in
these conditions. For unstable conditions, however, most transport of heat and moisture is
done by turbulent eddies with sizes on the order of the depth h of the ABL. In such cases, a

formulation for 7, consistent with the eddy formulation of (24) is given by

wa(w'e o

Y= a y (25)

wm2h

where a is a constant (a = 7.2, see HB92) and (w'c’)p is the surface flux (in kinematic units)
of the transported scalar, which may be water vapor or potential temperature. No counter-

gradient term applies for momentum, as noted above. The countergradient correction van-
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ishes under neutral conditions, for which w, = 0. The latter property is desirable, and was

not apparent in the original form for v, by Troen and Mahrt (1986).

The formulations of the eddy-diffusivity and the countergradient terms are dependent on the
boundary layer height h. Here we follow the procedures in Troen and Mahrt (1986) and Holt-
slag et al (1990) for the determination of h.

3.3 CCM2 model description and experiments

To show the impact of local versus nonlocal diffusion, HB92 used the latest version of the
NCAR community climate model (CCM2). Although CCM2 is an outgrowth of the previous
version (CCM1), described by Williamson et al. (1987), the model has been revised so ex-
tensively that only a few papers documenting the previous version are still relevant. The ver-
tical coordinate, numerical approximations, and most physical parameterizations have been
replaced, as summarized briefly by Kiehl(1991) and HB92. Detailed descriptions of changes
to the model outside of the ABL scheme are beyond the scope of this paper and will be dis-
cussed in a number of forthcoming papers, most of which are still in preparation. We summa-

rize some of the physical parametrizations here.

The short wave radiation parameterization (Briegleb, 1992) now uses the 6-Eddington
method and incorporates both diurnal and annual cycles of insolation. The long wave radi-
ation parameterization has also been updated (principally affecting the upper stratosphere).
The cloud fraction parameterization used for radiative purposes is a generalization of the
method proposed by Slingo (1987). The diagnosed cloud fraction depends on relative humid-
ity, vertical motion, static stability and precipitation rate. Once clouds appear, their liquid
water concentration is specified as function of latitude and height for the radiation calcula-

tions (similar to the description in Kiehl 1991).

Land temperatures are predicted using a diffusion equation for the surface and 3 subsurface
layers with differing heat capacities. Sea surface temperatures are prescribed by linear in-
terpolation between climatological monthly mean values from Shea et al (1990). The sur-
face fluxes are calculated with the usual transfer coefficients between the surface and the first
model level (e.g., Beljaars and Holtslag 1991). Compared to CCM1 we have updated the sta-
bility dependence of the transfer coefficients, according to Holtslag and Beljaars (1989). In
the ABL, CCM2 incorporates the nonlocal diffusion scheme (see section 3.2). A simple mass
flux scheme (Hack 1992) is used to represent both deep and shallow convection. The mass
flux scheme utilizes turbulent temperature and moisture perturbations, which are provided by
the nonlocal ABL scheme. As such, there is a direct coupling between the surface fluxes and

the convection parametrization.
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Figure 5. The simulated mean temperature (left panel) and specific humidity profile (right
panel) for July in a gridpoint near Truk Island (7.5 °N,151°E), in comparison with ra-
diosonde observations (dots with error bars). Solid lines reflect results with CCM2 using
the local diffusion scheme, and dashed lines refer to CCM2 with the nonlocal diffusion

scheme.
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A decadal integration of a test version of CCM2 was used as the starting point for the two
experiments discussed here. The results presented below were obtained from two 60 day in-
tegrations of the model, beginning on June 2 of the seventh year of the decadal integration.
In the first experiment, the ABL scheme was updated slightly (to that described above) from
the scheme used in the decadal integration. In the second experiment, the ABL scheme was
replaced by the local K scheme. In all of the above experiments, the dry adiabatic procedure
was not used (except in the top three model layers). The results shown below are 31 day av-
erages for July. The land surface temperatures in the second (local K') experiment are proba-

bly not yet in equilibrium, however, we will concentrate on results over ocean points.

The observations, used to compare against the model results, were obtained by taking the
monthly averages of daily radiosonde reports of temperature and dew point depression from
US Control Sources. Dew point depressions were converted to specific humidities prior to av-
eraging. The profiles show the July mean averaged over all available years (from 15 to > 40
years depending on the station) and the standard deviation (interannual variability) of the
monthly means. Comparison data from the model is taken by averaging all grid points with

+3° of the station.

3.4 Comparison within CCM2

Fig. 5 shows the observed July mean vertical profiles of temperature and specific humidity of
Truk Island (7.5 °N, 151 °E) in the tropics, compared to the simulated profiles produced us-
ing the local K approach {experiment 2; solid lines) and the nonlocal approach (experiment
1; dashed lines). Remember that over the oceans the sea surface temperature is prescribed. It
is seen that in particular the vertical structure of the specific humidity profile is much better
simulated with the nonlocal ABL scheme. With the local scheme the total mixing of specific
humidity is underestimated, resulting in the atmospheric levels near the surface becoming too
moist. This will directly affect the surface fluxes of latent and sensible heat and may result in
unrealistically large amounts of clouds at low levels. The fact that the temperature and spe-
cific humidity profiles are also influenced at heights above the ABL is due to the interaction

of the nonlocal scheme with other parts of the model.

Figure 6 shows the temperature and specific humidity profiles obtained with the two model
integrations using the nonlocal (experiment 1) and local diffusion schemes (experiment 2),
respectively. The comparison is now made for the ocean gridpoint near the Azores (38.7 °N,
27.1 °W), for which we have also shown the mean obseved profile. We note that the results
with the two diffusion schemes are quite different. The temperature profile for the Azores is

very well represented with the nonlocal scherne. The specific humidity profile, however, seems

69



600

650 |-

700

950

1000 |-

1050

Azores

rvrrprTrrTryrrrryrrerrrrroa

“ — Local K

N O T Y S I I N T O O A S N O R |

Yt Nonlocal ABLA

260 270 280 280 300
Temperature (K)

310

600
650
700
750
800
850
900
950
1000

1050

T T T T T T T T

— Local K
Nonlocal ABL

TR S T O BN A N B AR N P G B B AR T A AR I A

0

5 10 15 20
q (g/Kg)

Figure 6. The simulated mean temperature (left panel) and specific humidity profile (right

scheme.

70

diosonde observations (dots with error bars). Solid lines reflect results with CCM2 using

the local diffusion scheme, and dashed lines refer to CCM2 with the nonlocal diffusion

25

panel) for July in a gridpoint near the Azores (38.7 °N, 27.1 °W), in comparison with ra-



to be too moist using the nonlocal scheme and too dry using the local scheme (except near

the surface).

The fair agreement of the results by the nonlocal scheme with the observations is explained
by the fact that the nonlocal scheme is a better description of the physics, and that this
scheme is able to represent entrainment effects near the top of the ABL. The results with the
local scheme indicate too less vertical distribution of heat and moisture. This is due to the
lack of entrainment, and due to the local description of vertical exchange. However, for lo-
cations in which deep convection is important, the outputs of the runs with the two vertical

diffusion schemes are very similar (not shown).

The overall effect of replacing the nonlocal ABL scheme with the local K scheme is summa-
rized in Figures 7, 8, and 9. These figures show the differences in the zonal mean tempera-
tures, specific humidities, and areal extent of cloudiness, respectively. The lower part of the
troposphere is warmer in the nonlocal ABL case throughout the tropics and middle latitudes.
This change is almost certainly significant, although the experiments are too short for statis-
tical testing. The specific humidity shows the difference anticipated from the individual pro-
files and the tendencies. The nonlocal ABL scheme dries the lowest model levels and moistens

near 850 mb relative to the local K scheme.

The nonlocal scheme utilizes countergradient effects for heat and moisture. From sensitivity
studies with the model, we obtained that a factor of two variation in magnitude of the coun-
tergradient terms has only minor influence on the simulations. However, when the counter-
gradient terms are removed there is a significant impact. Neglecting these terms, the nonlocal
scheme produces lower boundary layer heights and therefore smaller values for the diffusivi-

ties. Consequently, the entrainment at the top of the ABL is underestimated.

There are several important consequences for the rest of the model which follow from the up-
ward shift in the water distribution between the nonlocal ABL and the local K cases. There
are direct impacts both on the convection and on the clear sky radiative processes. There is
also a significant change in the distribution of low clouds. Although the net cloud amount
below 700 mb is similar in the two cases, the clouds are shifted upward in the nonlocal ABL
case (Fig. 9). Very low clouds, which tend to form in the bottom two model levels with a lo-
cal X scheme, are virtually eliminated by the nonlocal ABL scheme. This results in a more

realistic cloud distribution.
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4. SUMMARY AND DISCUSSION

In section 2 of this paper we summarize recent findings for the vertical exchange of heat and
scalars in the convective, atmospherié boundary layer (Holtslag and Moeng, 1991). Such

a boundary layer is dominated by fast rising updrafts and slower descending downdrafts,
and by large-eddy nonlocal turbulent transport. To describe this nonlocal transport in the
stationary, horizontally-homogeneous CABL, parametrizations are given for the pressure-
covariance terms (P) and the transport terms (7') in the heat-flux equation and in the flux
equations for the top-down and bottom-up scalars. This leads directly to (modified) descrip-
tions for counter-gradient terms in the flux-gradient approach. As such, the work by Dear-
dorff (1972) is extended. The outcome of the present parametrizations, is physically appeal-
ing and consistent with previous independent derivations (Priestley and Swinbank 1947;
Wyngaard and Weil 1991). The findings are written in a modified flux-gradient approach,
with a nonlocal diffusivity and countergradient correction for heat and scalars. As such, the

findings are a generalization of those by Troen and Mahrt (1986).

In section 3 of this paper we have summarized the work by Holtslag and Boville (1992), who
studied the impact of two schemes for vertical boundary-layer diffusion within the context of
the Community Climate Model, version 2 (CCM2). Among other things, the two schemes dif-
fer in their specification of the eddy-diffusivity, which can be regarded as a local versus a non-
local formulation. The outputs of the local and nonlocal diffusion schemes have been shown
in comparison with radiosonde observations for two ocean locations. The impact of the two
diffusion schemes within CCM2 is illustrated with zonal mean difference plots for tempera-

ture, specific humidity, and low level cloud fraction.

Generally, the nonlocal scheme provides more realistic temperature and moisture profiles.
The differences due to the two diffusion schemes in low-level zonal mean temperature and
specific humidity are typically 1 K and 1 g/kg, respectively. As a result, the low clouds are

shifted upward from the lowest two model levels to near 850 mb in the tropics.

Future studies may focus on the interaction of the nonlocal diffusion scheme with the hydro-
logical cycle, e.g. deep and shallow convection, and the land surface parameterization. Spe-
cial consideration may be given to the influence of entrainment on the performance of the

nonlocal scheme.
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