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ABSTRACT

Heterogeneities in the land surface exist on a wide range of spatial scales and make the coupling between
the land surface and the overlying boundary layer complex. This study investigates the vertical extent to which
the surface heterogeneities affect the boundary layer turbulence. A technique called ‘‘extended mosaic’’ is
presented. It models the coupling between the heterogeneous land surface and the atmosphere by allowing the
impact of the subgrid-scale variability to extend throughout the vertical extent of the planetary boundary layer.
Simulations with extended mosaic show that there is a GCM level at which the distinct character of the turbulence
over different land scene types is homogenized, which the authors call the model blending height. The behavior
of the model blending height is an indicator of the mechanism by which the surface heterogeneities extend their
direct influence upward into the boundary layer and exert their influence on the climate system. Results are
presented that show the behavior of the model blending height and the relationships to atmospheric and surface
conditions. The model blending height is generally one-third to one-half of the planetary boundary layer height,
although the exact ratio varies with local conditions and the distribution of the underlying vegetation. The model
blending height also increases with canopy temperature and sensible heat flux and is influenced by the amount
of variability in the surface vegetation and the presence of deciduous trees.

1. Introduction

In order to understand and predict the behavior of the
earth’s climate system it is important to understand how
energy, water, carbon, and nitrogen are exchanged be-
tween the atmosphere and the terrestrial biosphere. The
effects of these exchanges may extend beyond the re-
gions in which they are initiated by inducing modifi-
cations of the large-scale circulation. In order to ac-
curately predict climate and climate change it is there-
fore neccessary to realistically calculate the land sur-
face–atmosphere exchanges in global climate models.
These calculations are further complicated by the fact
that the character of the land surface is highly variable,
due, for example, to the variability of vegetation cover,
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the types of terrain, soil texture and wetness, the amount
of cloud cover and precipitation, and the extent of urban
areas. These heterogeneities will determine in part the
impact on climate of land use changes such as defor-
estation, urbanization, and desertification. The scale of
these heterogeneities may be smaller, and in some cases
much more so, than the characteristic grid scale in most
current general circulation models (GCMs) used in cli-
mate studies.

The influence of the surface heterogeneities extends
vertically in the atmosphere up to some level, generally
above the surface layer and within the planetary bound-
ary layer, as indicated by observational and modeling
studies (Claussen 1995; Mahrt 2000 and papers cited
therein). These studies characterize the vertical influence
in terms of the blending height—defined as the level
inside the planetary boundary layer above which the flow
becomes horizontally homogeneous in the absence of
other influences (Wieringa 1986). Using field measure-
ments and scaling arguments, it has been established that
this blending height is variable, depends mostly on the
nature of the surface roughness elements, the bouyancy,
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and the horizontal scale of heterogeneity (Parlange and
Katul 1995; Brutsaert 1998; Mason 1988). A compre-
hensive survey of different blending height estimates un-
der different atmospheric conditions was presented by
Mahrt (1996), where he reported that the blending height
can be as high as the height of the planetary boundary
layer, or even higher for an unstable atmosphere under
the influence of strong surface heating.

The effects of land surface heterogeneities can be
characterized as ‘‘aggregation’’ effects and ‘‘dynami-
cal’’ effects, the first arising directly from spatial het-
erogeneity in the land surface and the second associated
with the small-scale (micro- and mesoscale) circulations
induced by heterogeneous surfaces (Giorgi and Avissar
1997). Aggregation effects may arise, for instance, over
a terrain that is partially covered by vegetation, or par-
tially irrigated, resulting in a patch with higher latent
heat fluxes than the surrounding terrain. For example,
Cotton and Pielke (1992) discussed observations that
clearly showed the marked difference in potential tem-
perature and moisture mixing ratio between an irrigated
and a dry terrain. Based on these observations, calcu-
lations showed that the energy for deep convection was
higher over the wetter terrain due to the higher equiv-
alent potential temperature. The occurrence of deep con-
vection over the wetter areas of the domain is considered
an aggregation effect of spatial heterogeneity, and main-
taining the integrity of these types of heterogeneities
throughout the depth of the boundary layer and not
‘‘averaging them out’’ is important to properly modeling
aggregation effects.

Dynamical effects may arise under certain synoptic
conditions, when the patches in the terrain are larger
than about 5–10 km in size, and the surface fluxes are
organized into mesoscale patterns (see, e.g., Avissar and
Schmidt 1998). These organized mesoscale circulations
are induced by mesoscale-sized contrasts in sensible
heat flux, due to heterogeneities in vegetation, soil, ter-
rain elevation, or irrigation practices, for example.
These circulations can affect the vertical structure of the
planetary boundary layer, the turbulent fluxes, and may
induce localized areas of shallow convection (Chen and
Avissar 1994).

Both effects of heterogeneity are important in mod-
eling land surface processes and interactions within cli-
mate models. However, it is only the aggregation effects
that are captured in almost all present-day GCMs. Some
GCM parameterizations of dynamical effects have been
developed (Avissar and Chen 1993), but are not in cur-
rent use. One of the existing techniques employed in
GCMs to capture the aggregation effects is the ‘‘com-
posite’’ technique, which accounts for the subgrid-scale
variability by specifying soil and vegetation parameters
that represent a homogeneous composite vegetated sur-
face (e.g., Viterbo and Beljaars 1995). This modeling
of each GCM grid square as having homogeneous, albeit
composite vegetation and soil characteristics does not
allow for the direct propagation of the independent char-

acteristics of each vegetation type into the atmosphere
at all. Another commonly used technique is the ‘‘mo-
saic’’ technique, which calculates separate heat and
moisture balance equations for each vegetation type
contained within a GCM grid square (e.g., Koster and
Suarez 1992b). Mosaic does not account for the vertical
influence of the land surface heterogeneities beyond the
height of the surface layer. Other techniques for han-
dling land surface heterogeneities include the ‘‘domi-
nant’’ technique (e.g., Dickinson et al. 1986), combi-
nations of composite and mosaic (e.g., Hess and
McAvaney 1998), a ‘‘mixture’’ technique (Sellers et al.
1986), and a statistical–dynamical approach (e.g., En-
tekhabi and Eagleson 1989). In all of these techniques,
however, the direct vertical influence of surface hetero-
geneities is confined to the surface layer or below.

As discussed earlier in this paper, scaling arguments
and observations suggest that the effects of the hetero-
geneities are felt well into the planetary boundary layer.
Hence, the limits on the vertical influence of surface
heterogeneities imposed by the previous techniques may
well constitute an important limitation to capturing the
effectiveness of the communication between the land
surface heterogeneity and the atmosphere (Mahrt 2000).
In this paper we present a technique called extended
mosaic, which overcomes this restriction and allows the
impact of aggregation effects of subgrid-scale variabil-
ity to extend throughout the vertical extent of the plan-
etary boundary layer.

In the next section we describe the extended mosaic
technique, followed by a section defining the model
blending height. In section 4 we present and examine
the variability of the model blending height and the
relationship with other atmospheric quantities using a
GCM simulation with extended mosaic, and the study
is summarized in the final section, where we present
early results from comparisons between extended mo-
saic and the standard mosaic technique.

2. The extended mosaic technique

Extended mosaic (EM) is a new technique that fol-
lows the mosaic approach and extends the direct influ-
ence of surface heterogeneities upward throughout the
entire depth of the turbulent atmospheric boundary lay-
er. The EM technique is used to couple the land surface
model to the turbulent atmospheric boundary layer. The
essence of this technique is the interplay between pro-
cesses that occur in grid space and processes that occur
in tile space, and the extension of that interplay through-
out the depth of the turbulent layer. The EM technique
was originally developed for use in the Goddard Earth
Observing System (GEOS)-Terra GCM (Molod 1999),
which includes a parameterization of turbulent fluxes of
momentum, heat, water vapor, and turbulent kinetic en-
ergy at the surface and at each GCM level, as described
in detail by Helfand and Labraga (1988) and Helfand
and Schubert (1995). The GEOS-Terra GCM also in-
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cludes the Koster–Suarez land surface model (Koster
and Suarez 1992b), which is a soil–vegetation–atmo-
sphere–transfer model based on the Simple Biosphere
Model of Sellers et al. (1986).

In both the standard and extended mosaic approaches,
the subgrid-scale variability of the surface is modeled
by viewing each GCM grid cell as a mosaic of inde-
pendent vegetation stands, using linear aggregation (dis-
aggregation) formulas for links to the GCM grid. The
vegetation stands, or tiles, interact only through the cou-
pling to the GCM atmosphere, so there is no direct
interaction between the different tiles. This modeling
assumption is valid when the horizontal fluxes of heat
and moisture are small compared to the vertical fluxes
(Avissar and Pielke 1989; Koster and Suarez 1992a).
The description of the surface in this approach is pre-
sented schematically in the lowest level of Fig. 1, where
a hypothetical GCM grid square containing the tiles that
describe the mix of surface scene types is shown. In
this grid square, all of the bare soil portions of the grid
box are treated as though they are juxtaposed, as are all
of the deciduous trees, evergreen trees, and shrubs. Each
of these types is assigned a fraction of areal coverage,
and the grid-box averaged quantities are computed using
an area-weighted linear aggregation.

In the EM approach, the tiles are extended vertically
throughout the depth of the model atmosphere. The direct
influence of the surface heterogeneity is extended up-
wards due to the differences in the characteristics of the
turbulent boundary layer above each tile. This is illus-
trated schematically in Fig. 1, where the heterogeneity
at each GCM model level (LM, LM-1, etc.) is concep-
tualized in terms of the same tiles that characterize the
surface. The airmass properties may become homoge-

nized at any height up to or above the boundary layer
height, and each individual tile retains its separate char-
acter up to that level. The underlying modeling assump-
tion here, as an extension of the assumption neccessary
at the surface layer, is that throughout the atmospheric
column the tiles ‘‘feel each other’’ only through the in-
teraction with the surrounding mean flow. This assump-
tion is valid when the horizontal turbulent fluxes through-
out the depth of the boundary layer are small compared
to the vertical fluxes. There is some observational jus-
tification for this assumption (Yamada 1977).

The key element to understanding the homogeniza-
tion of turbulent air properties in an EM approach is
the interplay between the grid-resolved processes and
the tile-resolved processes. The grid-resolved processes
are horizontal and vertical advection, radiative heating
and cumulus convection, and the tile-resolved process
is turbulent mixing. The tile space tendency due to dif-
fusion impacts the grid space variables, and the grid-
scale tendencies impact the tile space variables, thus
establishing the interplay.

In EM we write the total grid-space tendency of an
atmospheric-state variable, Ga, as the sum of the ten-
dency due to grid-space terms and the aggregated tile-
space terms [Eq. (1)]. The terms in the equations of
motion that arise from the parameterization of turbulent
processes are the ‘‘turbulent tendency’’ terms, and are
similar for all the atmospheric state variables. In order
to evaluate a turbulent tendency of an atmospheric state
variable, we account for the influence of processes that
occur in both grid and tile space. The grid-space ten-
dencies are functions of grid-space variables only, while
the tile-space tendencies are functions of both grid-space
and tile-space variables. This can be represented sche-
matically by the following expression:

nN]G ]G 1 ]Ga a a n n5 (G , G , . . .) 1 (G , G , . . . , T · T , . . .) 3 f , (1)Oa a a a b b n1 2 1 2 1 21 2) 1 2) 1 2)]t ]t N ]tn51total grid turb

where the Ga’s are the grid-space state variables, the
’s are the tile-space variables, and the summation isnT b

over N tiles, where n is the tile index. The subscript
grid refers to grid-space calculations, and the subscript
turb refers to turbulent processes, which occur in tile
space. The grid-space state variables are the horizontal
components of velocity, the potential temperature, the
specific humidity, the surface pressure, and any passive
scalar. The tile-space variables consist of surface fields
(canopy and deep soil temperatures, three levels of soil
moisture, the canopy reservoir capacity, the snow depth
and the canopy specific humidity) and fields defined on
all GCM levels (turbulent kinetic energy and the tur-
bulence-induced liquid water mixing ratio and cloud
fraction). The second term on the right-hand side of Eq.

(1) contains the tile-space turbulent tendency, and is
proportional to the vertical divergence of the turbulent
flux, namely,

n
]G ]a n} (w9g9 ) , (2)a1 2)]t ]zturb

where is the fluctuating component of Ga and w9 isg9a
the (turbulent) vertical component of the velocity field.
This term, and all of the turbulent fluxes, the turbulent
kinetic energy and turbulent variances (i.e., all the tur-
bulent second moments) are modeled by the Mellor–
Yamada level-2.5 scheme used in the GCM as functions
of turbulent quantities (tile-space variables) and mean
flow quantities (grid-space variables).
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FIG. 1. Schematic of the extended mosaic technique. The vertical
axis indicates the GCM model levels, where LM is the lowest level
and the level number increases as we ascend in the column.

In addition to the vertical extent of tile space, there
is another fundamental difference between the original
mosaic approach and EM. This difference is in the han-
dling of the tile-space surface fluxes into the bottom
model layer. In EM it is the divergence of turbulent
fluxes, or the turbulent tendency itself, which is com-
puted in tile space and aggregated for use by the GCM,
whereas in mosaic the surface fluxes are aggregated,
and a grid-space divergence is computed.

In a full implementation of EM the atmospheric-state
variables would be retained at both tile space to compute
turbulent diffusion and grid space to compute grid-space
processes. The implementation of EM described above,
however, does not retain the full set of atmospheric-
state variables in tile space from one time step to the
next, rather the tile space boundary layer structure is

retained in the predicted turbulent second moments.
This simplification may provide an additional homog-
enizing influence. To the extent that the tile space struc-
ture of the overlying boundary layer is preserved by the
turbulent moments, EM as presently implemented will
appropriately account for the vertical influence of sur-
face heterogeneities.

3. The model blending height

In an analogy to the blending height concept, we de-
fine here the model blending height (MBH) as the model
level above the heterogeneous land surface at which it
is assumed that the turbulent mixing has homogenized
the airmass properties. This is the level above which
the flow over the different tiles begins to appear uni-
form. Each of the aggregation techniques described
above implies a different extent of the vertical influence
of surface heterogeneity in the GCM. We can view the
composite methodology as setting an MBH at the
ground and the mosaic approach as setting an MBH at
the top of the surface layer. The EM approach is the
only approach that has a variable MBH. The extension
of the concept of a blending height to larger scales was
briefly mentioned in Bringfelt et al. (1999), where it is
explicitly stated that mosaic assumes that the blending
height is at the surface layer, and that this might not be
an adequate representation of the impact of surface het-
erogeneity. The recognition that mosaic cannot account
for the extended vertical influence of the land surface
variability was noted earlier by Koster and Suarez
(1992a). The limitations of mosaic in this regard was
suggested by the results of a study by Mölders et al.
(1996). They compared mosaic to an explicit subgrid-
scale model, and reported that the differences are small
in the middle to upper troposphere and that these dif-
ferences increase with proximity to the surface starting
inside the atmospheric boundary layer. The extended
mosaic technique attempts to address these limitations
of mosaic discussed here.

To define a measure of the MBH we examined the
results of a year-long GCM simulation using EM (see
section 4 for details). Typical profiles of the turbulent
fluxes of temperature, momentum, and humidity over
each tile in a grid box are shown in Fig. 2. Figure 2a
shows the profiles of and at 0300 UTC overw9u9 w9q9
a grid point located in the northern steppes (588N, 758E).
This particular grid box has three tiles, a broadleaf de-
ciduous trees tile, a bare soil tile, and a needleaf trees
tile. The values of the flux emanating from the surface
layer (those at the bottom s-level) are very different
from tile to tile. We also see that the differences in the
turbulent fluxes between the tiles have been propagated
upward, as the fluxes are still distinct aloft. At higher
levels, values of approach each other until ap-w9u9
proximately s 5 0.975 where the fluxes are almost in-
distinguishable. At this ‘‘homogenized’’ level, however,
the fluxes are still significant. The turbulent boundary
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FIG. 2. Typical turbulent flux profiles for the tiles in a grid box. (a) Heat and moisture flux, and (b) u-
momentum and v-momentum flux for typical values of Vs. The units of the horizontal axis indicate the
value of the appropriate turbulent flux, where heat flux is in kg m22 s21 K, moisture flux is in kg m22 s21

dg kg21, and momentum flux is in kg m21 s22. The vertical axis is model s level, which can be multiplied
by 1000 to approximate pressure in mb.

layer height is defined in the GCM as the level at which
the turbulent fluxes decay below 10% of their column
maximum value, and this does not occur until s 5 0.95.
Figure 2b shows the turbulent fluxes of momentum for
the same location and time, and these are seen to exhibit
the same character. This qualitative sense of the location
of the MBH can be quantified by defining a measure of
the surface variability and some threshold of variability
below which the fluxes over different tiles may be con-
sidered homogenized. The measure of tile-to-tile vari-
ability (V) at any level is V 5 Fmax 2 Fmin, where Fmax

and Fmin are the maximum and minimum values of the
turbulent flux among all the tiles, respectively. The mea-
sure of surface variability that we use is Vs 5 max(Fmax

2 Fmin), where max of the difference refers to the level
at which the difference is maximum (usually at the sur-
face). As we ascend in the atmospheric column, V de-
creases with height relative to its maximum value, Vs,
and we define the MBH as the level at which it descends
below the threshold.

To determine the proper threshold, profiles of tur-
bulent fluxes and the resulting MBH were examined
under many atmospheric and geographic conditions.
The threshold varies with the magnitude of our measure
of the surface variability, Vs, which itself varies between
0.0 and 0.5 kg m22 s21 K. For the vast majority of
profiles and conditions, which constitute 88% of the
total profiles, the threshold value for V is 20% of Vs.
For the profiles in Figs. 2a and 2b, the 20% threshold
resulted in an MBH at s 5 0.975, which is indeed where
the fluxes begin to appear uniform. For conditions under
which the fluxes and the surface variability were ex-
tremely large or extremely small, different thresholds
for V were necessary to ensure that the algorithm for
the MBH generates the proper value. An example of
profiles for which Vs was extremely large (.0.2 kg m22

s21 K for heat fluxes), is shown in Fig. 3a. A threshold
of 20% would place the MBH at s 5 0.955, which is
clearly too low. For these profiles, which constitute only
7% of the total profiles, the threshold used is 5% of Vs.
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FIG. 3. Turbulent flux profiles neccessitating extreme threshold values. (a) Heat and momentum flux for
a case in which Vs is large, and (b) heat flux for a case in which Vs is small. The units of the horizontal
axis indicate the value of the appropriate turbulent flux, where heat flux is in kg m22 s21 K, and momentum
flux is in kg m21 s22. The vertical axis is model s level, which can be multiplied by 1000 to approximate
pressure in mb.

TABLE 1. Range of surface variability Vs calculated with turbulent
heat fluxes in units of kg m22.

Vs Threshold %
Percent of cases

included

Vs , 0.001
0.001 , Vs , 0.006
0.006 , Vs , 0.2

0.2 , Vs

80
65
20

5

1
4

88
7

An example of profiles for which the fluxes and the
surface variability were extremely small (,0.006 kg
m22 s21 K), is shown in Fig. 3b. The 20% threshold
would set the MBH at s 5 0.935, which is clearly too
far above the level at which the fluxes merge. For these
profiles, which constitute roughly 4% of the total pro-
files, the threshold used is 65% of Vs, and the MBH is
at s 5 0.985. Finally, another threshold of 80% of Vs

was needed for a very small number of profiles, roughly
1% of the cases, in which Vs is near zero (,0.001 kg

m22 s21 K). The thresholds for each range of Vs are
listed in Table 1. With this choice of thresholds, along
with our choice of Vs as the measure of surface vari-
ability, we chose to define the MBH based on heat fluxes
alone. Calculations of the MBH were also performed
based on the moisture and momentum fluxes, and the
resulting values were almost indistinguishable from
those based on the heat fluxes.

Our algorithm to estimate the MBH is consistent with
the ideas used to estimate the blending height (Mahrt
2000). These different approaches to assessing a mea-
sure of the level of the blending height all involve some
measure of the surface variability and the level at which
it decays below some threshold. One such measure in-
volves a threshold value for the variance of the skin
temperature normalized by some reference potential
temperature, /Q0. Another measure involves the var-sTs

iance of some turbulent flux divided by the flux, sF/F.
In the context of our GCM study using the variance as
the measure of surface variability is not suitable for a
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TABLE 2. GEOS-Terra GCM surface type designation.

Type Vegetation designation

1
2
3
4
5

Broadleaf evergreen trees
Broadleaf deciduous trees
Needleleaf trees
Ground cover
Broadleaf shrubs

6
7
8
9

10
100

Dwarf trees (tundra)
Bare soil
Desert (bright)
Glacier
Desert (dark)
Ocean

mosaic scheme involving three to four tiles in a grid
box. Just like our measure of the surface variability,
these measures of surface variability do not depend ex-
clusively on the vegetation characteristics themselves.
The physical characteristics of the land surface, such as
the surface roughness and the soil hydraulic conductiv-
ity, are constant in time or vary on monthly timescales.
The measures defined earlier in this paper depend on
the local conditions as well, which may vary on many
shorter and longer timescales. For example, under ex-
treme cold atmospheric conditions the surface fluxes are
minimal, and under wet conditions the evaporation pro-
ceeds at its potential rate. Either of these conditions will
result in the suppression of any differences in physical
characteristics and a reduced surface variability.

4. Characterization of the MBH

We now examine the spatial and temporal variability
of the MBH and the relationship with other quantities
using a year-long segment of a 27-month simulation
performed with the EM technique as implemented in
the GEOS-Terra GCM. The simulation is from Decem-
ber 1997 to March 2000 and is forced with observed
weekly varying sea surface temperatures. The surface
types used in this experiment are listed in Table 2. The
data for percent of the grid cell occupied by any surface
type were derived from the surface classification of De-
fries and Townshend (1994), and information about the
location of permanent ice was obtained from the clas-
sifications of Dorman and Sellers (1989). The resulting
vegetation map can be found Molod and Salmun (2002;
their Fig. 2). In general, most grid boxes are charac-
terized by approximately four different scene types
(tiles). Several of the vegetation characteristics—name-
ly, the leaf area index, greenness fraction, and surface
roughness length—vary from month to month, while
the others are constant throughout the year. The simu-
lation results of 1998, for which an extensive diagnostic
output in tile space was generated, were used to examine
the EM technique by analyzing the behavior of the
MBH. We focus on the relationships between the MBH
and other relevant physical parameters, such as the plan-
etary boundary layer (PBL) height, the surface tem-

perature and fluxes, and the type and distribution of
underlying vegetation. To illustrate these relationships,
we will present monthly averages of global fields and
annual time series for representative points around the
globe.

December–January–February (DJF) seasonal mean
values of MBH, PBL, and the ratio MBH/PBL, given
in pressure thickness above the surface, are shown in
Fig. 4. The PBL height in the GCM is the level at which
the turbulent kinetic energy decays below 10% of its
maximum value in the air column, and there is therefore
no a priori relationship between the MBH and the PBL
height. The plots in Fig. 4 show that the MBH is var-
iable, is above the surface layer, and is related to the
PBL height but does not follow it exactly. The values
of MBH range from 10 to near 40 mb (100–400 m,
approximately). The geographic locations where the
MBH is low, which are indicated by the blue areas of
Fig. 4a, are the Tibetan Plateau, the Rocky Mountains,
the Amazon basin, central Africa, and Siberia. The low
MBH corresponds to low PBL values (the light blue
regions in Fig. 4b) in all of these regions except for the
Amazon, where the low MBH is associated with a rel-
atively homogeneous terrain. Over the regions totally
snow-covered in wintertime, the low MBH values may
also be due to the potentially homogenizing effect of
the snow. Regions where the MBH is high during DJF
are the Southern Hemisphere midlatitude areas, where
it is summertime, and where the PBL values are also
high. There is another band of high MBH values at
approximately 458N latitude across the North American,
European, and Asian continents. There is some indi-
cation of a local maximum in PBL height at these lo-
cations, as well as a transition of vegetation types at
that latitude. There is also a local maximum in MBH
in the Sahel region of Africa, related to the behavior of
the PBL.

The ratio of MBH to PBL is always less than 1 (Fig.
4c), ranging from 0.05 to greater than 0.9, indicating
that the MBH is always below the PBL. The global mean
ratio is approximately 0.2–0.3. There is a monotonic
decrease in the ratio of MBH to PBL in the Northern
Hemisphere from high latitudes (ratio near 0.9) to low
latitudes (ratio near 0.15), except in the eastern United
States. The large change in ratio is the result of a PBL
thickness, which increases more rapidly than the MBH
from north to south across these regions. In general, the
ratio is low in the Southern Hemisphere, due to the high
summertime PBL values. There is a local minimum in
the ratio over the eastern United States, which corre-
sponds to the local maximum in the PBL height (with
a similar contour shape). In addition, there is a local
minimum in the ratio over Sahel, where the PBL height
is very high (greater than 300 mb). The ratio increases
north of Sahel, due to the more rapid dropoff of the
PBL height than the MBH.

The corresponding plots for June–July–August (JJA)
are shown in Fig. 5. These plots also show that the MBH
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FIG. 4. Dec–Jan–Feb averaged model blending height and planetary boundary layer depth. (a)
Model blending height in mb, (b) planetary boundary layer depth, also in mb, and (c) ratio of
MBH to PBL (dimensionless). The contour levels are indicated in the color bar to the right.

is variable, and lies above the surface layer and inside
the PBL. Some of the areas where the MBH is high
correspond to high PBL values, such as the deserts of
Sahara, Gobi, Saudi Arabia, and the southwestern Unit-
ed States, and regions in southern Africa and just south
of the Amazon. An additional band of high MBH values
exists at approximately 358–408N latitude, stretching
across Canada, Europe, and Asia. These high MBH val-
ues do not correspond to local maxima in the PBL
height, rather they correspond in the shape of the con-
tour to areas where there is a change in the nature of
the vegetation (see Molod and Salmun 2002, their Fig.
2). In these regions the vegetation changes from a com-
bination of bare soil and dwarf trees to predominantly
needleleaf trees. The geographical locations where the

MBH is low are the Amazon, where the variability of
the vegetation is small, and the Andes and the Tibetan
Plateau, where the altitude and the cold temperatures
limit the height of the PBL. There is also a local min-
imum in MBH in the southern tip of Africa, and another
in central South America, just south of the local max-
imum. The ratio of MBH to PBL values is generally
lower than in the Northern Hemisphere wintertime, with
the lowest values (less than 20%) corresponding to the
highest values of PBL height. Except for southern Af-
rica, the ratios are higher in the Southern Hemisphere
(winter hemisphere) than in the summer hemisphere.

In general the MBH values differ more from the PBL
height values in JJA than in DJF. The evolution of these
fields throughout the year (not shown) indicates that the
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FIG. 5. The same as in Fig. 4 except for Jun–Jul–Aug.

latitude of maximum MBH in the Northern Hemisphere
traverses poleward in the wintertime and equatorward
in summertime. This can be seen in the DJF and JJA
MBH fields, where, for example, over Asia, the location
of high MBH values (shaded orange in Fig. 4, 30–35
mb) is near 608N latitude in DJF, and moves south to
near 408N in JJA (Fig. 5). The same summer–winter
traverse can be seen in Africa and South America from
DJF to JJA, but in the Southern Hemisphere the pole-
ward shift occurs in the summertime (December).

To gain some further insight into the relationship be-
tween the MBH and the PBL, we examine scatterplots
of seasonal mean MBH versus PBL for all land points.
Figure 6 shows this plot for JJA. In general, the MBH
increases with PBL height, except for high (greater than
200 mb) PBL values, where there is a leveling off of

the MBH. These high PBL values occur over desert
areas, where the variability of the surface vegetation is
small (90% desert and 10% broadleaf shrubs), and in a
small area in the Amazon, the behavior of which is
examined later in this paper. Although there is a linear
trend between MBH and PBL for the lower PBL values,
the spread about the representative line is greater than
two standard deviations. This spread indicates that the
MBH does not depend simply on PBL height, but is the
result of a more complex interplay among different
physical processes. Similar behavior was observed in
DJF (not shown).

We examined the involvement of the other physical
processes in determining the MBH by examining similar
scatterplots for other variables. Figure 7 shows the scat-
terplot of JJA MBH against Tc. It shows that the MBH
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FIG. 6. MBH vs PBL scatterplot (mb) for Jun, Jul, and Aug
monthly mean values over all land points.

FIG. 7. MBH (mb) vs canopy temperature (K) scatterplot for Jun,
Jul, and Aug monthly mean values over all land points. Points over
tropical rain forests are colored red.

increases with Tc, with MBH values ranging from near
10 to near 45 mb over a temperature range of 260 to
310 K. The exception to this behavior is a small group
of points, colored in red, at relatively warm canopy
temperatures (just below 300 K), for which the MBH
values are near 10–15 mb, rather than closer to 30 mb,
as the global trend would have dictated. These points
are all characterized as tropical rain forest, and the re-
lationship between MBH and Tc over this type of dense-
ly forested terrain is markedly different from the rela-
tionship over other types of soil and vegetation. For
these points, the MBH varies much more rapidly with
temperature and ranges from 13 to 42 mb over a Tc

range of 295 to 300 K. In the tropical rain forests, the
low MBH (and lower Tc) points are characterized by
very high levels of evaporation, and the high MBH (and
higher Tc) points have almost no evaporation. We il-
lustrate this behavior with contour plots of MBH, Tc,
and turbulent surface fluxes over the Amazon region,
Figs. 8a–d, where we see that the areas of high MBH
(Fig. 8a) correspond to the areas of low evaporation
(Fig. 8c). At the lower temperatures, the evaporation
levels suppress the sensible heat flux (available energy
at the surface is released through evaporation, primarily
through evapotranspiration) and the MBH is lower. In
contrast, at the higher temperatures (beyond the model-
specified threshold), the evaporation is suppressed to
conserve leaf and plant moisture, the sensible heat flux
is increased, and the MBH is higher. This correspon-
dence to the sensible heat flux is seen in Fig. 8d.

Similar scatterplots of MBH versus sensible heat flux
(not shown) show that the global relationship between
the MBH and the sensible heat flux is linear in character,
with MBH increasing with sensible heat. This is as ex-

pected, given that the sensible heat flux is the major
contributor to the boundary layer bouyancy and tur-
bulence that determines the PBL height. This relation-
ship between MBH and sensible heat flux is independent
of the choice of surface variability used to define the
MBH. The linear relationship holds even when the MBH
is defined based on the variability of surface latent heat
flux or momentum flux.

In addition to a relationship between the MBH and
the local characteristics of the turbulence, the behavior
of the MBH also depends on the type and variability of
surface vegetation. We demonstrate this relationship
with a year-long time series of the MBH and PBL at
two characteristic points in the region of the Indian–
Asian monsoon. These points and their vegetation char-
acteristics are indicated in Fig. 9, which shows a shaded
map of the fractional area covered by vegetation types
other than the dominant type. This is a measure of the
variability of vegetation in the grid box. The first point
is in southern Asia (168N, 1008E) and is characterized
by 60.0% ground cover, 14.8% broadleaf evergreen
trees, 14.3% broadleaf deciduous trees, 8.9% bare soil,
and 2.0% dwarf trees. This point has the higher off-
dominant percent of coverage of the two points, and is
also differentiated from the other point by the presence
of the deciduous trees. The second point is on the Indian
subcontinent (128N, 77.58E) and is characterized by
80.5% ground cover, 9.8% bare soil, 4.7% dwarf trees,
3.1% broadleaf deciduous trees, and 1.9% broadleaf ev-
ergreen trees. This point has the lower off-dominant
fraction and almost no deciduous trees. Both of these
points are in climatologically similar regimes, governed
by a monsoonal flow and relatively dry in the winter-
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FIG. 8. Jun, Jul, Aug seasonal mean contour plots for South America. (a) MBH in mb, contour interval is 5 mb;
(b) canopy temperature in K, contour interval is 4 K; (c) latent heat flux in W m22, contour interval is 15 W m22;
and (d) sensible heat flux in W m22, contour interval is 30 W m22. The area shaded green in (b) corresponds to the
area covered by tropical rain forest.

time. Figure 10 shows a 1- and 30-day running mean
of the PBL (Figs. 10a and 10c) and MBH (Figs. 10b
and 10d) for the two points. The PBL at both points
shows a robust seasonal cycle, high (near 140 mb) in
the springtime and low (near 40 mb) in the winter. The
MBH, however, exhibits distinctly different behavior
between the two points. Figure 10b shows that the point
with higher vegetation variability and the higher amount
of deciduous trees (168N, 1008E) has a marked season-

ality in the MBH, ranging from near 40 mb in the late
spring (lagging behind the PBL by a month) to ap-
proximately 20 mb in the fall. In contrast, the other
point (128N, 77.58E) shows no such seasonality in the
MBH, as seen in Fig. 10d. The value of the MBH is
nearly constant at 25 mb throughout the year.

Examination of time series of some other relevant
meteorological fields aids in understanding the connec-
tion between the presence of deciduous trees and the
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FIG. 9. Percent of grid box covered by nondominant vegetation for southern Asia. The two illustrated grid
points are indicated by the blue and red boxes and by the description of vegetation characteristics.

MBH seasonality. Figure 11 shows the 1- and 30-day
running means of the latent heat flux (Figs. 11a,b), can-
opy temperature (Figs. 11c,d), precipitation (Figs.
11e,f), and sensible heat flux (Figs. 11g,h) for both
points. The similarity of the precipitation patterns (Figs.
11e,f) and canopy temperature patterns (Figs. 11c,d) at
both points demonstrates that they are in the same cli-
mate regime. Figures 11a,b show that the latent heat
flux over the point with deciduous trees is almost com-
pletely suppressed during the months when the trees
have no leaves. This results in a sharper increase in
latent flux during the springtime. In contrast, at 128N,
77.58E (the point with no deciduous trees and low sur-
face variability) the latent flux is small in wintertime
but is not completely suppressed, and the contrast be-

tween winter and springtime levels is not as marked.
Consistent with the behavior of the latent heat flux, Figs.
11g,h show that the sensible heat flux at 168N, 1008E
is higher in wintertime than the sensible heat at 128N,
77.58E.

Examination of other points in this climatological re-
gime revealed that the presence of deciduous trees alone
is insufficient to generate a high seasonality in the MBH.
High surface variability is necessary as well. For ex-
ample, the grid box at 108N, 77.58E has deciduous trees
but low surface variability, is characterized by 80.0%
ground cover, 9.0% broadleaf deciduous trees, 10.0%
bare soil, and 1.0% dwarf trees, and shows no season-
ality in the MBH, despite a marked seasonality in the
PBL. In other words, the variability and the presence
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FIG. 10. Time series of PBL and MBH height in mb for 1008E, 168N, (a) and (b), respectively,
and for 77.58E, 128N, (c) and (d), respectively. Each panel contains 1- and 30-day running means.

of deciduous trees is needed for the MBH to exhibit a
strong seasonal cycle.

5. Summary and conclusions

The study of the extended mosaic (EM) technique
presented here is aimed at developing a better tool to
simulate and understand the direct (aggregation) effects
of the interactions between a heterogeneous land surface
and the climate. This technique allows the influence of
the surface heterogeneities to extend upward into the

turbulent boundary layer by assuming that the concep-
tualization of surface heterogeneity as a mosaic of in-
dependent vegetation stands is applicable throughout the
atmospheric column. The additional degree of freedom
of the system, that of allowing the vertical extent of the
influence of surface heterogeneities to be determined
internally, has the potential to afford a better charac-
terization of the land–atmosphere interactions.

Simulations with this technique revealed that the pro-
files of turbulent fluxes over each tile in a grid box differ
near the ground and become homogenized at some level
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FIG. 11. Time series of meteorological fields for 77.58E, 128N and 1008E, 168N. (a), (c), (e), (g) Latent heat flux in W m22, canopy
temperature in K, precipitation in mm day21, and sensible heat flux in W m22, respectively, for 77.58E, 128N. (b), (d), (f ), (h) The corresponding
plots for 1008E, 168N. Each panel contains 1- and 30-day running means.

aloft. This behavior allows the definition of a model
blending height (MBH) as the level where the homog-
enization takes place. We emphasize that the EM al-
gorithm does not require that the turbulent fluxes be-
come homogenized, hence the blending is a result of
the simulations with EM. The MBH varies between 50
and 500 m, and is generally about one-third of the PBL
height. The exact ratio depends on meteorological con-
ditions, location, and the amount of variability in the
land scene type.

Examination of the relationship among the MBH and
other meteorological variables shows that seasonal mean
values of the MBH and PBL height exhibit similar spa-
tial patterns in warm and dry regions, and differ more
in the Northern Hemisphere wintertime and over rela-
tively homogeneous terrain. The MBH increases grad-
ually with PBL height, sensible heat flux, and canopy
temperature through moderate to warm values, although
the spread of values about these trends is substantial.
This spread is indicative of the complexity of the de-

pendence of the MBH on local conditions, and several
examples of this complexity were presented.

The dependence of the MBH on the canopy temper-
ature increases dramatically for temperatures near 300
K. This is related to the behavior of the latent heat flux,
which is high for temperatures just below 300 K, and
is suppressed (infinite stomatal resistance) when the can-
opy temperature exceeds a vegetation-dependent thresh-
old (usually near 300 K). When the evaporation is high,
the MBH is low, and when the available surface energy
is released as sensible rather than latent heat flux, the
MBH is elevated. This results in the sharp increase of
MBH with canopy temperature in regions where evap-
oration dominates the surface energy balance.

The MBH was also found to depend on the variability
and types of underlying vegetation. The presence of
deciduous trees in the mix of tiles, in addition to high
levels of variability in scene type, was shown to be
associated with in an increased seasonality of the MBH.
An example of this behavior was presented by exam-
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FIG. 12. (a) Jan avg difference (EM–M) in precipitation in mm
day21 over Australia. (b) Jan avg difference planetary boundary layer
thickness in mb.

ining two grid boxes in similar climate regimes (mon-
soonal circulation), where the annual cycle of evapo-
ration (and sensible heat flux) is significantly enhanced
at the grid box that contains deciduous trees.

In this study we have presented the EM technique for
modeling the coupling at the land surface–atmosphere
interface. Although this yielded a physically consistent
depiction of the relationship between the MBH and the
turbulent boundary layer overlying a heterogeneous sur-
face, the impact on model simulations and the robust-
ness of the behavior of the MBH still needs to be in-
vestigated. We are currently investigating the impact of
the EM technique on simulated land–atmosphere feed-
backs by comparing parallel simulations with EM and
the more standard mosaic approach (M), and evaluating
any differences in the context of available climatological
observations. Preliminary examination of the EM versus
M comparisons indicates that there is an impact from
modeling the aggregation effects differently. An illus-
trative example is the EM–M difference in January
monthly mean precipitation and PBL height over Aus-

tralia, shown in Fig. 12. The EM simulation has larger
precipitation amounts over the northern land areas, and
less over the ocean (Fig. 12a). This constitutes an in-
creased excursion of the monsoon precipitation over the
land, and represents a relative improvement in the sim-
ulated precipitation as compared to the Global Precip-
itation Climatology Project data of Huffman et al.
(1997). Figure 12b shows that the PBL height is lower
in EM in the regions where the precipitation is higher.
This connection in EM between lower boundary layer
heights over wetter, cooler areas, and increased precip-
itation due to higher equivalent potential temperature,
is similar to the connection between wet domains and
precipitation suggested by the work reported in Cotton
and Pielke (1992). This behavior demonstrates a mech-
anism by which the local impact of modeling differences
may affect the mean climate elsewhere.

We also plan to evaluate the behavior of EM by com-
parisons of the MBH against observational and high-
resolution model estimates of the blending height. To
facilitate these comparisons against this type of verifi-
cation data, and to better understand the mechanisms at
work, we will further examine the details of the behavior
of the MBH and attempt to develop a scaling relation-
ship for the dependence on local and climate variables.
An additional outstanding problem for consideration re-
lates to the parameterization of dynamical effects (due
to the generation of mesoscale circulations) of hetero-
geneity on the grid scale. Several studies with mesoscale
models (Avissar and Chen 1993; Zeng and Pielke 1995;
Lynn et al. 1995) have shown that fluxes associated with
the mesoscale circulations may be important near the
top of the boundary layer, but observational evidence
of mesoscale circulations (Doran et al. 1995) and of
their absence (Hubbe et al. 1997) leaves open the ques-
tion of their impact on the regional or climate scale. A
scheme that includes these effects as well as the aggre-
gation effects addressed by this paper would provide a
more complete description of the impact of land surface
heterogeneity on the simulated climate in global models.
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