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Summary

The influence of surface heterogeneity on spatial distribu-
tion, temporal development, and on the domain-average of
the ratio between sensible and latent heat-flux (Bowen-
ratio) is investigated for synthetic landscapes of differing
degrees of surface heterogeneity. In so doing, simulations
are performed applying a 3-dimensional non-hydrostatic
mesoscale model. The synthetic landscapes consist of
patches of sandy loam covered by mixed forest and loamy
soil covered by grass. The results of the numerical
experiments substantiate that land-surface distributions will
non-linearly influence the Bowen-ratio if patches of equal
type exceed a certain size. Moreover, the heterogeneity of
the upwind region may play a role. Similarity coefficients
show that the surface type dominating a landscape does not
necessarily determine the mean Bowen-ratio representative
for this area. Thus, when applying the strategy of dominant
surface type, the margin of error in the regional Bowen-
ratio depends on the horizontal resolution of the model or
on available data.

1. Introduction

The ratio between sensible and latent heat-fluxes
(Bowen-ratio) is a regional characteristic that
depends on the underlying surface and meteor-
ological conditions. On the one hand, the Bowen-
ratio serves as a climatological quantity that
characterizes an area. In this case, the Bowen-
ratio is given as a long-term mean value valid for

* Present affiliation: DLR, Institut fiir Physik der Atmosphire,
Oberpfaffenhofen, Postfach 1116, 82230 Wessling, Germany.

a region of given geo-ecological characteristics
(e.g., dominant land-use and soil-type, latitude,
elevation, continental location, drainage basin,
etc.) for a given length of time (e.g., month,
vegetation period, year, decade, etc.). On the
other hand, the Bowen-ratio can be regarded as an
actual property characterizing the atmosphere-
surface-interaction. In this sense, the Bowen-ratio
may be used, for instance, to simplify measure-
ments of the surface energy-budget (e.g., Miiller
et al., 1993; Foken et al., 1997).

Using the Bowen-ratio as a climatologically
characteristic quantity of a region implies that
the Bowen-ratio depends on micrometeorological
conditions. In this climatological sense, it does
not depend on the individual upwind meteorolog-
ical history of air flow and upwind terrain type.
In this case, the Bowen-ratio would always be the
same for the same set of local conditions such as
climate, insolation, geographical latitude, eleva-
tion, land-use-type, and soil-type. However, there
are clues that, especially on shorter time scales,
the latter does not hold true. Several investigators
have found that the local energy-budget is not
closed exactly, even over the long term. This so-
called ‘non-closure’ of the local energy-budget is
assumed to be a result of surface heterogeneity
on the upwind-side (e.g., Panin et al., 1998).

In the determination of a regional Bowen-
ratio, whereby Bowen-ratio maps are devised as
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well as in a numerical modeling situation, a
resolution has to be chosen in which the Bowen-
ratios are to be determined. To ascertain the
Bowen-ratios on a given resolution, a strategy of
dominant surface type is usually applied as a
simplifying method. This means that for an area
of several square kilometers, the dominant sur-
face type is assumed to be representative for
determining the water- and energy-fluxes at the
earth’s surface, and thus, the Bowen-ratio.

Natural surfaces, however, are heterogeneous
on virtually all scales. Hence, it is to be expected
that, under similar geographical and climatic
conditions, regional Bowen-ratios vary with the
variation of these surfaces. Several authors (for a
review, see Giorgi and Avissar, 1997) have
shown that the strategy of dominant surface type
may be inadequate in representing the surface
forcing because of the great variety in soil-types
and vegetation.

(a) Unclearness of dominant surface type

-

(b) Positioning of the grid
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Fig. 1. Schematic illustrations
of difficulties arising when ap-
plying the strategy of dominant
surface type
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(c) Loss of ecosystems

T x1 km®

Apparently, in the case of a coarse resolution
(of data or the model), applying the strategy of
dominant surface type is dubious for many
reasons. Two or more land-surface types cover
areas of equal size (represented by the white and
light grey stripe in Fig. 1a) and each of these
areas exceed the coverage of all other surface
types within the area under examination. Thus,
the dominant surface type cannot be definitely
determined and one of these ‘“‘dominant” surface
types has to be arbitrarily chosen to be
representative for the area. Other difficulties
arise from the respective choice of the grid-
location or grid-resolution (Fig. 1b,c). As shown
in Fig. 1b,a town (here represented by the
medium-grey circle) similar in size to the grid-
cells may be of subgrid-scale (Fig. 1b, left) or it
may be the dominant land-use-type within this
grid-cell depending on the positioning of the grid
(Fig. 1b, right). If, in fact, the grid divides the
town into two or more parts, the town may end
up being of subgrid-scale in these grid-cells, if
the strategy of dominant surface type is used
(Fig. 1b, left). On the contrary, the town can be
over-represented if, within the grid-cells, there
are other land-use-types that extend less than the
town (Fig. 1b, middle). Another major difficulty
in the strategy of dominant surface type is
illustrated in Fig. 1c. The number of different

Fig. 1 (continued)

surface types (here represented by different
colors) decreases with increasing grid-cell sizes
or areas (Fig. 1c). Surface types of small
horizontal extension (e.g., small eco-systems, a
village, creeks, etc.) become subgrid-scale for
coarser grid-resolutions and are ignored (Fig.
Ic). Specifically, this means that in the regional
Bowen-ratio for arid or semi-arid regions, for
instance, the high evapotranspiration rate of
oases, or, in mid-latitudes, the low evapotrans-
piration rate of dry and warm areas (e.g., open-
pit mines, cities, etc.) can be suppressed by a
coarse resolution (e.g., Molders and Raabe,
1996). Thus, applying a croase grid resolution
may lead to a loss of eco-systems or a falsely
determined regional Bowen-ratio.

It is obvious that, to obtain a better representa-
tion of the Bowen-ratio, a finer grid resolution
should be employed. Unfortunately, in numerical
modeling this possibility is restricted not only by
model parameterization limitations and the
scarcity of meteorological, land-use and soil-
type data to initialize the model, but also by
computer performance (Molders and Raabe,
1996). Determining a regional Bowen-ratio on
the basis of geo-ecological parameters and
micrometeorological climatic conditions depends
on the available resolution of these quantities.
Herein, the geo-ecological parameters, however,



184 K. Friedrich et al.

are again often based on the strategy of dominant
surface type.

According to the results of previous considera-
tions and aforementioned studies, it is thus to be
expected that a regional Bowen-ratio may be
sensitive to both surface heterogeneity and
probably to advective effects as well. Therefore,
in our study the sensitivity of the regional
Bowen-ratio to surface heterogeneity will be
examined. Special focus will be given to whether
or not there exists an impact of upstream-
conditions on Bowen-ratio. If the Bowen-ratio
is found to be independent of the upstream
surface conditions, soil- and land-use-type data,
elevation, soil moisture, near-surface windspeed,
temperature, and humidity alone can be used to
create regional maps of Bowen-ratios. Otherwise,
such maps have to be calculated by 3-D-atmo-
spheric models. To examine the influence of
surface heterogeneity on a regional Bowen-ratio,
numerical simulations are performed using the
non-hydrostatic meteorological model GESIMA
(GEesthacht’s SImulation Model of the Atmo-
sphere; Kapitza and Eppel, 1992; Eppel et al.,
1995). In the various simulations, differing
arrangements of grass and forest are assumed.

2. Model Description and Initialization

GESIMA and its modules are validated for a
great range of situations (e.g., Claussen, 1988;
Kapitza and Eppel, 1992; Eppel et al., 1995;
Devantier and Raabe, 1996; Hinneburg and
Tetzlaff, 1996; Molders, 1998). The soil-vegeta-
tion module, for instance, was evaluated for
different soil-types and meteorological condi-
tions and its results were compared with those of
other soil-vegetation models (e.g., Claussen,
1988; Molders, 1998; Fritsch, 1999; Molders
and Kramm, 1999). GESIMA demonstrated that
it is able to simulate the typical behavior associ-
ated with various land-use-types (Molders, 1998).

The treatment of soil/vegetation/atmosphere
interaction follows Deardorff (1978; see also
Claussen, 1988; Eppel et al., 1995; Molders,
1998). Homogeneous soil- and land-surface
characteristics are assumed within a subgrid-cell.
A force-restore method determines soil-wetness
factors. At the surface, the fluxes of sensible and
latent heat are calculated by applying a bulk-
formulation. Transpiration of plants is considered

by a Jarvis-type approach (1976). The soil heat-
fluxes and soil temperatures are determined by a
diffusion equation (Claussen, 1988; Eppel et al.,
1995) where soil temperature at a depth of 1 m is
held constant at the climatological value. The
surface stress and near-surface fluxes of heat and
water vapor are expressed in terms of dimension-
less drag- and transfer-coefficients, applying the
parametric model of Kramm et al. (1995). Above
the atmospheric surface layer, the turbulent
fluxes of momentum are calculated by a one-
and-a-half-order closure scheme (Eppel et al.,
1995). In all simulations, subgrid-scale surface
heterogeneity is considered by an explicit
subgrid-scheme (Seth et al., 1994; Molders
et al., 1996). This scheme uses a finer grid
resolution than that used in the atmospheric
model. On the subgrid, the water- and energy-
fluxes, soil-wetness factors, as well as soil- and
surface-temperature are calculated taking into
account the subgrid soil-physical and plant-
physiological characteristics. Coupling to the
atmospheric grid-cell is performed by arithmeti-
cally averaging the subgrid-fluxes. Radiation
transfer is calculated by a simplified two-stream
method (Eppel et al., 1995).

The inner model domain (=test domain)
encompasses 100x100 km?. Hence, the test
domain is of a size similar to grid-cells in
mesoscale-ac models or the resolution often
applied in maps of Bowen-ratios covering, for
instance, continental-sized areas. The horizontal
resolution of the grid is 5x5 kmz, and that of the
subgrid is 1x 1 km? to allow for differing degrees
of surface heterogeneity to be represented. The
vertical resolution varies from 20 m close to the
ground to 1 km at the top of the model which is at
12 km height. Eight levels are located below the
2km height and 9 above. All simulations are
integrated for a 24 hours period, where the first
six hours serve as the adjusting phase.

To investigate the influence of surface hetero-
geneity on the regional Bowen-ratio, the initial
conditions chosen are as simple as possible,
namely, a homogeneously flat terrain on sea level
which is assumed for all simulations. Moreover,
all simulations are initialized by the same
synthetic atmospheric profiles of air temperature
and humidity. Here, a dry-adiabatic temperature
profile is assumed, starting with an air tempera-
ture of 22 °C near the ground. To ensure cloud-
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Table 1. Surface Characteristics for Forest with a Sandy
Loam Soil and a Grass Coverage with a Loam Soil after
Eppel et al., 1995

Forest  Grass
Thermal conductivity [107®m?s™!] 0.7 0.73
Heat capacity [10°JK~' m—] 2.5 2.1
Albedo 0.15 0.25
Roughness length [m] 0.75 0.02
Field capacity weighted by upermost 0.01 0.004
soil layer [m]
Capillarity [kgm=3s7!] 0.008  0.002
Maximum evaporation conductivity 0.023  0.040
fms]
Emissivity 0.95 0.95

free conditions, relative humidity is chosen as
50% near the ground and decreases linearly to
1% at a height of 12km. Surface pressure
amounts to 1035.2hPa. A geographical latitude
of 51.5°N and June 21st are arbitrarily chosen
for radiation calculation. Above the atmospheric
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boundary layer (ABL), a geostrophic westerly
wind of 8 m/s is assumed. In addition, the soils
are assumed to be fully water-saturated to avoid
water limitation for evapotranspiration. At a 1 m
depth, soil temperature is arbitrarily set equal to
6.9°C. Table 1 lists the plant- and soil-specific
parameters applied in this theoretical study.

3. Design of the Numerical Experiments

In our case study, the influence of surface
heterogeneity on the regional Bowen-ratio is
investigated assuming five different synthetic
landscapes (Fig. 2). The first landscape, denoted
as HOMF, consists of homogeneous forest on
sandy loam. The second landscape, hereafter
called HOMG, is homogeneously covered by
grass grown on loam. In the following, grass is
always assumed to go along with loam, and
forest is assumed to stand on sandy loam, i.e., a
different land-use distribution always goes along

mlalm|ol|lm

Yjajim|la|mia

Fig. 2. Schematic view of surface dis-
tribution applied in this study. Here,
HOMG and HOMF stand for the simula-
tions with homogeneous grass, and
forest, with the letters G and F represent-
ing grass and forest, respectively
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with an altered soil distribution. Three further
landscapes are designed with different checker-
board arrangements of forest- and grass-patches
(Fig. 2). These landscapes are addressed as
FGFC25, FGFC5, and FGFC1, respectively.
Herein, the letters FGF represent the alternating
forest- and grass-patches, and C stands for the
checkerboard arrangement. The numbers give the
length of the smallest forest-patch, e.g., the
number 25 stands for a 25x25km? forest-patch
size (Fig. 2). Note that these synthetic landscapes
FGFCx (x=1,5,25) are designed that way
purposely so that the respective landscape of
greater heterogeneity does not replicate the
landscape of the next highest degree of hetero-
geneity when applying the strategy of dominant
surface types. The landscape FGFC25 represents
an example for which an arbitrary decision has to
be made on the representative surface type when
applying the strategy of dominant surface types.

Simulations alternatively assuming these five
different landscapes are performed. Hereafter,
these simulations, as well as their results, will be
addressed according to the name of the respec-
tive synthetic landscape. As mentioned above, all
simulations are carried out under the same
meteorological conditions with the same model
configuration. Due to this modeling strategy the
results will differ only in so far as differences
exist in the underlying surface (e.g., heterogene-
ity) and their resulting effects on micrometeor-
ological conditions.

The temperature and moisture states in the
system earth-atmosphere evolve by fluxes which
themselves depend on those states. The resultant
non-linear dynamical system has modes of vari-
ability and statistical signatures that depend on
the interactions of the energy- and water-budget
(Entekhabi and Brubaker, 1995). The impact of
surface heterogeneity on the Bowen-ratio will be
examined by means of the temporal development
of the domain-averaged water- and energy-
fluxes, and by means of similarity coefficients.

4. Temporal Development

The temporal development is investigated by use
of hourly domain-averages,

_ >ict 27:1 Xij(t)

x(1) > : (1)

n

where X; (1) stands for the values of the fluxes or
other quantities of interest (e.g., latent and
sensible heat-flux, net-radiation, soil heat-flux,
Bowen-ratio, etc.) at each grid-point i, at time f,
and n? (=400) is the number of grid-points
within the inner model domain.

4.1 The Energy Budget

The big-leaf! big-stomata-approach, applied in
GESIMA, assumes that, in the case of vegetation,
(1) the soil is totally covered by plants, and (2)
the exchange at the interface earth-atmosphere is
accomplished at the top of the canopy (i.e., 7.5 m
and 0.2 m for forest and grass, respectively). As
given in Table 1, the roughness length of forest
(zo=0.75m) exceeds that of grass (zo=0.02 m).
Additionally, the air temperatures established
above the forest-patches differ from those above
the grass-patches. Therefore, momentum-, and
hence, heat- and moisture-fluxes differ at the
interface earth-atmosphere.

In assessing the temporal development of the
domain-averaged components of near-surface
latent and sensible heat-fluxes, net-radiation, and
soil heat-fluxes (Fig. 3a—d) it is indicated that the
different surface distributions affect mainly the
latent heat-flux in the morning and afternoon
(Fig. 3a), while the greatest differences in
domain-averaged net-radiation and sensible heat-
flux occur between 10 LT and 14 LT (Fig. 3b, ¢).
At 12 LT, the domain-averaged net-radiation and
sensible heat-flux of HOMG and HOMF, for
instance, differ by about 90 W/m? and 100 W/
m?, respectively (Fig. 3b,c). The domain-aver-
aged soil heat-fluxes provided by HOMG,
FGFC25, FGFC5, FGFC1 differ hardly at all,
i.e., the domain-averaged soil heat-fluxes are
insensitive to heterogeneity (Fig. 3d). HOMF and
HOMG differ about 10 W/mz, i.e., the domain-
averaged soil heat-fluxes are insensitive to sur-
face-type (Fig. 3d). Note that all fluxes descend-
ing towards the surface are defined by a negative
sign, while all fluxes going upward have a
positive sign.

Since the domain-averaged net-radiation is
governed by the albedo, a, of the prevailing land-
use, the domain homogeneously covered by
forest (aw=0.15) yields the greatest net-radiation,
while the domain homogeneously covered by
grass (aw=0.25) attains the lowest net-radiation
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of all the synthetic landscapes examined here
(Fig. 3c). Thus, incoming solar energy that can
be partitioned between sensible and latent heat-
fluxes differs for the various assumed landscapes.
In the simulations with heterogeneous surface-
cover, the domain-averaged net-radiation fluxes
arrange themselves according to the fractional
coverage of grass and forest (Fig. 3c). The
differences between the domain-averaged net-
radiation of HOMG and those of the simulations
with heterogeneous surfaces increase with the
decreasing heterogeneity and the increasing
amount of forest (Fig. 3c).

Until noon, the sensible and latent heat-fluxes
increase and reach their maximum between 12

10 12 14 16 18
TIME (h)

flux, G, (e) Bowen-ratio, BR,
and (f) surface temperature, Tg

LT and 13 LT (Fig. 3a,b), going along with the
maximum of net-radiation (Fig. 3c). In the
afternoon, net-radiation decreases and, therefore,
the latent and sensible heat-fluxes decrease as
well (Fig. 3a—c). Except between 12 LT and 13
LT, during the day, the highest domain-averaged
latent heat-flux occurs for HOMF, while the
lowest latent heat-flux is attained by HOMG
(Fig. 3a). The latent heat-fluxes provided by the
simulations assuming heterogeneous landscapes
fall according to their amounts of grass and
forest. These arrangements are caused mainly by
differences in surface parameters and microme-
teorological conditions (e.g., moisture-exchange
coefficients, relative humidity, etc.) established
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in the respective simulations. Between 12 LT
and 13 LT, the domain-averaged latent heat-
fluxes arrange themselves in the opposite way
(Fig. 3a).

In the afternoon, the curves of the domain-
averaged fluxes of latent and sensible heat do not
coincide with those in the morning. This
asymmetric behavior results from the altered
thermal stratification of the near-surface ABL,
the altered vertical mixing, and the soil which
has been heating meanwhile (cf. Fig. 3f for
surface temperature). The steepness of the curves
of the domain-averaged latent and sensible heat-
fluxes differs for the various landscapes. In the
late afternoon, for instance, greater latent heat-
fluxes are achieved in those simulations having a
greater fractional coverage by grass than forest
(Fig. 3b). The same is true for the fluxes of
sensible heat in the early afternoon. However,
in the late afternoon the opposite is true. This
behavior means that a different degree of surface
heterogeneity leads to an altered partitioning of
net-radiation between sensible and latent heat
where, moreover, the shift in the partitioning
changes with the passing of time.

The results substantiate that ignoring the
natural variability of surface conditions may lead
to a greater margin of error in the predicted
fluxes of sensible heat. In the case of FGFC25
and FGFC1, for instance, assuming the homo-
geneous surface characteristics of HOMG, the
error amounts to 50 and 85 W/m?, respectively.
Note that the margin for error is minimal around
17 LT (Fig. 3b). At this time, the different
micrometeorological conditions established can-
cel out. Later on, the different surface hetero-
geneity further alters micrometeorological
conditions for which, again, differences arise.

4.2 The Bowen-Ratio

Since sunset forces a sudden decrease in net-
radiation, the sensible and latent heat-fluxes run
against zero. Thus, the Bowen-ratio achieves
high or even meaningless values at that time.
Therefore, only the daytime hours are considered
in the further discussion. During daytime, the
domain-averaged Bowen-ratios vary between
values of 1 and 0.1 (Fig. 3e). In this case study,
the prediction of the Bowen-ratio is governed
mainly by the sensible heat-flux. Between 9 LT

and 17 LT, the domain-averaged Bowen-ratios
differ by about 0.05 and 0.2 in comparing
HOMG and FGFC1 and for comparing HOMG
and FGFC25, respectively. In this time range, the
domain-averaged Bowen-ratio of HOMF exceeds
that of HOMG by about 0.4, because of the
higher sensible heat-fluxes over forest than grass
(Fig. 3e). The domain-averaged Bowen-ratios
provided by the simulations with heterogeneous
surfaces reflect the fractional coverage by grass
and forest. Moreover, they increase non-linearly
for increasing fractional coverage by forest (Fig.
3e). Thus, neglecting surface heterogeneity may
make for errors of several percentage points in
the determination of a regional Bowen-ratio.

These findings are also supported by experi-
mental data. Vukovich et al. (1997), for instance,
investigated near-surface fluxes as a function of
near-surface parameters and meteorological con-
ditions with special focus on the variability of the
near-surface fluxes within an area the size of a
GCM grid-cell (global-circulation model). In so
doing, the sensible and latent heat-fluxes were
determined from meteorological and soil-
specific properties provided by NOAA-AVHRR
(advanced very-high-resolution radiometer) and
by ground measurements as well as for different
domain typical land-use-types. When assuming
the dominant land-use-type as representative for
the GCM-grid-cell area, the average margin for
error was about 10% and 21% for the latent heat-
flux and sensible heat-flux, respectively.

4.3 The Micrometeorological Conditions

Investigations on the influence of plant- (e.g.,
albedo, evaporative conductivity, etc.) and soil-
specific parameters (e.g., albedo, heat capacity,
thermal diffusivity of soil), meteorological con-
ditions (e.g., insolation, near-surface humidity
and air temperature), and soil conditions (e.g.,
soil wetness, soil temperature at various depth,
thermal conductivity, etc.) have shown that the
Bowen-ratio may react highly complexly and
non-linearly to the changes in plant-physiologi-
cal parameters and in meteorological and soil
conditions (Friedrich, 1999).

As the diurnal cycle of ground temperature,
among others, depends on land-use and soil-type,
the domain-averaged ground temperature is also
influenced by the dominating land-use and soil-
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type (Fig. 3f). Generally, ground- and air
temperatures directly influence the sensible
heat-flux (Fig. 3f,b) and, hence, the Bowen-ratio
(Fig. 3e).

The simulation results of FGFC25 or FGFCl1
illustrate that assuming grass to be the repre-
sentative surface type (represented by HOMG)
leads to a misprediction of the domain-averaged
air temperature (e.g., about 0.5K and 1.5K at
noon, respectively).

The latent heat-flux depends on the difference
between the specific humidity near the surface
and that at reference height. Since air tempera-
ture and specific humidity are correlated expo-
nentially, the Bowen-ratio varies non-linearly
with changes in these quantities.

4.4 Normalized Energy-Budget

As mentioned previously, the variability in a
region’s surface governs the net-radiation of said
region. Thus, the domain-averaged net-radiation
differs for the various landscapes assumed (Fig.
3). Hence, in the distributions of latent and
sensible heat-fluxes as well as soil heat-fluxes,
some of the differences are due to the altered net-
radiation (Fig. 3c). Consequently, the influence
of surface heterogeneity on the latent and

sensible heat-fluxes is eclipsed by the altered
net-radiation (Fig. 3). To achieve better insight
into the modified partitioning of net-radiation
into the fluxes of latent and sensible heat, for
each simulation these fluxes, the soil heat-fluxes
as well as Bowen-ratios, are normalized by the
simulated net-radiation according to

100
— 2
Q Y ( )

where x stands for the fluxes of latent and
sensible heat, the soil heat-fluxes, and the
Bowen-ratios, respectively, and W represents
the normalized value x in percent. This normal-
ization allows for evaluating the sensitivity of the
energy- and water-fluxes to the different hetero-
geneity (Fig. 4). Note that when comparing the
results of two simulations, a higher percentage of
a flux, ¥, does not mean a higher absolute value
in W/m? (cf. Fig. 3).

During the day, of all the energy-budget
components it is the sensible heat-fluxes which
react the most sensitively to changes in net-
radiation (Fig. 4). The degree of heterogeneity
governs the partitioning of net-radiation into the
fluxes of sensible and latent heat (Fig. 4). In
HOME, for instance, net-radiation is divided into
approximately 50% latent heat-flux, 35% sensi-
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Fig. 4. Domain-averaged fluxes
of latent heat, L F, sensible heat,
H, and soil heat-flux, G, as well
as the Bowen-ratio, H/L,E, nor-
malized by net-radiation, Q (in%)
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ble heat-flux and 15% soil heat-flux at 12 LT. In
HOMG, however, net-radiation is partitioned into
approximately 65% latent heat-flux, 18% sensi-
ble heat-flux and 17% soil heat-flux at that time
(Fig. 4). This means that the partitioning of net-
radiation is shifted towards latent heat-flux when
changed from grass to forest. In the case of
heterogeneous landscapes, the partitioning of
net-radiation into sensible and latent heat-fluxes
shifts towards greater latent heat-fluxes for
greater fractional coverage by forest.

Normalization clarifies that, between 8 LT to
17 LT, the fluxes of latent and sensible heat are
the most strongly affected components of the
energy-budget for a change in surface hetero-
geneity. Herein, moreover, a certain variability is
observed during the day (Fig. 4). The highest
sensitivity of the latent and sensible heat-fluxes
to surface heterogeneity exists between 10 LT
and 14 LT. The latent heat-flux varies approxi-
mately 13% in the net-radiation between a
homogeneous forest domain and a homogeneous
grass domain, while the variability of the
sensible heat-flux is about 15% in the net-
radiation at 12 LT. Only in the morning and in
late afternoon, the soil heat-flux reacts sensitively
to the different surface heterogeneity (Fig. 4).

Nevertheless, the normalized Bowen-ratio is
only slightly affected by surface heterogeneity.
This means that it is the net-radiation altered by
heterogeneity and, hence, the altered albedo,
which contribute mainly to the modified Bowen-
ratio (cf. Figs. 3c, e, 4).

Applying the strategy of dominant surface
type for all the heterogeneous landscapes
assumed in this study results in grass, except
for FGFC25. As mentioned above, the grass- and
forest-patches have equal coverage in FGFC25.
Thus, for this landscape, one has to decide
whether to favor grass or forest to represent the
area. Comparison of FGFC25 and HOMG
(HOMF) at 12 LT, for example, shows that
choosing grass as the representative surface type
leads to a predictable margin for error of 12%
(6%) in the net-radiation for the latent heat-flux,
and nearly 9% (6%) in the net-radiation for the
sensible heat-flux. If the strategy of dominant
surface type is applied to the test domain in the
cases of either FGFC5 or FGFC1, the predictable
margin for error of latent and sensible heat-fluxes
will slightly decrease.

5. The Horizontal Distribution
of Bowen-Ratios

At noon, the Bowen-ratio of HOMG is about 0.3
over the whole domain, while it is about 0.7 for
HOMF. Surface heterogeneity does indeed affect
the Bowen-ratio, with the strongest impact
occurring at 12 LT (Fig. 3e). Therefore, in this
section the impact of heterogeneity on the
Bowen-ratio distribution is examined at that
time.

When determining a regional Bowen-ratio for
a heterogeneous landscape, the natural surface
variability would be suppressed by the strategy
of dominant surface type. To illustrate the margin
for error in the Bowen-ratio resulting from the
strategy of dominant surface type, the Bowen-
ratios obtained by FGFCx (x=1,5,25) are
subtracted from HOMG. Values close to zero
may be expected if the surface type is the same
(in this case grass) and is at the same location in
both  HOMG and FGFCx. Negative values
(around 0.4) will occur if the patches are covered
differently, because, according to both HOMG
and HOMF, the forest-patches provide lower
latent heat-fluxes at noon than do the grass-
patches (Fig. 3a). Note that, as pointed out above,
the micrometeorological conditions are not
exactly the same due to advective effects. Figures
5 to 7 represent differences HOMG-FGFCx
(x=25,5,1). Herein, a positive value means a
reduced Bowen-ratio in FGFCx as compared to
HOMG.

The surface heterogeneity influences the near-
surface atmosphere and the flow (see also Fig. 8)
because of the altered surface characteristics
(e.g., albedo, roughness length, emissivity, evap-
orative conductivity, etc.). Since the atmospheric
moisture and temperature states try to be in an
equilibrium with the respective underlying sur-
face, the micrometeorological conditions (e.g.,
near-surface wind, near-surface temperature and
humidity, etc.) are modified by fluxes whenever
an air parcel passes a change in the underlying
surface. Thus, after passing several changes of
alternating patches of grass and forest, the
micrometeorological conditions over a grass-
patch located in the western part of the domain,
for instance, differ slightly from those over grass
in the eastern part of the domain because of the
frequent modulation of the air mass. These
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Fig. 5. Horizontal distribution of the Bowen-ratio at 12 LT
for the difference between the results of HOMG and
FGFC25. Dark grey patches indicate forest and light grey
patches indicate grass
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Fig. 6. Like Fig. 5, but for the difference between the
results of HOMG and FGFC5

differences increase incrementally with time and
distance from the first change in the underlying
surface. The modified micrometeorological prop-
erties again modify the Bowen-ratio via altered
sensible and latent heat-fluxes (e.g., Figs. 5-7).
Even in cases of identical land-use, different
fluxes may occur within a large patch of forest or
grass. This effect is due to the fact that the
equilibrium between an air parcel which has

South—North—Direction (km)

0 25 50 75 100
West—East—Direction (km)

Fig. 7. Like Fig. 5, but for the difference between the
results of HOMG and FGFCl1

passed a discontinuity over the new underlying
surface differs from that of an air parcel after a
long passage over the same surface. Conse-
quently, there is a shift in the pattern of fluxes
of sensible and latent heat and, hence, in
Bowen-ratio differences with respect to land-
use patterns. With increasing heterogeneity, the
near-surface atmosphere is influenced by the
surface-specific conditions in the sense that, for
short patches, less time exists to package the air
mass by the characteristics of the underlying
patch before the next patch begins.

Great differences in the Bowen-ratios of
HOMG and FGFCI1 arise (compare Figs. 5 and
7). Over regions with both heterogeneous surfaces
and increasing heterogeneity and a decreasing
amount of forest (Fig. 7), the Bowen-ratios
provided by the simulations with heterogeneous
surfaces approach those provided by the simula-
tion with a homogeneous grass cover, HOMG. In
the following subsections, the impact of hetero-
geneity on the distributions of Bowen-ratios will
be elucidated in more detail.

5.1 Equal Fractional Coverage and Low
Degree of Heterogeneity

As mentioned in Section 2, the fractional cover-
age of forest is equal to that of grass in FGFC25.
The Bowen-ratios provided by FGFC25 increase
during the transition from grass to forest, while
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Fig. 8. Horizontal wind distribution of FGFC25 in the first
level above ground at 12 LT. Dark grey patches indicate
forest and light grey patches indicate grass. The mean
windspeed amounts to about 5.4 m/s and 2.7 m/s above the
grass- and forest-patches, respectively

they decrease during transition from forest to
grass (Fig. 5). At the boundaries between the
different patches, the modification of the Bowen-
ratio shifts westwards during the time that the air
flows over the domain. As explained above, this
shift results from the effect of friction from the
near-surface wind (Fig. 8) and forced continu-
ously to adapt to the near-surface atmosphere to
the always changing new micrometeorological
and surface-specific conditions, i.e., the air mass
is continuously modified when passing over the
domain.

The aforementioned feedback between the
micrometeorological properties and the fluxes,
among others, contribute to the shift of the
Bowen-ratio differences in a northeast to south-
west direction. As an example of altered micro-
meteorological conditions, Fig. 8 illustrates the
reduction in windspeed over a large forest area of
25x25km” and the increase in windspeed after
passing the forest. The wind direction, however,
is unaffected.

5.2 Medium Degree of Heterogeneity

In FGFCS5, the Bowen-ratios vary between 0.3
(approximately the Bowen-ratio of HOMG),
over to 0.7 (approximately the Bowen-ratio of
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HOMF), to a maximum value of 1.3. This strong
increase in the Bowen-ratio occurs above the
heterogeneous patches. The near-surface atmo-
sphere over each 5x5km? forest-patch is found
to be unable to build up turbulent fluxes that are
independent of upwind conditions. Note that
such behavior was proposed theoretically by
Shuttleworth (1991). In that case, high Bowen-
ratios do not occur exclusively above the forest-
patches. The latent and sensible heat-fluxes react
weakly to the heterogeneity (Fig. 6) at those
positions where forest patches are surrounded
mainly by grass. In the case of FGFCS5, applying
the strategy of dominant surface type leads to a
margin for error in the Bowen-ratio of about 1 for
the heterogeneous areas (Fig. 6). Note that a near
equal margin for error will arise if the hetero-
geneous areas are assumed to be forest. One may
conclude that if the surface of a landscape,
region, or GCM grid-cell is very heterogeneous,
no equilibrium between the atmosphere and the
surface will be reached that is independent from
upwind conditions.

5.3 High Degree of Heterogeneity

Considering the near-surface wind provided by
FGFCI, the 25x25km?”sized areas of patchy
forest-islands in grass are too heterogeneous to
provide a distinct response in the wind field.
Therefore, the windspeed is hardly reduced over
these heterogeneous areas (not shown). The
mean windspeed amounts to about 5.3 m/s and
4.2m/s above grass-areas and grass-areas with
forest-islands, respectively. This insensitivity of
the wind field to a high degree of heterogeneity
may be explained partly by an artifact provided
by the explicit subgrid-scheme that does not
consider the heterogeneity of wind, air tempera-
ture and air-humidity on the subgrid (for a
detailed discussion see Molders et al., 1996).
However, the fact that strongly heterogeneous
surfaces, i.e., smallness of patch-size, provide no
distinct response to the atmosphere is also
substantiated by sensitivity studies performed
with different surface patterning types other than
those discussed above as well as by studies with
a higher degree of heterogeneity and higher
resolution than what is presented here.
Compared with other simulation results, the
absolute values of the Bowen-ratio distribution of
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FGFCI1 do not arrange themselves according to
any degree of heterogeneity. FGFC1 is the only
case in which the maximal value of the Bowen-
ratio decreases with the increasing heterogeneity
over the heterogeneously covered 25x25 km?
patches. Over the 5x5 km? patches covered
heterogeneously, the area-averaged Bowen-ratio
value is about 0.9, and the distribution pattern of
the Bowen-ratio values is nearly the same as in
FGFC25.

With reference to the pattern of the Bowen-
ratio of FGFC1 alone, however, there are
similarities to the pattern obtained by the
simulation with the wider horizontal patch sizes
of 5x5km? (FGFC5), that is to say, although the
values of FGFC1 and FGFC5 differ, the spatial
pattern provided by these simulations remains
the same.

5.4 Similarity

For comparing data fields containing different
parameters or for comparing data fields with the
same parameters but recorded at different times,
Ogunjemiyo et al. (1997) modified a given
procedure by Jackson et al. (1989). In our case
study, this modified procedure is adapted in order
to compare the results obtained by the simula-
tions with a different surface heterogeneity (for

details, see Friedrich, 1999). In doing so, the
variables (e.g., Bowen-ratio, ground temperature,
etc.), Ay, at the grid-point ,j on the distribution
field, are transformed into a set of values Zj,
by subtracting the domain-averaged value and
normalizing the difference by the standard
deviation of the differences S (see Ogunjemiyo
et al., 1997; Friedrich, 1999)

Z.._’ﬂ_

y=" ()

The similarity between two transformed dis-
tributions is now established on the basis of
similarity in the sign of Z; ; pairs (Ogunjemiyo
et al., 1997; Friedrich, 1999) as

. m-+n
Y m4n+p’

(4)

Here, C; is the similarity coefficient, and m, n,
and p are the numbers of Z; pairs with negative,
positive, and mixed signs. The similarity coeffi-
cient varies between zero (no similarity) and 1
(absolute agreement). Application of the simi-
larity coefficients points out those landscapes
which yield similar results with respect to the
regional Bowen-ratio. Furthermore, the time
variance of these quantities caused by different
landscapes can be detected (Table 2).

Table 2. Comparison of the Similarity Coefficients C; for all Simulations at 12 LT, 15 LT and 18 LT. The Upper Triangle of the
Table Represents the Similarity Coefficients for the Bowen-ratio BR, the Lower Triangle Locates the Similarity Coefficients for

the Surface Temperature Tg

BR 1200 LT HOMF HOMG FGFC25 FGFC5 FGFCl1
\ 1500 LT
Tg 1800 LT
HOMF 0.31 0.68 0.64 0.66
0.49 0.64 0.71 0.71
0.66 0.49 0.45 0.48
HOMG 0.79 0.38 0.40 0.39
0.54 0.32 0.28 0.26
0.38 0.57 0.58 0.54
FGFC25 0.49 0.49 0.87 0.98
0.49 0.50 0.86 0.89
0.48 0.48 0.47 0.54
FGFC5 0.68 0.60 0.74 0.89
0.51 0.70 0.74 0.96
0.36 0.67 0.72 0.67
FGFCl1 0.68 0.60 0.74 1
0.50 0.72 0.73 0.99
0.35 0.56 0.57 0.85
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As mentioned above, in the case of a coarse
resolution of about 100x100km*> and the
strategy of dominant surface type, grass-covered
loam would be used to simulate the exchange of
matter, heat and moisture at the interface earth-
atmosphere in FGFC5 and FGFC1. According to
the calculated similarity coefficients (Table 2),
especially, this strategy of dominant surface type
leads to the worst representation of the regional
Bowen-ratio for FGFC5 and FGFCI, respec-
tively. Here, even determining the fluxes by
assuming a dominance of forest (HOMF) would
provide a better estimate of the regional Bowen-
ratios for FGFC5 and FGFC1 than assuming
grass to be the representative surface type (Table
2). This is due especially to the fact that forest
influences the whole domain persistently because
of its considerable roughness length. Thus,
vertical mixing and stratification are strongly
influenced by the presence of even small patches
of forest.

Note that an adequate behavior is found for
other quantities, for instance, ground temperature
(Table 2). The differences in the domain-
averaged ground temperatures between HOMG,
HOMF, FGFC25 and FGFCS5 are quite large,
whereas, according to the similarity coefficients,
FGFCS5 and FGFCI1 hardly differ in both Bowen-
ratio and ground temperature. The latter may
suggest that, for the determination of the mean
Bowen-ratio representative for an area of
100x100km?, a lower limit might be sufficient
for the required resolution of the data. The
highest agreement (C;>0.8) between simula-
tions with different degrees of heterogeneity
(between FGFC25 and FGFCS5, FGFC25 and
FGFCI1, FGFC5 and FGFC1) is found during 12
LT and 15 LT.

6. Conclusion

In the theoretical case study presented here, the
influence of surface heterogeneity on the Bowen-
ratio is examined by various methods (temporal
and spatial distribution, normalization in the net-
radiation, similarity coefficients). The results
substantiate that:

e The horizontal distribution of Bowen-ratios
depends on surface heterogeneity. This depen-
dence is non-linear in space and time.

e The hourly domain-averaged (=regional)
Bowen-ratio values depend mainly on the
amount of grass or forest existing within the
area under examination.

e In the case of heterogeneous regions, the
domain-averaged (=regional) Bowen-ratio
cannot necessarily be attained by area-weight-
ing the number of patches of different land-
uses and soil-types because the near-surface
meteorological conditions (wind, air tempera-
ture, humidity) are modified by the hetero-
geneity in the upwind regions.

e The heterogeneity changes the domain-aver-
aged net-radiation. The percentage partition-
ing of the domain-averaged net-radiation into
sensible and latent heat, however, differs with
each different degree of heterogeneity.

e According to the similarity coefficients, the
dominant surface type may not be the re-
presentative one. With limitation of FGFC25
(equal fractional coverage by forest and grass),
HOMG would be the landscape according to
the strategy of the dominant surface type.
However, no agreement (C;<0.4) in the
horizontal Bowen-ratio distribution is reached
between HOMG and FGFCx (x=1, 5, 25).

e The similarity coefficients show that the
Bowen-ratios determined for the various
heterogeneous landscapes are more similar to
each other than to those of the landscapes
covered by only one surface type. The highest
agreement (C;>0.8) between simulations
with a different degree of heterogeneity
(between FGFC25 and FGFCS5, FGFC25 and
FGFCI1, FGFC5 and FGFC1) is found during
12 LT and 15 LT.

Based on these findings, it may be concluded
that neglecting surface heterogeneity (e.g., by
applying the strategy of dominant surface types)
may lead to a misprediction of the mean Bowen-
ratio representative for an area.

The Bowen-ratio normalized by net-radiation
is hardly affected by heterogeneity between 9 LT
and 17 LT. This finding reveals that the change in
net-radiation due to the altered heterogeneity is
what mainly contributes to the altered Bowen-
ratio. The surface characteristics that influence
net-radiation, however, are albedo.

Based on the finding that, although forest is
not the dominant surface type in FGFCS5 and
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FGFCl, respectively, the results of these simula-
tions are more similar to those of HOMF than to
those of HOMG, and one may conclude that
roughness length may also play a role by way of
the altered mixing and stratification. Thus, height
of canopy also seems to be important for
determining the Bowen-ratio.

Moreover, the results suggest that the data-
resolution has to be very carefully chosen with
respect to the heterogeneity of the landscape in
order to determine an adequate regional Bowen-
ratio. In modeling studies, for instance, this
means that a fine grid-resolution will be favored
if enough computer time and storage capacity are
available.

As pointed out above, the results of this study
also suggest that Bowen-ratio distributions do not
depend only on the underlying surface and local
characteristics alone. Feedback processes occur
between the components of the near-surface
energy-budget, the atmosphere, and the current
flow. Therefore, in experimental as well as
numerical studies, this dependence on the sur-
rounding properties, as well as on the surface
characteristics, has to be considered, and maps of
Bowen-ratios should be determined either by use
of (temporally and spatially) highly resolved
observational data or by means of 3-D-simula-
tions. Note that, if the observation network has a
high resolution, measured data will include the
upwind effects of heterogeneity.
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