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Fig. A.13.
Schematic illustration of the
surface moisture budget over
(top) bare soil, and (bottom)
vegetated land. The roughness
of the surface (and for the veg-
etation, its displacement
height), will influence the mag-
nitude of the moisture flux.
Dew and frost formation and
removal will also influence the
moisture budget (adapted
from Pielke and Avissar 1990)

tions, might promote heavier precipitation. Precipita-
tion at one location results in stabilising subsidence pat-terns 

elsewhere. Because of surface heterogeneities, sub-
stantial variations will occur in the instability of PBL
air, which may act to reduce the area covered by moistconvection.

the soil surface is dry, but only as long as there is enough
water available in the root zone and plants are not
stressed.

Due to these differences in surface fluxes, the char-
acteristics of the atmosphere above dry and wet (orveg-
etated) land are significantly different, as illustrated in
Fig. A.14 (e.g. Avissar 1992). The faster heating rate pro-
duced on dry land generates a vigorous turbulent mix-
ing and an unstable stratified atmospheric planetary
boundary layer (PB1), which often extends up to a height
of 2000-3000 m or more during the afternoon. The
slower heating rate of wet (vegetated) land limits the
development of the PBL, typically, to a height of less than
1000 m. However, evapotranspiration provides a sup-
ply of moisture which significantly increases the amount
of water in this shallow PBL. During the afternoon, the
temperature of the PBL above dry land is considerably
warmer than above wet land. During night-time, how-
ever, the strong cooling of bare and vegetated surfaces
creates almost the same atmospheric inversion.

Since clouds and precipitation generated in these dif-
ferent PBLs can be quite different, the system of inter-
actions and feedbacks that develop between the land and
the atmosphere is very complex. A model of this system
needs to account for the movement and storage of wa-
ter in the ground, the ability of the vegetation to extract
the water from the ground, and the dynamic response
of the PBL to varying boundary conditions. For instance,
Betts et al. (1993,1996) have shown a close coupling be-
tween errors in a model's surface parameterisation and
its PB1, clouds, and moist convection. More evapotran-
spiration can provide a cooler, shallower B1, and posi-
tive equivalent potential temperature anomalies (be-
cause of less entrainment), which can act to destabilise
the PB1 to moist convection and, in favourable condi-

A.3.2.1 

Microscale Impact

A.3.2 Atmospheric Response
to Heterogenous Land Forcing

It is well known that the land characteristics vary ex-
tensively even at a scale of a few metres. The impact of
their spatial variability on the atmosphere at the micro-
scale and mesoscale is discussed in the following sub-
sections. The purpose of this discussion is to evaluate
the importance of the dynamic response of the atmos-
phere to land-surface heterogeneities on land-atmos-
phere interactions at the regional scale and to evaluate
whether or not current parameterisations used in GCMs
and other large-scale models are acceptable.

11 and Avissar (1994), and Rodriguez-Camino and Avissar
(1999) investigated the impact of microscale (or "patch"
scale) variability of the most important land-surface char-
acteristics (as identified by Henderson-Sellers 1993; Col-
lins and Avissar 1994; and Rodriguez-Camino and Avissar
1998): leaf area index, stomatal conductance, roughness,
soil-surface wetness, and albedo on the atmospheric tur-
bulent heat fluxes near the ground surface. They found
that, in general, the variability of a particular character-
istic affects the long-wave radiation emitted by the sur-
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3000 '.L- ~310':- I 310--'" I 310-'-1Fig. A.14.
Diurnal variation of profiles of
(a and b) potential tempera-
ture and (c and d) specific
humidity in the atmospheric
planetary boundary layer
above (a and c) a bare, dry
land and above (b and d) a
densely vegetated, moist land,
simulated for a cloudless mid-
summer day (August 15) at
latitude 37°N. Graphs on the
right-hand side of the figure
represent two selected profiles,
at 0300 1ST (dashed line) and
at 1500 1ST (solid line) (from
Avissar 1992, @ American Geo-
physical Union)
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variability of land-surface characteristics or their cor-
responding mean indicated that, under unstable atmos-
pheric conditions, stomatal conductance and leaf area
index variability have the most significant effect on spa-
tially integrated energy fluxes from vegetated land. On
bare land, soil-surface wetness strongly affected the sur-
face fluxes. Under neutral and stable atmospheric con-
ditions, surface roughness appeared to have the pre-
dominant effect on the surface fluxes. Holtslag and Ek
(1996), in a study of the interaction of the atmospheric
boundary layer with the heterogeneous pine forest in
HAPEX -MOBILHY (Hydrological Atmospheric Pilot Ex-
periment -Modelisation du Bilan Hydrique) on a scale
of about 10 km also found that the coupled atmosphere-
vegetation system is sensitive to the roughness length.
They concluded that this parameter affects in particu-

face and the heat fluxes simultaneously, yet not with the
same intensity. On average, the latent heat flux is the most
sensitive and the radiative flux the least sensitive to
spatial variability. For instance, a difference as large as
150W m-2 was found between the latent heat flux calcu-
lated with a log-normal distribution of leaf area index
and the mean value corresponding to this distribution.
By comparison, the corresponding difference of long-
wave radiation emitted by the surface was 90 W m-2. They
also noted that unlike for the other land-surface charac-
teristics, the spatial variability of albedo created differ-
ences of not more than 20 W m-2, indicating a relatively
linear relationship between this characteristic and land-
surface energy fluxes.

A detailed analysis of the land-surface energy fluxes
integrated at the patch scale using explicitly the spatial
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10 kIn. Linear analysis studies (Dalu and Pielke 1993; and
DalU et at. 1996) have reached a similar conclusion.

A.3.2.2 Mesoscale Impact

The contrast between land and water generates breezes
(i.e. sea, lake, and land breezes), which are mesoscale cir-
culations. Several papers and textbooks describe at length
the mechanism involved in the generation of these cir-
culations, and their impact on weather and climate (e.g.
Yan and Anthes 1987; Pielke 2001C, 2002 among many oth-
ers). More recent investigations (Lawton et al. 2001) have
indicated that other landscape discontinuities (e.g. irri-
gated land in arid areas, deforestation, and afforestation)
also provide an environment appropriate for the devel-
opment of mesoscale circulations. These studies include
those ofOokouchi et al.(1984),Mahfouf et al. (1987),Segal
et al. (1988), Pielke et al. (1991), Segal and Arritt (1992),
Avissar and Chen (1993), Chen and Avissar (1994a), Gou-
torbe et al. (1994), Mahrt et al. (1994), Lynn et al. (1995a),
Avissar andLiu (1996),Stohlgren et al. (1998), Taylor et al.
(1998), Wang et al. (1996,1998) and Chase et al. (1999).

Studies by Hammer (1970), Barnston and Schikedanz
(1984) and Otterman et al. (1990) provide evidence that
increased convective precipitation occurs over extended
crop areas during favourable atmospheric conditions.
Land-use features are believed to playa role in the in-
tensity and position of drylinesl in the southern plains
of the US. In a case study of localised thunderstorm de-
velopment along a dryline in Oklahoma, Hane et al.
(1997) observed a significant "bulge" or distortion in the
dryline formed downwind from a swath of sparse veg-
etation cover. It was suspected that enhanced sensible
heat flux and vertical mixing in this swath was a factor
in the local displacement of the dryland position.

Pielke et al. (1997) present a sensitivity experiment to
evaluate the importance of land-surface conditions on
thunderstorm development. Using identical lateral
boundary and initial values, two model simulations for
15 May 1991 were performed for the Oklahoma-Texas
Panhandle region. One experiment used the current land-
scape (which includes irrigated crops and shrubs as well
as the natural short-grass prairie), while the second ex-
periment used the natural landscape in this region (the
short-grass prairie). Figure A.15 provides the results at
15:00 local standard time for both experiments. The simu-
lation with the current landscape (Fig. A.15, top) pro-
duced a thunderstorm system along the dryline, while
only a shallow line of cumulus clouds were produced
using the natural landscape (Fig. A.15, bottom). A thun-

lar the sensible heat flux and, as a result, the boundary
layer height and profiles of mean variables.

In these studies, however, it was assumed that the
impact of the variability of land-surface characteristics
did not extend beyond the atmospheric surface layer.
This, of course, simplified the land-atmosphere models
being used but limited the studies to the patch scale. The
impact of the spatial variability of land-surface charac-
teristics at a scale larger than the patch scale, though
still considered microscale, was studied with large-eddy
simulations (LES). This modelling technique, which was
pioneered by Deardorff (1972), is accurate and, there-
fore, very attractive to study the turbulence activity in
the PBL. For instance, Deardorff (1974) showed that tur-
bulence statistics obtained with an LES model compared
nicely with those observed in the 1967 Wangara Experi-
ment (Clarke et al. 1971). Note that with this modelling
technique, only small (less energetic) eddies need to be
parameterised and largest-size eddies are resolved. Nu-
merical experiments with LES by Moeng (1984,1986, and
1987), Hechtel et al. (1990), Hadfield et al. (1991, 1992),
Walko et al. (1992), Avissar et al. (1998), Avissar and
Schmidt (1998), and Gopalakrishnan et al. (2000) con-
firmed the high potential of this technique, especially
with the powerful computers readily available today.

Until recently, only a few investigations had been con-
ducted to understand better the impacts of spatial vari-
ability of land-surface characteristics on the PBL (Hechtel
et al. 1990; Hadfield et al. 1992; and Walko et al. 1992). But
more complete LES studies have contributed additional
insights on this issue. For instance, Avissar and Schmidt
(1998), Gopalakrishnan et al. (2000), and Baidya Roy and
Avissar (2000) investigated the scale of forcing at which
vertical profIles of horizontally-averaged atmospheric
variables in the convective boundary layer (CBL) are af-
fected significantly by the spatial variability of surface
heat fluxes or the presence of hills. Their results indicate
that as long as the length scale of the surface sensible
heat flux perturbation is smaller than about 5 km and
the topographical features are not higher than about
400 m, it seems that the dynamics of the CBL are not
affected by landscape heterogeneity. Furthermore, these
studies emphasized that the response of the atmosphere
to the scale of forcing is quite non-linear. They attrib-
uted this non-linearity to the ratio of the horizontal pres-
sure gradient created by the heat flux heterogeneity to
the buoyancy intensity, which is related to the mean sur-
face sensible heat flux:.

It is interesting to note that, based on theoretical con-
siderations and a simple slab model of the CBL, Raupach
(1993) claimed that the CBL should not be affected by
landscape heterogeneity in flat terrain at a horizontal
length scale of 1-5 km. Claiming that turbulence is very
efficient at mixing the boundary layer, Shuttleworth
(1988a) suggested that this scale could be as large as

1 Dryline: The borderline between hot, dry air moving down the

east slopes of the Rocky Mountains and humid air coming from
the Gulf of Mexico.
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The ARM/CART site measures approximately 300 km
by 350 km in Oklahoma and Kansas, and this heavily-
instrumented area is a source of frequent measurements
of surface sensible and latent heat fluxes, as well as other
meteorological quantities, throughout the year (Stokes
and Schwartz 1994). The human impact on this region
is readily apparent. During summer, large differences
in land use across this site, particularly the contrast be-
tween already-harvested winter wheat in the central
portion of the domain and actively growing vegetation
elsewhere, result in significant gradients in surface
fluxes, as explained by Zhong and Doran (199S) and il-
lustrated in Fig. A.1sb. Sensible heat flux contrasts of ap-
proximately 200 Wm-2 exist between areas (patches)
with characteristic scales of 50-100 km.

Figure A.19 shows the mid-PDt vertical velocity (w)
field at noon and 15:30 local time for 13 July, 1995. At noon
(Fig. A.19a), relatively weak upward motion of a few
cm S-1 is located over patches of large sensible heat flux
(recall Fig. AlSb) with scales in the order of 20-50 km.
Over the course of the afternoon, a circulation with
strong upward motion on the order of 1 m S-1 gradually
evolves around larger surface scales, with convergence
of air flowing from high latent heat (cooler) to high sen-
sible heat (warmer) areas (Fig. A.19b). Over some loca-
tions, this circulation penetrates from the surface to a
height of more than 3 km.

That this circulation pattern is undoubtedly a real-
world feature is demonstrated by the excellent corre-
spondence between the simulated w field and the com-
posited rainfall measurements (Fig. A.19C) and satellite
cloud observations (Fig. A.19d). The clouds and precipi-
tation are oriented along the linear, north-south con-
vergence lines of strong upward motion. The model is
able to capture not only the snapshot agreement pre-
sented here, but reproduces correctly the evolution in
time of the convergence field as diagnosed by succes-
sive hourly rainfall composites. Furthermore, Weaver
and Avissar (2001) emphasize that such a good agree-
ment between the location and orientation of the clouds,
the patterns of upward motion, and the satellite imagery,
is also found on other days in July 1995.

To demonstrate the important role these circulations
play in transporting heat and moisture vertically, Weaver
and Avissar (2001) also calculated the sensible and la-
tent heat fluxes by both the mesoscale and microscale
(turbulent) motions. The mesoscale fluxes are one meas-
ure of the intensity of the landscape-induced circula-
tions. To highlight the impact of the surface variability
on the fluxes, rather than simply the mean surface con-
ditions, Weaver and Avissar (2001) performed an addi-
tional simulation of the July 13 case but with the realis-
tic surface sensible and latent heat fluxes replaced with
their mean values, thus eliminating any mesoscale het-
erogeneity. This mean flux case, rather than developing

A.3.3 

Regional Teleconnections

Additional discussion on regional teleconnections can
be found in Sect. A.4.1.4. The effect of above-averagetemperatures 

in the eastern and central Pacific Ocean,referred 
to as "EI Nifto", has been shown to have a ma-

jor impact on weather very far away from this region
(Shabbar et al. 1997>. The warm ocean surface providesappropriate 

conditions needed for the development of
thunderstorms, which export large amounts of heat,

any organised circulation, has a flow field (not shown)
characterised by essentially random updrafts and
downdrafts at a small horizontal and vertical scale
which, at the 2 km grid increment of the model, are very
weak (of the order of a few cm S-1 compared to the
1-2 m S-1 upward motion of the realistic July 13 simula-
tion as shown in Fig. A.19b).

Some model and analytical studies have indicated
that, except under very weak large-scale background
wind conditions (e.g. of the order of 2-3 m S-1 or less),
landscape- induced mesoscale flows are inhibited and the
corresponding mesoscale fluxes are therefore also very
weak (Wang et al. 1996; Avissar and Schmidt 1998; Liu
et al. 1999a). Hence the most common argument against
their climatological importance, i.e. the percentage of
time these landscape heterogeneity effects are signifi-
cant, is expected to be small (Zhong and Doran 1997,
1998). This view has been challenged recently (Vidale
et al. 1997; Wang et al. 1998), and the results of Weaver
and Avissar (2001) demonstrate for the first time for a
range of cases that increasing large-scale wind does
not necessarily inhibit these mesoscale circulations
(Fig. A.20). Indeed, the day with the largest mesoscale
flux (July 7> is also the day with the highest winds (over
12 m S-1 in the lower PBL), and all but one of the remain-
ing days have winds of 5-10 m S-1 in the lowest 2 kIn.
This means that the conditions under which such ef-
fects are significant probably occur more often than as-
sumed previously.

The results shown here demonstrate that, by chang-
ing the scale and properties of the naturally occurring
land-surface elements, human influences can affect lo-
cal weather and climate significantly, at least in the short
term. Since both natural and human-modified hetero-
geneous landscapes are ubiquitous around the globe (e.g.
snow/soil, land/water, pasture/forest, city/country), such
atmospheric effects must influence global climate today.
However, the extent of this influence, and the longer-
term impacts of accelerating land-use changes on fu-
ture regional and global climate, are currently unknown.
Evaluating these impacts is complicated by complex veg-
etation dynamics (e.g. Lu et al. 2001; Eastman et al.2001a;
and Eastman et al. 2001b).
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Fig. A.21. Annual variation in precipitation in Amazonia and other regions of the world produced by the GISS (Goddard Institute for
Space Studies) GCM with current vegetation (blue line) and a deforested Amazonia (red line). Each point represents the average of
6 realisations of 8-years each (from Werth and Avissar 2002, @ American Geophysical Union)

budgets are altered. Second, larger-scale heat and mois-
ture convergence, and associated large-scale circulations,
can be modified as a result of changes in the large-scale
atmospheric pressure field due to the landscape altera-
tions.

Based on an extensive review of the various studies
performed on this issue, Pielke (2001b) concluded that
"regional and global model studies indicate that the spa-
tial patterning of deep cumulus convection, particularly
in the tropics and mid-latitude summers, are altered sig-
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nificantly as a result of landscape changes. These altera-
tions in cumulus convection teleconnect to middle and
higher latitudes, which alters the weather in those re-
gions. This effect appears to be most clearly defined in
the Winter Hemisphere:' Werth and Avissar (2002) also
emphasized that thunderstorms are not simulated ex-
plicitly with GCMs and current parameterisations in
these models do not account for thunderstorms gener-
ated by mesoscale landscape heterogeneity. Therefore,
the major impact of man-made landscape modification
is not represented properly in these models, and the
modelling results obtained so far probably underesti-
mate the real effects of landscape alterations locally,
regionally, and by teleconnection to other regions. Bet-
ter parameterisations and/or model resolution will pro-
vide additional insights on this issue in the foreseeable
future.

A.3.4 Discussion

The various studies reviewed here lead to the following
conclusions:

by a single leaf, without consideration for heterogene-
ity, is not recommended. This is because important non-
linear relations are omitted with this approach.

To circumvent this problem, a few alternatives have
been proposed. For instance, Avissar (1992), Famiglietti
and Wood (1994), and Giorgi (1997a,b) proposed to use
the probability density functions of the most important
land characteristics in so-called "statistical-dynami-
cal" parameterisations. Using either analytical (Giorgi
1997a,b) or numerical (Avissar 1992) solutions, these
parameterisations account explicitly for the spatial het-
erogeneity of the land characteristics.

Effective (or aggregated) parameters also aim at ac-
counting for the non-linear relations between land char-
acteristics and fluxes but, unlike in the "statistical-dy-
namical" approach, these relations are calculated implic-
itly through "effective" functions and! or parameters (e.g.
Noilhan and Lacarrere 1995; Kabat et al. 1997a). For in-
stance, an effective surface roughness was proposed by
Andre and Blondin (1986), Mason (1988) and Claussen
(1990), and an effective stomatal resistance was proposed
by Claussen (1990) and by Blyth et al. (1993). Rodriguez-
Camino and Avissar (1999) considered different types
of aggregating functions (linear, trigonometric, para-
bolic, square root and logarithmic) on the accuracy of
various effective parameters. They found that non-lin-
ear functions are generally more useful than linear func-
tions to calculate the effective value of those parameters
which affect the surface heat fluxes independently of the
atmospheric stability (e.g. leaf area index and soil sur-
face wetness).

With the "mosaic of tiles" approach (e.g. Avissar and
Pielke 1989; Claussen 1991a; Koster and Suarez 1992;
Ducoudre et al. 1993; Walko et al. 2000), each land-use
patch or "tile" of a grid element is coupled independ-
ently to the atmosphere of the model, and patches af-
fect each other only through the atmosphere. The grid-
average surface fluxes are obtained in this case by flux
aggregation, i.e. by averaging the surface fluxes over each
tile weighted by their fractional area. For tiles of a typi-
callength of up to several hundred metres, the so-called
blending-height method has proven to be useful (Ma-
son 1988; Claussen 1991a, 1994). This method is very simi-
lar to the "mosaic of tiles" approach, but it includes the
effect of local advection, i.e. the influence of tiles on the
near-surface air flow upstream of the tile under consid-
eration. Even extreme cases, e.g. very stably stratified
air flow of sea-ice with some patches of open water which
yield an areally-averaged heat flux counter to the aver-
aged temperature gradient, can be treated with this
method (Claussen 1991b; Stossel and Claussen 1993).

While these various techniques (i.e. statistical-dy-
namical, effective/aggregation, mosaic-of-tile) address
more or less correctly the issue summarised in Conclu-
sion (I), none of them is equipped to address the im-

1. The land-surface fluxes are non-linearly and strongly
related to key land-surface characteristics (i.e. sto-
matal conductance, roughness, leaf area index, and
surface wetness). Therefore, to calculate these fluxes
properly, it is important to account for the heteroge-
neity of these characteristics at the canopy scale;2. 
When the heterogeneity of the surface fluxes gener-
ated by landscape patchiness is larger than about
5 km, or topographical features are larger than about
400 m, mesoscale circulations (or "organised turbu-
lence") develop in the planetary boundary layer, af-
fecting significantly the transport of heat, moisture,
and momentum in the atmosphere. In particular, this
has a major impact on the generation of clouds and
precipitation, including thunderstorms. Therefore,
this heterogeneity must be either resolved or prop-
erly parameterised in GCMs and other large-scale
models;

3. Man-made landscape alterations (e.g. deforestation,
agricultural development, etc.) affect the atmosphere
locally and, when such alterations are done (at least)
at the mesoscale, they also affect the regional hydro-
meteorology. Furthermore, the impact of such exten-
sive alterations can propagate by teleconnection to
other regions.

These conclusions have significant implications for
the representation of land processes in GCMs and other
weather/climate models. First, parameterisations based
on the "big leaf" approach, in which each plant-covered
grid element of the model is assumed to be represented
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length scale of the land-surface patchiness and the dis-
tribution of surface heat fluxes. Avissar (1998) has pro-
posed such a land parameterisation, but its application
in GCMs and other models remains to be demonstrated.

From this review of state-of-the-art studies, we con-
clude that there is little doubt that the horizontal hetero-
geneity of the soil-vegetation-atmosphere system does
affect the regional climate. While a significant effort has
been made to address the micro scale heterogeneity at
the canopy scale, only very few studies have been con-
ducted to address the great challenge of representing
correctly the coupled land-planetary boundary layer (in-
cluding clouds and precipitation) system in heteroge-
neous landscape. Since precipitation is a key parameter
of the hydrological cycle (including its biological aspect),
it is essential that progress be achieved on this issue.

pacts of landscape heterogeneity at scales larger than
about S km, as needed for addressing Conclusion (2). In
other words, these parameterisations are not designed
to be used in models at a resolution larger than about

skm.
To address these larger scales of heterogeneity, a few

preliminary parameterisations have been proposed
(Lynn et al. 199sb; Zeng and Pielke 199sa,b; Arola 1999;
Liu et al.1999a). For instance, Lynn et al. (199Sb) and Liu
et al. (1999a) were able to develop such a parameterisa-
tion based on synoptic conditions (resolved by the
GCMs), a characteristic length scale of the land-surface
heterogeneity, and the variance of surface heat fluxes.
Based on their findings, one can infer that an important
challenge for hydrometeorologists is to develop a pa-
rameterisation that could provide the characteristic




