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Abstract

The land-surface parameters required as input to a GCM grid box (typically a few degrees) are often set to be those of the dom-
inant vegetation type within the grid box. This paper discusses the use and effect of aggregation rules for specifying effective
values of these land cover parameters by taking into account the relative proportion of each land-cover type within each indi-
vidual grid box. Global land-cover classification data at 1 km resolution were used to define Biosphere Atmosphere Transfer
Scheme (BATS) specific aggregate (using aggregation rules) land-cover parameters. Comparison of the values of the aggregate
parameters and those defined using the single dominant vegetation type (default parameters) shows significant differences in some
regions, particularly in the semi-desert and in forested regions, e.g. the Sahara Desert and the tropical forest of South America.
These two different sets of parameters were used as input data for two 10-year simulations of the NCAR CCM3 model coupled
to the BATS land-surface scheme. Statistical analyses comparing the results of the two model runs showed that the resulting
effects on the land-surface diagnostics are significant only in specific regions. For example, the sensible heat flux in the Sahara
Desert calculated for the aggregate parameter run increased due to the marked increase in the minimum stomatal resistance and
the decrease in fractional vegetation cover in the aggregate parameters over the default parameters. The modelled global precip-
itation and surface air temperature fields were compared to observations: there is a general improvement in the performance of
the aggregate parameter run over the default parameter run in areas where the differences between the aggregate and default
parameter run are significant. However, most of the difference between the modelled and observed fields is attributable to other
model deficiencies. It can be concluded that the use of aggregation rules to derive land-surface parameters results in significant
changes in modelled climate and in some improvements in the land-surface diagnostics in selected regions. There is also some

evidence that there is a response in the global circulation pattern, which is a focus of further work.

Introduction

Surface-cover parameters are known to play an important
role in Soil-Vegetation-Atmosphere Transfer Schemes
(SVATS), particularly in the movement of energy and
water (Dickinson and Henderson-Sellers, 1988; Rowntree,
1991; Garratt, 1993). SVATS are used to parameterise the
lower boundary conditions of atmospheric General
Circulation Models (GCMs), which can be used for both
numerical weather prediction and climate simulation.
Hence, an accurate representation of the lower boundary
condition, i.e. the land-surface cover, is an essential com-
ponent of any GCM. However, at the grid scale of a GCM
(typically between 1° X 1° and 3° x 3°), the land-surface
cover can be strongly heterogeneous. This issue is

neglected in most GCM studies with just the dominant
surface cover for each grid taken to provide a representa-
tive parameterisation. This paper examines the impact on
the land-surface diagnostics of using aggregated surface
cover parameters, more representative of a natural, het-
erogeneous cover, within a GCM grid cell.

Significant progress has been made recently in the def-
inition of heterogeneous vegetation cover within atmos-
pheric model grid cells at both local and regional scales
(Mason, 1988; Koster and Suarez, 1992; Wood and
Mason, 1991; Blyth er al., 1993; Lynn et al, 1995;
Raupach and Finnigan, 1995, 1997; Arain et al., 1996,
1997; and Shuttleworth ez al., 1997). Methods of aggre-
gating the vegetation parameters, which are used to define
the grid-average energy and water fluxes, are generally
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divided into two categories. The first is the so called tiled
or mosaic approach which couples patches of each vegeta-

tion present within a grid cell with the overlying atmos-:

phere at each time step and then averages the energy and
water fluxes over the entire grid (Koster and Suarez, 1992;
Raupach and Finnigan, 1995). The second approach uses
simple, hypothetical aggregation rules to derive grid-
average surface-cover parameters based on the fractional
cover area of all the component vegetation cover types pre-
sent in a grid cell (Shuttleworth, 1991). The aggregation
rules are such that the surface energy fluxes are similar to
those found using an explicit representation of the
individual patches of vegetation. The advantage of the
‘aggregation rule approach’ is that this method is compu-
tationally efficient: aggregate parameters are calculated
prior to the model runs from high-resolution land-cover
classes.

Arain er al. (1996, 1997) applied simple aggregation
rules at both the FIFE site in Kansas and an ABRACOS
site in Brazil. They coupled an advanced land-surface
parameterisation, the Biosphere-Atmosphere-Transfer
Scheme (BATS; Dickinson ez al., 1993) with a two-dimen-
sional Atmospheric Boundary Layer Model (Mason and
Sykes, 1980) and used the resulting model to test hypo-
thetical aggregation schemes using meteorological and soil-
moisture observations. The same simple aggregate rules
were used to derive aggregate values of vegetation para-
meters across the United States using remotely sensed
land-cover classes at 1 km resolution. These aggregate
parameters were then tested with a standalone version of
BATS and two years of International Satellite Land
Surface Climatology Project (ISLSCP) ‘Initiative-One’
forcing data (Arain er al., 1997). Results of all of these
studies showed that, in most cases, a weighted-linear aver-
aging rule is effective. However, if the fluxes are not pro-
portional to the parameters (e.g. in the case of aerodynamic
roughness length), alternative averaging procedures are
required.

Theoretical work by McNaughton (1994), Raupach
(1995), and Raupach and Finnigan (1995, 1997) demon-
strated that the well-accepted equations which describe
surface-atmosphere exchanges at smaller homogeneous
plot scales e.g. the Penman-Monteith equation (Monteith,
1965) can also be used to describe the area-average behav-
iour of heterogeneous cover at larger scales. However,
these equations require information on surface and aero-
dynamic resistance (and hence the meteorological vari-
ables) at each time step and therefore cannot be applied to
models that operate in a free-running predictive mode.
Shuttleworth er al. (1997) and Shuttleworth (1999) com-
bined the above-mentioned theoretical aggregation
approach with empirical aggregation rules to provide a new
aggregation scheme that is computationally efficient and
based on theory. This theory-based aggregation approach
is adopted here to derive aggregate values of two of the
more important vegetation parameters, i.e. aerodynamic
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roughness length (zp) and minimum stomatal resistance
(75,min)-

In this paper, the aggregation approach of Shuttleworth
et al. (1997) and Arain et al. (1996, 1997) is adopted. The
aggregation approach was evaluated using version 3 of the
National Center for Atmospheric Research’s (NCAR’s)
Community Climate Model (CCM3) coupled with BATS
and a 1 km resolution global land-cover classification from
the Earth Resources Observing System Data Center
Distributed Active Archive (EDC-DAAC). Here, the
focus is on the response of the land-surface diagnostics
over the regions that are strongly influenced by the
changes in- vegetation parameter values derived using the
aggregation rules.

New Aggregation Approach

The Penman-Monteith equation (Monteith, 1965) is cur-
rently used in most weather and climate prediction mod-
els to describe evaporation. It is a resistance-based model
which assumes that water vapour first diffuses out of the
leaves against the stomatal resistance and then onward into
the overlying atmosphere against the aerodynamic resis-
tance (Shuttleworth, 1993). This equation allows the cal-
culation of evaporation using meteorological variables and
the stomatal and aerodynamic resistance of the surface
vegetation cover. McNaughton (1994), Raupach (1995),
and Raupach and Finnigan (1995, 1997) used the Penman-
Monteith equation to represent surface energy partitioning
at both the patch and grid scale. They related the aerody-
namic resistance and the surface resistance at the grid scale
to those at the patch scale using two assumptions. Their
first assumption is that the area-average scalar fluxes are
conserved. Secondly, they assumed that the ‘model’ used
to describe area-average land-surface/atmosphere
exchanges at the grid-scale must have the same form as the
‘model’ used to describe the exchanges at the patch scale
(McNaughton, 1994). These two assumptions provide an
elegant and accurate theoretical link between the resis-
tances at different scales. However, they require know-
ledge of the patch-specific atmospheric variables and of the
soil moisture. Therefore, this linking mechanism cannot be
used in free-standing, predictive climate models
(Shuttleworth ez al., 1997). Shuttleworth et al. (1997) com-
bined these theoretical linking procedures with the empir-
ical aggregation approach taken by Mason (1988),
Shuttleworth (1991), Blyth er al. (1993), Noilhan and
Lacarrére (1995) and Arain et al. (1996, 1997) to define
aggregation equations for the two key land-surface cover
parameters not well represented by the empirical
approach, i.e. 29 and 7;min. This aggregation approach—
‘the theory-based approach’—is discussed in detail by
Shuttleworth ez al. (1997) and, for completeness, sum-
marised below.

The theory-based aggregation rules require information
about the natural land-surface cover types present within
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a model grid cell at the patch scale (e.g. from remotely
sensed surface-cover classes at 1 km resolution). The
theory-based approach for roughness length (zg) gives: '

Lz - d) Sz — d)
In 1 0))
( 2 ) zw " ( 20 )

where z, is the ‘blending height’ (previously defined by
Wierenga (1986), Mason (1988), and Arain ez al. (1996));
is the patch number within the grid cell; w; is the fractional
area of patch 7 in the grid cell; zp is the zero plane dis-
placement; and 4 is the displacement height given by Arain

et al. (1997):
d=Y wd, | Q)

The theory-based approach for the minimum stomatal

resistance (7;min) gives:
2 w;P;
~|@+)+p,
w; / 1,

Bmin = lgﬂ'd ' _ (3)
Z’ [(A +1) + p,}

where (A = [(A/¢p)dgsa/dT] is the dimensionless slope of
the saturation specific humidity (g,) as a function of air
temperature (7); A is the latent heat of vaporisation of
water; and ¢, is specific heat of air. The leaf area index of
the grid (/i) is given by the area-weighted average of the
individual leaf area indices (L;) (Arain et al., 1996):

lgn'd = zw‘*lq (4)
and p; is given by:
k U §,min,s
pi = ——b—~;— ()
Ll(@b )
2y

where £ is the von Karman constant, and U, is the grid
average wind speed estimated at the ‘blending height’ (z;).
The aerodynamic resistance of patch i(r,;) is given by:

F% q
a) Q)

! kU,

The calculation of grid average values of 7, min requires the
grid-average values of leaf area index (Eqn. 4). In BATS,
the leaf area, L;, of each cover class is a function of max-
imum and minimum values of leaf area index, L;max and
L; min respectively and of the deep ground temperature
(Ty in K). This allows for seasonal changes in L;
Therefore, in BATS, the following equation is used to cal-
culate L;:

L = L + [Ligmin — Limax J(1 = S) 0]

where
= S(T, S >0
(V)] ) > (8a)
S'=0 ST)<0
and
ST)=1- 0.00167;:rnax (8b)

with Ty max = (298 — T}) or zero, whichever is greater.

Matrials and Methods

BIOSPHERE-ATMOSPHERE TRANSFER SCHEME
(BATS)

BATS is a comprehensive SVAT scheme designed for use
in the NCAR CCMs (Dickinson ez 4l., 1993). It is based
on our current understanding of biological processes at the
patch scale. BATS consists of separate model components
that describe radiative and hydrological interactions. The
soil is divided into three layers for water balance calcula-
tions, and the model recognises the separate contributions
of soil and vegetation to surface fluxes. The model
describes two transfer phases in the movement of water
and heat flux from the canopy to the atmosphere. Firstly,
it represents the exchange with the air within the canopy
and, secondly, the exchange between the canopy air and
the overlying atmosphere. The processes considered
within the canopy are sensible and latent heat exchange
with the atmosphere, absorption of solar radiation, and the
influence of the presence of canopy surface moisture,
which may be present as a result of dew or rainfall. Over
dry areas of the canopy, stomatal resistance controls the
escape of water to the adjacent external air from within the
leaf by assuming that the air inside the leaf is saturated.
Stomatal resistance increases as soil moisture decreases.

BATS calculates latent and sensible heat fluxes using
the classical equations where the sensible heat flux is pro-
portional to the temperature gradient between the surface
and the air and where the latent heat flux is proportional
to the humidity gradient. Ground heat flux is calculated as
a residual from the surface energy balance, and soil tem-
perature is calculated using the force-restore method
(Dickinson, 1988). All surface fluxes are proportional to
the drag coefficient, which is a function of the height of
the lowest atmospheric model level.

BATS has 18 land surface-cover types which are based
on data sets of Olson ez al. (1983), Matthews (1983), and
Wilson and Henderson-Sellers (1985). Each surface-cover
type has 15 associated parameters that describe the physi-
cal, morphological and physiological properties of the land
cover. There are 12 soil types, ranging from very coarse
sand (= 1) to very fine clay (= 12), and eight soil colours
ranging from light (= 1) to dark (= §).
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COMMUNITY CLIMATE MODEL VERSION 3 (CCM3)

This study uses version 3 of the Climate Community
Model (CCM3) developed by the NCAR Climate and
Global Dynamic (CGD) Division. CCM3 is a comprehen-
sive state-of-the-art GCM designed to allow understand-
ing and analysis of the global climate system. It has 18
vertical levels which extend up to the 2.90 mbar level and
a horizontal grid of approximately 3° x 3°. Kiehl ez al.
(1996) described the physical parameterisation and numer-
ical algorithms used in the model, and Acker ez al. (1996)
presented details of the code, data structure and model
use.

Many aspects of CCMS3 are similar to version 2 (CCM2,
Hack ez al., 1993). However, in addition to enhanced com-
putational efficiency, CCMJ3 contains improved model
physics and improved dynamical formulations, particularly
for the atmospheric boundary layer and hydrological
processes. CCM3 offers an optional slab, mixed-layer/sea
ice formulation that makes it suitable for most global
change studies. Optional message-passing configuration
allows the model to run in parallel mode in distributed-
memory environments. In this study, the version of CCM3
that is linked to BATS (Dickinson et al., 1993) was
adopted because BATS has been used extensively in past
aggregation studies at various field sites (Arain ez 4/l., 1996,
1997; White et al., 1997).

At each time step, the atmospheric model provides
BATS with incident solar radiation, incident long-wave
radiation, convective and large-scale precipitation plus the
near surface wind speed, air temperature, specific humid-
ity and pressure (calculated at the lowest atmospheric
model level). BATS returns surface albedo, upward long-
wave radiation, sensible heat, latent heat, water vapour flux
and the surface stresses to the atmospheric model.
Simulations using CCM3-BATS provide an excellent
opportunity to test the performance of the new theory-
based aggregation rules at 3° X 3° resolution.

CALCULATION OF GLOBAL AGGREGATE
PARAMETERS

The global land-surface cover classification data used to
define the aggregate parameters for input into CCAL3-
BATS were obtained from the EDC-DAAC (EDC-
DAAC). These data were generated jointly by the U.S.
Geological Survey, the University of Nebraska-Lincoln
and the European Commission’s DG Joint Research
Centre. They used Advanced Very High Resolution
Radiometer (AVHRR) data spanning April 1992 through
March 1993 to generate surface-cover classification data at
1 km resolution on a continent-by-continent basis.
Monthly AVHRR Normalised Difference Vegetation
Index (NDVI) maximum value composites for April 1992
through March 1993 were used to define seasonal green-
ness classes. The translation of the seasonal greenness
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classes to land cover classification requires additional data
including digital elevation, ecoregions data and a collection
of other land-cover/vegetation reference data (Loveland ez
al., 1991, 1997). Classification data for six different land-
classifying systems were derived and made available,
including the system used within BATS.

The fractional area of each BATS surface-cover type
within each CCM3 grid box (3° X 3° resolution) was cal-
culated using the 1 km EDC-DAAC data set (BATS cat-
egory). Each BATS surface-cover type was assigned its 15
associated parameters (Dickinson ez al., 1993). Aggregate
values of 13 of the 15 BATS vegetation parameters (except
7omin and 2p) were calculated for each CCM3 grid box
using a linear averaging rule based on the fractional area
of each cover type within a model grid as in Eqn. 2
(Shuttleworth, 1991; Arain et al., 1996;1997; Shuttleworth
et al., 1997).

The aggregate values of the aerodynamic roughness
length (z9) and the minimum stomatal resistance (7;min)
were calculated using the new theory-based aggregation
rules given in Eqns. 1 and 3, respectively. Calculation of
aggregate values of zg, and 7 i, requires a knowledge of
the wind speed, air temperature and pressure at the blend-
ing height (for the calculation of A in Eqn. 3) and the deep
soil temperature. The monthly average values of the
blending height and of the other meteorological data
required were calculated for each CCAM3 model grid from
a ‘default’ 11-year CCM3-BATS simulation. This default
CCM3-BATS simulation uses the dominant land cover in
each CCM3 grid box to define the 15 BATS associated
parameters. The lowest modelled level, typically around 60
m (£ 5 m) above the land surface, was taken to represent
the blending height. Aggregate values of 29 and 7, min Were
then calculated for each month using the monthly mean
meteorological data; this was to capture the seasonal
behaviour of these two parameters. Finally, time-averaged
aggregate values of 2p and 7,y were calculated for each
model grid cell.

CCM3-BATS MODEL RUNS

The effects of using aggregate land-surface parameters
on the modelled climate were studied by comparing
results from two multi-year CCM3-BATS simulations.
The first default parameter run used a single-cover type
(for the dominant land cover within each CCM3 grid
cell) to define the 15 BATS parameters. This default
model was run for an 1l-year simulation. The second
aggregate parameter run was initiated at the end of year
1 of the default parameter run and then run for 10 more
years. This procedure was designed to minimise the
effects of initialisation on the modelled climate. The sim-
ulated climate for the final 10 years of these two runs
was then compared.
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Comparison of Aggregate and
Dominant Cover Parameters

A comparison of the global aggregate land-cover parame-
ters (calculated using the methodology described above,
with the global default land-cover parameters (calculated
using a single cover tvpe—the dominant land cover for
each CCAMJ grid box) reflects the much greater spatial
variation in the aggregate parameters relative to the default
parameters. For example, in the boreal forests of North
America, the dominant cover type is needleleaf tree.
However, the high-resolution land-cover data show that
there are areas of shorter vegetation interspersed within
the forest; these influence the effective grid-average para-
meters to an extent which depends on the proportion pre-
sent within each grid cell. A similar situation occurs in the
Amazon where the dominant type is broadleaf tree.
Figure 1 shows the differences between the aggregate
and default land-cover parameters for six representative

surface-cover parameters: minimum stomatal resistance
(romin); minimum leaf area index (LA7y;,); albedo (o),
fractional vegetation cover (0y); aerodynamic roughness
length (zp); and zero plane displacement height (4). These
differences are illustrated in terms of the percentage dif-
ference between the aggregate and default parameters rel-
ative to the mean of the aggregate and default parameters.
The percentage differences are greater than 10% for well
over half of the land area and are commonly of the order
of 20-60%, although in selected regions the percentage
difference is as great as 100% or more, e.g. LAy, in the
Sahara Desert. In general, the most notable differences
occur in the semi-desert and forested regions, where there
are patches of vegetation included within the aggregate
representation that have characteristics which contrast
strongly with those of the dominant vegetation tvpe. There
are also particularly noticeable changes in coastal regions—
this is because of the inclusion of areas of water in the cal-
culation of the effective grid parameters.

-

' Fractional vegetation cover

-60 -30 -10

10 30 60 (%)

Fig. 1. Difference between BATS-relevant aggregate vegetation parameters derived from the USGS/ EDC data and the single
dominant vegetation cover values assigned in CCM3 grid cells (3° X 3°) expressed as a percentage of the mean of the aggregate

and default.
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Patches of shorter vegetation within the tropical forests
of South America and Africa and the boreal forests of
North America lower the aggregate values of both the zero
plane displacement (4) and the aerodynamic roughness
length (z9) by between 20-80%. Similarly, there is a
decrease in fractional vegetation cover (07) and minimum
leaf area index (LAIyin) over these forested regions. In
many other vegetated regions, the aggregate values of 4
and zgp increase by 40-200% because of the inclusion of
patches of taller vegetation. The aggregate values of orand
LAy, also increase by a similar amount. In the semi-
desert regions, for example in North Africa, aggregate val-
ues of Of and LAIln, generally decrease because of the
inclusion of more desert cover. However, in a few partic-
ular desert grid boxes, more vegetation in the aggregate
cover compared to the default cover results in an increase
of orand LAIyin. On the average, areas with higher aggre-
gate values of orand LA, tend to have lower aggregate
values of minimum stomatal resistance (r;min) and vice-
versa, as might be expected. Aggregate values of the albedo
(o — average of the visible and near infrared wavelengths)
are lower in some coastal regions because of the inclusion
of areas of water within the grid average; this is particu-
larly apparent in the case of Greenland. However, albedo
tends to be higher in the semi-desert, again because of the
inclusion of more desert cover.

The mean percentage difference between the aggregate
and default parameter values relative to the mean of the
aggregate and default parameters was calculated for the
entire land surface. Globally, there is a 22% decrease in
the minimum leaf area index; a 30% increase in the min-
imum stomatal resistance; a 36% decrease in the aerody-
namic roughness; and a small, 5% decrease in the albedo.
These changes imply that, on average, there is a decrease
in the total amount of vegetation over the globe. In addi-
tion, these global-average changes are substantial and sug-
gest that there may be resulting changes in the global
circulation patterns predicted.

Comparison of Aggregate and
Default CCM3-BATS Simulations

Ten-year averages of the Northern Hemisphere winter
(December, January, and February—DJF) and summer
(June, July, and August—JJA); mean air temperature at
the lowest CCM3 model level; surface latent heat flux; sur-
face sensible heat flux; surface net radiation; root zone soil
moisture; and total precipitation were used as the basis for
this comparison. Only where the differences between the
default and the aggregate CCM3-BATS run are statisti-
cally significant are the results shown. Statistical signifi-
cance was determined using the student’s t-test at a 95%
confidence level (Chervin and Schneider, 1976). At each
grid point the significance of the difference between the
means of the aggregate and default model run was assessed
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based on the standard deviation of the 10 yearly samples
within each 10 year run. Figure 2 shows the differences

‘between the aggregate and default parameter runs for JJA.

The oceans were masked in addition to the regions where
the two model runs were not significantly different.
Results from DJF (not shown) show similar patterns; how-
ever, the areas where the differences are statistically sig-
nificant are smaller and the differences are themselves less.
The reduction in land area over which changes were sig-
nificant in DJF as compared to JJA reflects the greater land
mass in the Northern Hemisphere over which the condi-
tions are more extreme during JJA.

The first thing to note from Fig. 2 is that the default
and aggregate parameter runs are not significantly differ-
ent over the entire land surface, only in certain regions of
the globe. This is despite the fact that there is a large
change in the global averages of the aggregate parameters
when compared to the default parameters. There are only
a few very scattered regions where there are significant dif-
ferences in the modelled precipitation between the aggre-
gate and default parameter runs, indicating that the
changes in land-surface characteristics have a relatively
minor influence on the precipitation field. However, dif-
ferences in surface fluxes, air temperature and root zone
soil moisture are more widespread, covering regions
including the Sahara Desert, western and eastern Europe
and the Himalayas (Fig. 2). By comparing Figs. 1 and 2,
it can be seen that the differences between the results of
the default and aggregate parameter runs do not relate
directly to the differences between any one of the vegeta-
tion parameters. Arguably, the closest correlatien is an
inverse relation between root zone soil moisture and min-
imum leaf area index, particularly in western Australia, the
Sahara Desert and central South America. Therefore, it is
difficult to determine which land-cover parameter exerts
the strongest influence on the model output at any partic-
ular place and time. For example, a decrease in z¢ might
tend to lower both sensible and latent heat flux, while a
decrease in 7;min will tend to increase the latent heat at the
expense of the sensible heat flux. Notwithstanding, Table
1 and Fig. 2 select, for further discussion, the regions
where there were significant and reasonably consistent dif-

“ferences in the air temperature at the lowest CCAL3 model

level. The significant differences in the Antarctic clearly
cannot be linked directly to regional changes in land-sur-
face parameters because there were none and they are,
therefore, not discussed further in this paper. However,
these differences (and others, not shown, over the oceans)
suggest that land-surface cover parameter changes may
introduce other effects into the predicted global circula-
tion, particularly into the patterns of atmospheric circula-
tion between the 200 and 500 mb levels. Investigating this
possibility is now the subject of ongoing research.

Tables 2 and 3 respectively show the differences
between the 10-year mean values for the aggregate and
default parameter runs for the Northern Hemisphere sum-
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[ R
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Fig. 2. Difference between the aggregate and default of the land-surface diagnostics for the Northern Hemisphere summer (June-
Fuly-August (JJA)). Only the regions where the differences are significant (at the 95% level) are shown. Regions selected for
further analysis are highlighted in the air temperature figure.

Table 1. 1ocations of the regions where the air temperature at the lowest CCM3 model level is
significantly different between default and aggregate parameter runs. These are the regions
selected for further analysis.

Region North (°N) South (°N) East (°E) West (°L)
Northwestern Canada 80 55 -110 ~155
Great Lakes Region 60 25 —65 —-100
Central South America -2 —28 —40 —65
Western Europe 60 35 27 ~10
Sahara Desert 30 12 37 -12
Eastern Europe 62 47.5 62 32
Himalayas 48 30 115 58
Eastern Russia 70 66 165 140
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Fig. 3. Time series of monthly averaged values of latent and sensible heat flux and air temperature at the lowest model level for
two selected regions—northwestern Canada and the Sahara Desert.

Tuble 2. Difference between the land-surface diagnostics for the 10-year averages of aggregate and default parameter runs
for Northern Hemisphere summer (JJA) for the regions selected in Table 1.

Region (JJA)

Air temperature at

Sensible heat flux

Latent heat flux

Net radiation

Root zone soil

1st model level (K) (W m™2) (W m™) (W m2) moisture (%)
Northwestern Canada —0.83 1.98 —6.67 -2.15 0.8
Great Lakes Region 1.48 8.34 —4.02 413 0.6
Central South America —0.49 —4.57 5.06 0.63 -1.7
Western Europe 1.09 9.32 —6.74 6.48 -0.6
Sahara Desert 0.84 8.11 —4.60 3.68 2.3
Eastern Europe —0.72 -3.60 —0.99 -3.64 0.1
Himalayas 0.64 1.69 —0.38 1.19 0.1
Eastern Russia -1.33 1.47 -3.16 -2.94 1.4
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Tuable 3. Difference between the land surface diagnostics for the 10-year averages of aggregate and default parameter runs
for Northern Hemisphere winter (DJF) for the regions selected in Table 1.

Region (DJF) Air temperature at

Sensible heat

Latent heat Net radiation Root zone soil

15t model level (K) flux (W m™2) flux (W m2) (W m™) moisture (%)
Northwestern Canada -1.10 0.73 -0.72 0.04 0.6
Great Lakes Region 1.53 -0.39 -0.15 —0.94 0.0
Central South America —0.07 -2.41 2.83 0.26 —0.6
Western Europe 0.15 —0.69 2.10 —0.01 -0.4
Sahara Desert 0.05 3.55 —-0.50 2.89 2.1
Eastern Europe -3.70 —0.56 0.45 0.49 0.1
Himalayas —0.20 -1.39 —0.08 -1.42 0.3
Eastern Russia -1.33 0.82 —0.23 0.42 1.6

mer (JJA) and winter (DJF) for the regions defined in
Table 1 and shown in Fig. 2. Table 4 shows the percent-
age difference between selected aggregate and default para-
meters relative to the mean of the aggregate and default
parameters for the same regions. Precipitation is neglected
in this discussion because Fig. 2 shows that the only con-
tinuous region of significant difference is in northwestern
Canada. In the Sahara Desert, the Great Lakes region,
western Europe and the Himalayas, there is an increase in
air temperature and sensible heat flux, net radiation, and
corresponding decrease in latent heat flux. This is consis-
tent with the decrease in the amount of vegetation present
as indicated by the decrease in LAJ and Orand increase in
7smin (Table 4). The significant increase in root zone soil
moisture in the Sahara Desert is also consistent with less
vegetation. There are minimal changes in root zone soil
moisture in the other three regions. In central South
America, an increase in latent heat flux and a decrease in
air temperature and sensible heat flux and root zone soil
moisture but only a minimal change in net radiation is
consistent with the increase in vegetation indicated by: a
slight increase in LAI and a slight decrease in #ymis. The.
changes discussed above can be associated directly with the

change in canopy cover. However, in eastern Europe,
northwestern Canada and eastern Russia, parameter
changes exert opposing influences on land-surface diag-
nostics. It is possible, for instance, that in eastern Europe,
the decrease in 2¢ lowers both the latent and sensible heat
flux and dominates the slight increase in 7 min.

Figure 3 provides further insight. It shows the time
series of 10-year monthly averaged values of sensible and
latent heat flux and air temperature at the first CCM3
model level for two regions, namely the Sahara Desert and
northwestern Canada. In the Sahara Desert, the sensible
heat flux given with default parameters is smaller than that

~ given with aggregate parameters for the entire year, results

for air temperature are similar. In northwestern Canada,
the default air temperature is greater than the aggregate air
temperature for the entire year, as also is the latent heat
flux. However, the default sensible heat flux is greater than
the aggregate sensible heat flux in the spring, while for the
rest of the year the converse is true. Similar results are
seen in the case of eastern Russia. Perhaps current unex-
plained changes in global circulation patterns are confus-
ing the influence of regional surface controls in this case.
Future research will investigate this and related issues.

Table 4. Percentage difference between aggregate and default surface-cover parameters divided by the mean of the aggre-
gate and default surface-cover parameters for the regions selected in Table 1.

¥s5,min (O/ 0)

Region LALyin (%)  LALny (%)  f: (%) d (%) zp (%) albedo (%)
northwestern Canada —45.6 -10.0 -8.5 —4.3 -115.9 -50.0 0.0
Great Lakes Region -29.3 -10.4. -10.8 7.2 -374 -20.7 6.1
Central South America 1.5 18.3. -1.2 -8.7 -7.0 2.9 0.0
western Europe 17.8 -12.7 -19.8 1.6 200.0 34.1 —6.1
Sahara Desert -110.3 -111.1 ~ -50.0 68.7 200.0 —40.0 11.8
eastern Europe 8.3 4.5 -1.2 0.8 153.1 -5.1 0.0
Himalayas -13.9 1.1 —40.0 93.3 -120.0 0.0 8.7
eastern Russia 22.7 -8.6 - -10.4 16.8 -117.4 -113.6 6.1
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Comparison of CCM3-BATS
Simulations with Observations

It is interesting to investigate whether the significant
regional changes in the surface diagnostics described above
result in an improvement in the CCM3-BATS model sim-
ulations when compared with observations. The modelled
results were compared with observations of both precipi-
tation and air temperature at reference height from
Legates and Willmott (1990a, b). [Note: Bonan (1998)
compared CCAMJ3 (including the standard land-surface

scheme) with these same observations. The results
obtained from the default CCM3-BATS model run were
comparable to those obtained by Bonan (1998). There are
some regions where the results from the two models com-
pare well with observations and some regions where they
compare less favourably.]

Figure 4 shows the relative improvement (or not) of the
modelled climate given by the CCM3-BATS model run
using aggregate cover parameters over default cover para-
meters when compared to observations. The value shown
is the modulus of the difference between the aggregate

1

Fig. 4. Relative improvement of the aggregate model vver the default model compared to observations. Only the regions where

the differences are significant (at the 95% level) are shown.
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cover parameter run and observations divided by the dif-
ference between the default cover parameter run and
observations. A value greater than 1 shows improvement.
Again, only regions over the land surface where the
changes in the precipitation and reference height air tem-
perature were statistically significant are shown for JJA.
There is a general tendency for the aggregate parameter
run to compare more favourably with observations than
the default parameter run. However, this is not true in
every region where the difference is significant. The two
main regions where there is improvement in modelled pre-
cipitation are northwestern Canada and western Europe.
However, as mentioned earlier, the modelled change in
precipitation tends to be discontinuous. There are

Western Europe
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improvements in the modelled referencc ‘em-
perature in western Europe, the Sahara and » 1yas,
but the modelled reference height air tempeciacure is
degraded in northwestern Canada, and eastern Russia. The
latter two regions are locations where the change in sensi-
ble heat flux indicates that there should have been an
increase in the reference level air temperature, and such an
increase in air temperature would have resulted in an
improved model performance when compared to observa-
tions. Again, perhaps changes in the global circulation pat-
tern currently unexplained are confusing the issue in these
regions. .

Figure 5 shows a time series of the mean monthly ref-
erence height air temperature for the eight regions selected

T T T T T T T
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Month
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Fig. 5. Time series of reference height air temperature comparing monthly averaged values of observations with the default and
aggregate model runs for selected regions where the differences between the aggregate and default model runs are significant.
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in Table 1. The 10-year mean monthly values for both the

default and aggregate parameter runs and the observations

are illustrated. The introduction of the aggregate parame-
ters results in a change in the surface diagnostics that is
generally very small compared to the difference between
the CCM3-BATS model and observations. Consequently,
the difference between the modelled values and observa-
tions is due mainly to model deficiencies other than the
specification of land-surface cover parameters. In the loca-
tions shown in Fig. 5, there is either a more-or-less
favourable comparison with observations, depending on
the nature of the difference between modelled values and
observations. In some regions such as the Great Lakes, for
example, the model results already compare favourably to
observations, and the improvement (or otherwise) when
aggregate parameters are used depends on the time of year.

Figure 6 shows the time series of monthly mean pre-
cipitation for northwestern Canada, western Europe and

4 Northwestern Canada
z
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i
0 T T T T T T T T T T )
1 2 3 4 5 7 8 9 10 11 12
Month
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5‘3 b e observed
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1 2 3 4 5 6 7 8 9 10 11 12
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4 Western Europe
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Fig. 6. Time series of precipitation comparing monthly aver-
aged values of observations with the default and aggregate
model runs for selected regions where the differences between
the aggregate and default model runs are significant.
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the Himalayas. Again, the improvement (or otherwise) in
the modelled precipitation is small when compared to the
differences between the model runs and observations.
However, in this case, the model indicates a change in the
sign of the difference between aggregate and default para-
meter runs depending on the time of the year. For exam-
ple, in northwestern Canada, in the winter with default
cover parameters, precipitation is less than with aggregate
cover parameters and closer to the observations, whereas
in the summer, with default cover parameters, precipita-
tion is greater than with aggregate cover parameters and
the aggregate cover parameters give better performance.

Discussion and Conclusions

In recent years, significant theoretical progress has been
made in applying plot scale understanding of surface-
atmosphere exchanges to describe the behaviour of het-
erogeneous surface covers at the much larger grid scale
used in climate models. The theory linking these ®two
scales is elegant and exact, but it cannot be applied to cli-
mate models that are run in free-standing, predictive mode
because it requires knowledge of weather variables at scales
less than those used in the climate models. Shuttleworth
et al. (1997) derived simplified theory-based aggregation
rules that calculate area-average parameters at the grid
scale used in global climate models. In this study, aggre-
gate land-surface parameters were calculated from these
theory-based aggregation rules and remotely sensed land-
cover data and used within CCM3-BATS to investigate
the regional response on the land-surface exchanges and
near-surface climate. ,

Aggregate values of BATS vegetation parameters were
calculated for a 3° x 3° CCM3 grid using the aggregation
rules with the 1 km EDC-DAAC data set and monthly
average values of the required weather variables. The val-
ues of the resulting aggregate parameters were then com-
pared with the values for the single most common
vegetation cover commonly used within the CCM3-BATS
grid. There were significant changes in the land-cover
parameters both globally (where there was a change on the
order of 30% in some key parameters) and regionally. This
paper has focused on the regional responses to these mod-
ified parameters.

Ten-year simulations using CCM3-BATS were carried
out with both the dominant cover parameters and the
aggregate cover parameters. Significant differences in the
modelled land-surface diagnostics between model runs
with the default and aggregate cover parameters in certain
regions are, in general, not as noticeable or as widespread
as might be expected from the very significant differences
in the land-surface cover parameters. In the regions where
the differences are significant, the difference between the
aggregate and default land-surface parameters appears to
have a direct influence on the regional differences in, for
example, the partitioning of surface energy. In the Sahara
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Desert, there is an increase in air temperature and sensi-
ble heat flux and a corresponding decrease in latent heat
flux consistent with the decrease in leaf area index and
fractional vegetation cover in the aggregate compared to
the default cover parameters. The opposite effect is true in
central South America. However, because of the com-
pounding effect of changing all of the land-surface para-
meters, in some regions it is difficult to determine which
parameter change has the strongest influence on the
regional climate. Future research plans include CCAM3-
BATS runs in which surface-cover parameters will be
altered independently.

Comparison of the model results with observations
showed some statistically significant improvement in the
modelled climate with aggregate parameters in some
regions. However, there is, in general, little difference
between the aggregate parameter and default parameter
model runs relative to the substantial difference between
both model runs and observations. Presumably this implies
that; with CCM3, the difference between the modelled and
observed surface fields is attributable mainly to model defi-
ciencies other than its specification of land cover.

Finally, there is some evidence of significant differences
between the aggregate and default parameter runs in the
Antarctic, particularly in the air temperature of the first
model level. These differences clearly cannot be attributed
to changes in the land-surface parameters because there
were none. This leads to the suspicion that changing from
default to aggregate parameters may result in changes in
the global atmospheric circulation. This exciting possibil-
ity is the subject of ongoing research.
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