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Abstract. Energy and carbon balance implications of rep- face schemes use specified vegetation attributes (including
resenting vegetation using a composite or mosaic approacleaf area index, fractional vegetation coverage and vegeta-
in a land surface scheme are investigated. In the compogion height) in their energy and water balance calculations.
ite approach the attributes of different plant functional typesDynamic global vegetation models (DGVMs) simulate car-
(PFTs) present in a grid cell are aggregated in some fashbon balance of vegetation and soil, and also the structural
ion for energy and water balance calculations. The resultingattributes of vegetation, as a function of climate and atmo-
physical environmental conditions (including net radiation, spheric CQ concentration (Arora, 2002). When coupled to
soil moisture and soil temperature) are common to all PFTdand surface schemes in climate models, DGVMs provide
and affect their ecosystem processes. In the mosaic approaditructural attributes of vegetation as a function of simulated
energy and water balance calculations are performed sepailimate so that vegetation becomes a dynamic component of
rately for each PFT tile using its own vegetation attributes,the climate system (Arora, 2002).
so each PFT “sees” different physical environmental condi- There are at least three approaches of representing veg-
tions and its carbon balance evolves somewhat differentlyetation within a LSS. The first approach uses grid-averaged
from that in the composite approach. Simulations are perstructural and physiological attributes of vegetation in energy
formed at selected boreal, temperate and tropical locationand water balance calculations (e.g. Verseghy et al., 1993).
to illustrate the differences caused by using the compositeThis approach is referred to as the “composite” approach in
versus mosaic approaches of representing vegetation. Thesghich values of albedo, leaf area index (LAI), rooting depth,
idealized simulations use 50 % fractional coverage for eachoughness length and canopy resistance for plant functional
of the two dominant PFTs in a grid cell. Differences in simu- types (PFTs) present in a grid cell are aggregated into sin-
lated grid averaged primary energy fluxes at selected sites argle values for use by a LSS. Vegetation present in a grid cell
generally less than 5 % between the two approaches. Simys therefore essentially “lumped” from an atmospheric point
lated grid-averaged carbon fluxes and pool sizes at these siteg view. The result is that all PFTs present in a grid cell
can, however, differ by as much as 46 %. Simulation results'see” the same physical environmental conditions including
suggest that differences in carbon balance between the twgoil moisture, temperature, and net radiation that are com-
approaches arise primarily through differences in net radiaputed with grid-averaged vegetation attributes. The second
tion which directly affects net primary productivity, and thus approach, referred to as the “mosaic” approach, divides a
leaf area index and vegetation biomass. grid cell into “tiles” and energy and water balance calcu-
lations are performed separately for each PFT tile (Koster
and Suarez, 1992). In a full mosaic approach, the result-
1 Introduction ing soil moisture and temperature (for individual soil layers)
as well as physical variables characterizing the snow layer,
Land surface schemes (LSSs) are integral part of climatéf present, for each PFT tile are retained and evolve inde-
models and they simulate the energy and water fluxes at thpendently of other tiles. The physical land surface state of
land-atmosphere boundary (Pitman, 2003). Most land sureach tile in the mosaic approach is the result of interaction of
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its own vegetation attributes with the common meteorologi-2 Coupled terrestrial ecosystem and land
cal conditions that are seen by all PFTs. Figure 1 schemat- surface models
ically illustrates the composite and mosaic approaches. A
“mixed” approach, which lies in between the composite andThe configuration described here is comprised of the Cana-
mosaic approaches, uses vegetation attributes of each PRiian Terrestrial Ecosystem Model (CTEM) (Arora, 2003;
separately for energy and water balance calculations oveArora and Boer, 2005) coupled to the Canadian Land Surface
each PFT tile, but the resulting soil moisture and tempera-Scheme (CLASS) (version 3.4) (Verseghy, 2009). CLASS
ture are averaged over all tiles at the end of every time stepwas originally developed for use with the Canadian general
Koster and Suarez (1992) suggest that the mosaic approadiirculation model (Verseghy, 1991; Verseghy et al., 1993)
is valid for landscapes characterized by large patches of difand for given vegetation attributes it performs energy and wa-
ferent PFTs while the composite approach is consistent foter balance calculations at sub-daily time steps (a time step of
landscapes characterized by interspersed PFTs (e.g. mixe’D min is used here). In the CLASS configuration used here
deciduous broadleaf and evergreen needleleaf forests). Thisoil temperature and liquid and frozen moisture contents are
line of reasoning suggests that the choice between the mosasimulated for three soil layers (0.10, 0.25 and 3.75m deep,
and composite approaches depends on the dominant scaleswith a total soil depth of 4.1 m) and the physical state of a sin-
variability in the landscape (Salmun et al., 2009), at least,gle snow layer is prognostically modelled. CLASS models
from an energy and water balance perspective. Howeverenergy and water balance processes for four PFTs: needle-
some studies have recommended the mosaic approach for iteaf trees, broadleaf trees, crops and grasses whose structural
better results (Klink, 1995; Molod and Salmun, 2002). attributes including LAI, roughness length, and rooting depth
While the energy and water balance implications of rep-have to be specified if they are present in a grid cell. When
resenting vegetation using the composite and mosaic apsoupled to CTEM, these structural vegetation attributes are
proaches have been studied (Koster and Suarez, 1992; Klinklynamically simulated by CTEM as a function of environ-
1995; Molod and Salmun, 2002), there have been, to oumental conditions. The latest version of CLASS used here
knowledge, no studies that address the effect of these aglCLASS 3.4) can be run using either the composite or the
proaches on the resulting carbon balance. Most current germosaic approach for a user-specified number of tiles.
eration earth system models (ESMs) use the composite ap- CTEM is a process-based terrestrial carbon cycle com-
proach in their large grid cells2° to 5° resolution) given  ponent of the Canadian Centre for Climate Modelling and
their computational capacity constraints. However, land gridAnalysis (CCCma) Earth System Models (CanESM1 and
cells at this resolution inevitably contain different subgrid CanESMZ2) (Arora et al., 2009, 2011). CTEM simulates veg-
vegetation patches with very different physical and physi-etation growth and calculates time-varying carbon storage in
ological properties including albedo, stomatal conductancehree live vegetation pools (leaves, stems, and roots) and two
and roughness length. In this paper, we couple the Canadiadead carbon pools (litter and soil organic matter) for nine
Terrestrial Ecosystem Model (CTEM) to the latest version of PFTs — needleleaf evergreen and deciduous trees, broadleaf
the Canadian Land Surface Scheme (CLASS) that can be ruavergreen and cold and dry deciduous trees, andrd G
using either the composite or the mosaic approach. Energgrops and grasses. Each of CTEM's PFTs falls into the four
and water balance capabilities of CLASS have been evalubroader categories considered by CLASS. The photosynthe-
ated in a number of studies (Verseghy, 2000; Arora 2001;sis and autotrophic and heterotrophic respiration submodules
Brown et al., 2006, Marsh et al., 2010) and here we focusof CTEM, as described in Arora (2003), are used to calculate
on the simulated carbon balance in the coupled CLASS anahet primary and net ecosystem productivity. Positive net pri-
CTEM models. The objective is to investigate differences inmary productivity (NPP) is allocated to leaves, stem, and root
simulated vegetation and soil carbon balance when using thbased on light, root water, and leaf phenological status. Veg-
composite and mosaic approaches and gain insight into thetation height (and thus surface roughness length) in CTEM
physical and ecosystem processes, and their interactions, that calculated using the stem biomass for woody PFTs and
lead to these differences. Section 2 of the paper briefly deL Al for herbaceous PFTs (Arora and Boer, 2005). Root dis-
scribes the CTEM and CLASS models, and the experimentatribution and rooting depth are calculated as a dynamic func-
setup is introduced in Sect. 3. Section 4 presents the modtion of root biomass and higher root biomass leads to deeper
elled results which show how the simulated carbon balanceooting depths (Arora and Boer, 2003). Leaf phenology in
depends on the manner in which vegetation is represente@ TEM is modelled on the basis of a carbon-gain approach in
in a LSS. Finally, a summary of results and discussion arewhich leaf onset is initiated when it is beneficial in carbon
presented in Sect. 5. terms for a plant to produce leaves. Leaf offset occurs un-
der unfavorable stresses such as short day length, cold tem-
peratures, and dry soil moisture conditions (Arora and Boer,
2005). When coupled to CLASS, CTEM also provides val-
ues of canopy conductance used in CLASS’ energy and water
balance calculations. The current version uses a single-leaf
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Fig. 1. The coupling of the Canadian Land Surface Scheme (CLASS) and the Canadian Terrestrial Ecosystem Model (CTEM) in the
compositg(a) and mosaigb) approaches.

photosynthesis approach with coupling between photosynis its influence in determining the grid-averaged energy and
thesis and canopy conductance based on vapour pressuweater balance. Consequently, dominant PFTs in the compos-
deficit (Leuning, 1995). Photosynthesis (and leaf mainte-ite approach affect the carbon balance of sub-dominant PFTs
nance respiration) calculations are performed at a time stemnore than the other way around. The choice of each of the
of 30 min because of the coupling between photosynthesiswo dominant PFTs covering 50 % of the grid cells avoids
and canopy conductance, while slower biophysical processethis confounding effect. In addition, since the vegetation and
are simulated at a daily time step. soil carbon balance is affected by a number of environmental

factors and their complex interactions with several ecosystem

processes, we found that interpretation of results is difficult
3 Experimental approach when the number of PFTs is greater than two.

Simulations are performed at four locations, which are char- Vegetation is represented in CLASS using both the com-
acterized by different climate and dominant PFTs, usingposite and mosaic approaches, which affect the energy and
the coupled CTEM and CLASS 3.4 models. The sites in-water balances, and the resulting effect on simulated carbon
clude two boreal locations in Manitoba, Canada°@3N, balance is investigated, which is our primary focus. Identi-
105°00W) and Siberia (62114N, 12730E), a temperate lo- cal input data for a given location, including meteorological
cation in the eastern United States{4@N, 78°45W), and  and soil data, are used for simulations performed using the
a tropical location in Africa (334N, 11°15E). Two domi-  two approaches. The meteorological data are obtained from
nant PFTs, identified with Wang et al. (2006) land cover datathe global land-surface data set (GOLD) of Dirmeyer and
(designed for use with CTEM at the global scale), were as-Tan (2001). These data are based on the US National Cen-
signed to a grid cell at each location, with each PFT coveringter for Environmental Prediction (NCEP) reanalysis and have
50 % of the grid cell. Although, of course, more than two been corrected for several known biases. The data set con-
PFTs can exist in a given climate model grid cell, and cantains six-hourly values of the required meteorological vari-
be handled by CLASS and CTEM, we restrict our analysisables from 1979 to 1999 at 3.7Besolution. The six-hourly

to two dominant PFTs for easier interpretation of the results.meteorological data are disaggregated into half-hourly val-
This simplification does not affect the simulated carbon bal-ues for use by the coupled CLASS 3.4 and CTEM mod-
ance of individual PFTs in the mosaic approach in whichels following Arora and Boer (2005). The fractions of sand
each PFT tile interacts with the driving climate data inde- and clay for each of three soil layers and the permeable soil
pendently of other tiles. In the composite approach, how-depth (which is the depth to bedrock and may be less than the
ever, the larger the fractional coverage of a PFT the greatemaximum soil depth of 4.10 m used in CLASS) are obtained
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Fig. 2. Simulated daily average values (@i net radiation(b) latent heat flux an¢c) sensible heat flux for the Manitoba location. The blue

and the red lines represent grid-averaged values for the mosaic and composite approaches, respectively. The green and cyan lines represe
values for the evergreen needleleaf tree agaj@ss tiles in the mosaic approach, respectively. There are no PFT specific energy fluxes in
the composite approach. The table at the top summarizes the average annual values of the fluxes when using the two approaches.

from the standard data set used in CanESM1/2 based on thé Results
Zobler (1986) soil data. In the mosaic approach same soil
data are used for all tiles in a grid cell. 4.1 The Manitoba and Siberia locations

The 21yr GOLD meteorological data are used repeat- ) ) o .
edly at all locations until the simulated carbon pools comeBOth boreal locations (Manitoba and Siberia) experience
into equilibrium using both the composite and mosaic ap_cold sub-zero temperz_atures during winter which Ie_ad_s to pro-
proaches. Simulated primary energy and carbon balanc80Unced seasonality in temperatures and the majority of the
quantities averaged over the last 21 yr are then compared b&€cipitation occurs during summers (see Figs. S1 and S2 in
tween the two approaches. In the next section, results are firsi!PPlementary information). The dominant PFTs are ever-
discussed for the two boreal sites followed by the temperat&"€€n needieleaf trees and grasses at the Manitoba loca-

and tropical sites. tion, and deciduous needleleaf trees andgtasses at the

Siberia location.
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Fig. 3. Simulated daily average values(af) soil temperature an¢b) soil moisture for the Siberia location. The blue and red lines represent
grid-averaged values for the mosaic and composite approaches, respectively. The green and cyan lines represent values for the deciduot
needleleaf tree and{Yrass mosaic tiles in the mosaic approach, respectively.

Energy fluxes both PFTs in the composite approach receive the same net
radiation which is calculated using the grid-averaged albedo
Figure 2 shows the simulated daily averaged values of neand surface temperature. The sharp increase in net radia-
radiation, latent heat and sensible heat fluxes at the Mantion for C3 grasses around day 10810 April) in the mo-
itoba location. Plots are shown for individual PFT values saic approach is the result of leaf onset for grasses (as shown
in the mosaic approach as well as grid-averaged values foin Fig. 4b) while the increase in net radiation for evergreen
both approaches. In the composite approach PFTs preseneedleleaf trees is more gradual and is primarily the result
in a grid cell experience the same energy fluxes, which areof increase in downwelling radiation. Figures 2b and ¢ show
computed using grid-averaged vegetation attributes, so thertéhat for the Manitoba location the composite approach yields
are no PFT specific energy fluxes in the composite approacthigher grid-averaged latent heat flux (positive upward), es-
The daily average net radiation in Fig. 2a shows a similar seapecially during summer (the red line is higher than the blue
sonal pattern for individual PFT tiles (green and cyan lines)line), but similar sensible heat flux (positive upward) com-
in the mosaic approach as well as grid-averaged guantitiepared to the mosaic approach.
obtained using the composite (red line) and mosaic (blue Qualitatively similar results are obtained for the Siberia lo-
line) approaches since the driving downwelling radiation is cation where the net radiation values are higher for the darker
the same for all cases. The differences in grid-averaged nadeciduous needleleaf trees than for the brightgrg@sses
radiation between the composite (red line) and mosaic (blugTable 1) in response to differences in albedo and tempera-
line) approaches are small. However, there is a significanture (warmer temperatures over the @rass tile as seen in
difference between the net radiation flux for the individual Fig. 3a, which shows soil temperatures for the top 0.6 m at
PFT tiles in the mosaic approach and more so over the growthe Siberia location). The difference between the two sites is
ing season (about day 100 to 310 at the Manitoba locatiorthat while the needleleaf trees at the Manitoba location have
based on leaf onset and offset of Grasses, Fig. 4b). In evergreen phenology they have deciduous phenology at the
Fig. 2a, net radiation values (positive downward) are higherSiberia location. Compared to the composite approach, the
for the evergreen needleleaf tree tile (green line) than for themosaic approach yields higher latent and sensible heat fluxes
Cs grass tile (cyan line) because of two reasons. First, thdor needleleaf trees at both locations and lower values for C
darker needleleaf trees (albedo of 0.11) absorb more radiagrasses, primarily in response to the differences in net radi-
tion than the brighter €grasses (albedo of 0.18). Second, ation. The implication of differences in net radiation flux is
the simulated surface temperature over thgfasstileisup  that in the composite approach the needleleaf trees receive
to 4°C higher during the summer season (not shown) whichless and @ grasses receive more radiation than in the mosaic
increases the outgoing longwave radiation. The higher temapproach, at both locations. Since radiation is an important
perature over the £grass tile is the result of its lower canopy driver for vegetation growth these differences in net radiation
heat capacity (because of lower vegetation biomass) as wehave significant impacts on the carbon balance, as discussed
as lower LAI (which causes reduced shading) compared tdater.
the needleleaf evergreen tree tile (Fig. 4b). In comparison,
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Fig. 4. Simulated daily averaged values (@) NPP and(b) LAI for the Manitoba location for individual PFTs and grid-averaged values
when using the two approaches. The table at the top summarizes the average annual values of NPP, vegetation biomass, soil carbon mas
and annual maximum values of LAl when using the two approaches.

Table 1. Average annual values of primary energy fluxes at the Siberia location when using the composite and mosaic approaches.

Energy fluxes Mosaic approach Composite approach
Grid averaged Deciduous needleleaf trees 3 géasses Grid-averaged

Net radiation (W nm2) 41.8 48.7 35.0 44.3

Net radiation over growing season (W) 100.7 1141 83.5 105.9

Latent heat flux (W m?2) 13.3 135 13.1 13.2

Sensible heat flux (W 113) 26.9 335 20.3 29.3

The differences in energy fluxes lead to differences in soilln CLASS, the radiation reaching the ground is an exponen-
temperature and moisture between individual PFT tiles in thetial function of LAI. The higher the LAI, the more radiation
mosaic approach, as well as when compared to values in this intercepted by the canopy leaves and the less reaches the
composite approach. Figure 3 shows the soil temperaturground. In addition, for woody PFTSs, radiation is also inter-
and moisture at the Siberia location for the top 60 cm soilcepted by stems based on a stem area index (SAl). At both
layer, where majority of simulated roots are located for de-boreal locations, €grasses have lower simulated LAI than
ciduous needleleaf trees-82 %) and G grasses~{99 %). needleaf trees (Figs. 4b and 5b). As a consequence com-
As expected, at this high-latitude northerly location liquid pared to the composite approach which uses grid-averaged
soil moisture drops to its minimum value during winter when LAI, the Cz grasses tile receives relatively more radiation
almost all soil moisture is frozen. Grid-averaged liquid soil at the ground surface in the mosaic approach. The amount
moisture content and soil temperatures are similar when usef radiation reaching the ground surface, of course, also de-
ing the composite and mosaic approaches but differences eyends on net radiation at the top of the canopy. In Fig. 3 for
ist between the individual PFT tiles in the mosaic approachthe Siberia location, the net result is that the soil temperature

Biogeosciences, 9, 59805, 2012 www.biogeosciences.net/9/593/2012/



R. Liand V. K. Arora: Effect of mosaic representation of vegetation on carbon balance 599

and moisture of the £grass (needleleaf deciduous tree) tile composite approach than in the mosaic approach. While all
starts to increase earlier (later) and are higher (lower) becausether grid-averaged carbon quantities are higher in the com-
of more (less) radiation reaching the ground surface in theposite approach it yields slightly lower grid averaged vege-
mosaic approach than the grid-averaged values in the contation biomass than in the mosaic approach (Fig. 4). This is
posite approach. Qualitatively similar results are obtained abecause the decrease in the vegetation biomass for evergreen

the Manitoba location (not shown). needleleaf trees in the composite approach, due to lower net
radiation, is not compensated by increase in the vegetation
Carbon fluxes and pools biomass of G grasses, which receive higher radiation in the

composite approach. Grasses do not include the woody stem

Figure 4 compares the daily averaged values of primary carcomponent and thus for the same NPP they yield lower veg-
bon quantities (NPP, LAI, soil carbon mass and vegetationetation biomass but higher soil carbon mass because of their
biomass) from simulations using the composite and mosai¢ower soil decomposition rates compared to woody PFTs
approaches for the Manitoba location. Compared to Fig. 2(Guo and Gifford, 2002; Jackson et al., 2002; Arora and
there are two additional lines in each panel, in magenta an@oer, 2010). Overall at the Manitoba location, net radia-
orange colors, which represent PFT-specific carbon quantition is the primary driver of differences in the carbon balance
ties in the composite approach. While grid-averaged vegepetween the two approaches. Grid-averaged NPP and soil
tation attributes are used for energy and water balance cakarbon mass are up to 46 % higher, but grid-averaged vege-
culations in the composite approach by CLASS, CTEM still tation biomass is slightly lower, in the composite approach
calculates all terrestrial ecosystem processes separately feompared to the mosaic approach.
the PFTs present in a grid cell albeit using same physical en- Figure 5 compares the daily averaged values of primary
vironmental conditions, as illustrated in Fig. 1. carbon quantities for the Siberia location. The growing sea-

Figure 4 shows large differences between carbon quanson is short for both €grasses and deciduous needleleaf
tities when simulated using the composite and mosaic aptrees at this high-latitude location. Both PFTs start to grow
proaches for the Manitoba location. All quantities are higherin late spring (indicated by positive NPP and leaf onset in
for Cz grasses and lower for evergreen needleleaf trees irFig. 5a and b, respectively) when the favourable weather ar-
the composite approach compared to the mosaic approachives and become dormant in early fall when physical envi-
In Fig. 4a, NPP of evergreen needleleaf trees is lower inronmental conditions become unfavourable. NPP, LAl and
the composite approach (magenta line below the green lineyegetation biomass (Table in Fig. 5) are all higher for both
because evergreen needleleaf trees receive lower net radideciduous needleleaf trees ang @asses in the composite
tion than in the mosaic approach, as mentioned earlier (seapproach compared to the mosaic approach. This behaviour
Fig. 2a). In contrast, the productivity olz@rasses is higher is in contrast to the Manitoba location, where these carbon
in the composite approach (orange line above the cyan linejjuantities were smaller for the evergreen needleleaf trees and
than in the mosaic approach because they receive higher nedrger for G grasses in the composite compared to the mo-
radiation in the composite approach. These differences irsaic approach, primarily in response to the lower and higher
NPP lead to differences in simulated LAI, soil carbon massnet radiation these PFTs received. For the Siberia location,
and vegetation biomass (summarized in the table above thBIPP, LAl and vegetation biomass are higher forgtasses
figure). In Fig. 4b, CTEM simulates the seasonality of leaf in the composite approach compared to the mosaic approach
area indices for both PFTs realistically at the Manitoba loca-because the higher net radiation (Table 1) more than com-
tion, but some limitations remain. Evergreen needleleaf treepensates for the slightly lower soil moisture (Fig. 3b). The
retain leaves throughout the year but the simulated seasondlPP of deciduous needleleaf trees is slightly higher in the
variability is likely too large. G grasses, as expected, are ac- composite approach despite lower net radiation (Table 1),
tive during summer and dormant during winter but the LAl whose effect is overcome by an early leaf onse® days)
peaks towards the end of the growing season and not durin¢Fig. 5b) associated with early availability of liquid soil
the middle of the growing season as is generally observed. moisture (Fig. 3b), compared to the mosaic approach. In

Figure 4b shows that absolute values of LAI are different CTEM, leaf onset is initiated when net photosynthesis for
between the two approaches with evergreen needleleaf tredsaves (photosynthesis minus leaf respiration) remains pos-
exhibiting lower LAI and the @ grasses showing more than itive for seven consecutive days and PFT-specific environ-
doubling of maximum annual LAl in the composite approach mental constraints are also relieved (Arora and Boer, 2005).
compared to the mosaic approach. The increased LAI §or C Early availability of liquid soil moisture implies that the for-
grasses in the composite approach is the result of higher NPBer condition is met earlier in the composite approach lead-
due to higher net radiation received by @rasses. The ta- ing to higher NPP, LAl and vegetation biomass.
ble in Fig. 4 shows that the use of the composite approach Values of soil carbon, which depend on NPP as well as
at the Manitoba location significantly increases soil carbonrespiration from the soil carbon pool, behave somewhat dif-
mass for G grasses by~135%. In contrast, the simulated ferently than vegetation biomass. Higher values of NPP
soil carbon mass for needleleaf trees is slightly lower in theincrease soil carbon and higher values of temperature and
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Mosaic Composite

Grid averaged
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Fig. 5. Simulated daily averaged values(@) NPP andb) LAI for the Siberia location for individual PFTs and grid-averaged values when
using the two approaches. The table at the top summarizes the average annual values of NPP, vegetation biomass, soil carbon mass, al
annual maximum values of LAl when using the two approaches.

favourable moisture conditions, which increase respiration4.2 The Eastern United States location
decrease soil carbon. Soil carbon values fgrgéasses are
higher in the Composite approach Compared to the mosaia—he Eastern United States location shows less pronounced
approach (Table in Fig. 5), in response to increase in NPFseasonality in temperature compared to the two boreal loca-
(Fig. 5a) as well as lower soil temperature (Fig. 3a). Soiltions and precipitation is more or less uniformly distributed
carbon values for deciduous needleleaf trees are lower in thever the year (see Fig. S3 in supplementary information).
composite compared to the mosaic approach despite higherhe two dominant PFTs at this location are broadleaf cold
NPP (Fig. 5a) because of the higher soil temperature (Fig. 3ajleciduous trees ands@rops. The broadleaf cold deciduous
and moisture (Fig. 3b) which increase soil respiration andtrees with their lower albedo (albedo of 0.17) are characteris-
consequently decrease the equilibrium value of soil carbon. tically darker than the €crops (albedo of 0.20). The differ-
Unlike the Manitoba location where the differences in net ence in the albedos of cold deciduous broadleaf trees gnd C
radiation are the primary driver of differences in carbon bal-crops at this location is smaller than the difference in albe-
ance, at the Siberia location the differences in soil mois-dos of needleleaf trees ang Grasses at the Manitoba and
ture (which initiates early leaf onset in the composite ap- Siberia locations.
proach for the deciduous needleleaf trees) also play an im- Table 2 compares the energy fluxes at this location ob-
portant role. Differences in soil moisture between the twotained using the two approaches. The differences in grid av-
approaches become important at the Siberia location becaug$aged net radiation, latent and sensible heat fluxes between
of the deciduous phenology of needleleaf trees at this loihe two approaches are small and around 3-5%. The net
cation Compared to their evergreen pheno|ogy at the Manradiation fluxes for the individual PFTs, however, differ con-
itoba location. Overall, at the Siberia location, differences siderably in the mosaic approach with higher differences over
in net radiation, soil moisture and soil temperature and theithe growing season (determined using seasonality of LAI)
interactions with various ecosystem processes between tHeecause of the differences in their albedos. The brighter C
two approaches all contribute to differences in the simulatedcrops receive less and the darker broadleaf trees receive more
carbon balance between the two approaches yielding 35 %gdiation in the mosaic approach than in the composite ap-
higher NPP, 8% higher soil carbon mass and 31 % higheiProach (which uses grid-averaged albedo).
vegetation biomass in the composite approach.
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Table 2. Average annual values of primary energy fluxes at the Eastern United States location when using the composite and mosaic
approaches.

Mosaic approach Composite approach
Energy fluxes
Grid averaged Cold deciduous broadleaf treess c@ps Grid-averaged
Net radiation (W nT?2) 59.3 66.1 53.3 61.8
Net radiation over growing season (W) 93.5 101.0 86.1 97.9
Latent heat flux (W m?2) 34.5 37.9 31.6 36.3
Sensible heat flux (W me) 23.2 26.5 20.2 23.9

Mosaic Composite
Grid averaged
Cold deciduous broadleaf trees
Cs crops
Mosaic approach Composite approach
Carbon quantities Grid- 'old deciduous| C Grid- C
PGS vyt i broadleaf trees| crops averaged 3 Crops
NPP (gCm72yr') 481.2 695.3 2928 | 679.0 642.7 712.9
Max. LAI (m’ m™) 2.4 3.9 1.3 33 3.8 2.8
Soil carbon mass (Kg C m ™) 74 12.5 3.0 9.3 11.3 7.6
Vegetation biomass (Kg C m ™) 3.6 7.6 0.05 35 73 0.13
(a) NPP [g C/(m? day)] (b) LAl (m%/m?)

L I B S &) B

S o

0
50 100 150 200 250 300 350 50 100 150 200 250 300 350

Fig. 6. Simulated daily averaged values(@f) NPP andb) LAI for the Eastern US location for individual PFTs and grid-averaged values
when using the two approaches. The table at the top summarizes the average annual values of NPP, vegetation biomass, soil carbon mas
and annual maximum values of LAl when using the two approaches.

Similar to the Manitoba location, the differences in net ra- broadleaf trees because of their larger percentage difference
diation are the primary driver of differences in carbon bal- in net radiation between the two approaches. Overall, at this
ance between the two approaches (Fig. 6). The NPP antbcation the use of the composite approach leads to higher
LAI of C3 crops more than doubles in the composite ap-grid-averaged NPP, LAl and soil carbon mass.
proach resulting in 41 % higher grid-averaged NPP and 26 %
higher grid-averaged soil carbon. The vegetation biomas#-3 The Africa location

of C3 crops remains small in both approaches because crops ) o )
are harvested at the end of their growing season and therg-N€ daily average temperature at the location in Africa has

fore do not contribute much to the grid averaged vegetatiori1€ 1€@st pronounced seasonal cycle of all locations (see
biomass (see table at the top in Fig. 6). The NPP and LAl OfF|g: S4in supplemeqtary information). This tropical site ex-
cold deciduous broadleaf trees reduces in the composite a2€riences an approximately 6070 day long dry season with
proach because of less radiation they receive resulting in theif?©St Precipitation falling from late February to early Novem-
lower vegetation and soil carbon mass. The changes in caier-

bon quantities are larger fors@€rops than for cold deciduous
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Mosaic Composite

Grid averaged
Evergreen broadleaf trees
Dry deciduous broadleaf trees

(a) Soil Temperature, top 1m (°C) (b) Liquid Soil Moisture, top 1m (mSIma)
0.38 S Y
0.36
0.34
0.32

0.3
0.28
0.26
0.24

2.4 1 1 1 1 1 1 1 0.22 1 1 1 1 1 1 1
50 100 150 200 250 300 350 50 100 150 200 250 300 350

Fig. 7. Simulated daily average values @f) soil temperature an¢b) soil moisture for the Africa location. The blue and red lines represent
grid-averaged values for the mosaic and composite approaches, respectively. The green and cyan lines represent values for the evergree
broadleaf tree and dry deciduous broadleaf tree mosaic tiles in the mosaic approach, respectively.

Mosaic Composite

Grid averaged
Evergreen needleleaf trees
Dry deciduous broadleaf trees

Mosaic approach Composite approach
Carbon quantities

Evergreen |Dry deciduous Dry deciduous
broadleaf trees broadleaf trees p\Y{S ¢T{i| broadleaf trees
NPP (g C m? yrfl) 1233.3 1157.6 1308.9 1248.7 1138.4 1359.1
Max. LAI (m* m™) 7.3 7.0 7.6 7.4 6.9 7.9
Soil carbon mass (Kg Cm™2) | 12.3 12.0 12.7 12.5 118 133
Vegetation biomass (Kg C m™)| 17.4 20.8 14.0 17.5 20.3 14.7
(a) NPP [g C/(m? day)] (b) LAl (m¥/m?)
8 1
7
", 6
] 5
. 4
] 3
] 1 ] 1 ] 1 2 ] 1 1 1 1 1 ]
50 100 150 200 250 300 350 50 100 150 200 250 300 350

Fig. 8. Simulated daily averaged values(@a) NPP andb) LAI for the Africa location for individual PFTs and grid-averaged values when
using the two approaches. The table at the top summarizes the average annual values of NPP, vegetation biomass, soil carbon mass, al
annual maximum values of LAl when using the two approaches.

The two dominant PFTs at this location (evergreensaic approaches. When using the mosaic approach, net radi-
broadleaf trees and dry deciduous broadleaf trees) also hawation flux for dry deciduous broadleaf trees is slightly lower
a lower difference in their albedos than the tree and grasshan that for evergreen broadleaf trees because of their higher
PFTs at the boreal locations. Table 3 shows that the gridalbedo (0.17) compared to that of the evergreen broadleaf
averaged net radiation and latent and sensible heat fluxes, &ees (0.13). The percentage differences in net radiation
this location, are virtually same in the composite and mo-fluxes for evergreen broadleaf trees (3 %) and dry deciduous
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Table 3. Average annual values of primary energy fluxes at the Africa location when using the composite and mosaic approaches.

Energy fluxes Mosaic approach Composite approach

Grid averaged Evergreen broadleaf trees  Dry deciduous broadleaf trees  Grid-averaged

Net radiation (W nT2) 144.7 150.1 139.4 145.1
Latent heat flux (W m2) 75.0 74.6 75.4 74.4
Sensible heat flux (Wm?)  69.6 75.5 63.8 70.1

Table 4. Comparison of simulated maximum annual LAI, vegetation biomass, and leaf onset and offset times with observation-based
estimates for the Siberia and Eastern US locations. Simulated values are shown for both the composite and mosaic approaches.

Siberia Needleleaf deciduous Eastern US Broadleaf cold deciduous
. _ Model 1.8 (Mosaic) 2.2 (Composite) 3.9 (Mosaic) 3.8 (Composite)
2
Maximum annual LAl (rﬁ m=*) Observation based 1-3 (Chen, 1996) 3.5 (Schmid et al., 2003)
. . Model 2.4 (Mosaic) 3.1 (Composite) 7.6 (Mosaic) 7.3 (Composite)
Vegetation biomass (Kg C 1) Observation based  1.95 (Kajimoto et al., 1999) 8.11 (Schmid et al., 2003)
Model 148 (Mosaic) 139 (Composite) 120 (Mosaic) 120 (Composite)

Leaf onset time (day of yr) Observation based 143.9 (Ebata and Tateishi, 2001) 118.8 (Ebata and Tateishi, 2001);

120 (Schmid et al., 2003)

Model 287 (Mosaic) 287 (Composite) 320 (Mosaic) 320 (Composite)
Observation based 290 (Ebata and Tateishi, 2001) 320.0 (Schmid et al., 2003)

Leaf offset time (day of yr)

broadleaf trees (4 %) between the composite and mosaic aptous broadleaf trees incur higher leaf loss than evergreen
proaches are small, so we also expect small differences in theroadleaf trees due to soil moisture stress. Compared to the
carbon balance between the two approaches. mosaic approach, NPP, LAI, vegetation and soil carbon mass
Soil temperature and liquid soil moisture content from the are slightly lower in the composite approach for broadleaf
two approaches are compared in Fig. 7, which are average@vergreen trees and slightly higher for broadleaf dry decidu-
over the top 1.0 m soil layer, where most of the simulatedous trees. Soil moisture plays an important role at this loca-
roots for evergreen broadleaf treesYl %) and dry decid- tion and determines the seasonality of NPP (Fig. 8a) and LAI
uous broadleaf trees~82 %) are located. Grid-averaged (Fig. 8b).
soil moistures and soil temperatures are similar between the Overall, at the Africa location, since the physical land sur-
composite and mosaic approaches. However, compared tface environmental conditions, and in particular net radia-
the composite approach, the mosaic approach yields higheion, are similar between the two approaches for both ever-
(lower) simulated soil temperature and lower (higher) soil green broadleaf and dry deciduous broadleaf trees the result-
moisture for the dry deciduous broadleaf tree tile (evergreering grid-averaged carbon quantities are also similar.
broadleaf tree tile), especially during the dry season. Higher
soil temperature and lower soil moisture for the dry decidu- _ .
ous broadleaf trees, in the mosaic approach, are the result (?f Discussion and summary
their lower LAl during the dry season when they shed their CTEM has been evaluated at several individual sites by com-
leaves (Fig. 8b). paring simulated values of leaf onset and offset times, max-
Figure 8 shows the daily averaged values of primary car-imum annual LAI, root and stem biomasses and net ecosys-
bon quantities at the Africa location. To the first order, all tem productivity with observation-based data (Arora and
carbon quantities react to the differences in net radiation reBoer, 2005; Grant et al., 2005) and at the global scale by
ceived and so the differences in simulated carbon balancesomparing simulated net land carbon uptake for the 20th cen-
are small. In Fig. 8b, the dry season reduction in LAI tury with observation-based estimates within the framework
for dry deciduous broadleaf trees is much greater than thabf CanESM1 (Arora et al., 2009) in which it is coupled to
for evergreen broadleaf trees because in CTEM dry decidCLASS using the composite approach. Table 4 shows the
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comparison of simulated maximum annual LAI, vegetation at the Manitoba location, followed by the Siberia, Eastern
biomass, and leaf onset and offset times at the Siberia antdJS and Africa locations. The differences in carbon bal-
Eastern United States locations with available observationance quantities between the two approaches are also gen-
based estimates. Simulated values of these quantities conerally highest at the Manitoba location followed by other
pare reasonably well with observations for both approachedpcations. These results suggest that the differences in the
although the mosaic approach yields a somewhat better consimulated carbon budget of PFTs between the composite
parison. Some limitations remain, in particular those relatedand mosaic approaches arise primarily through differences
to the seasonality of LAI. The simulated seasonal variabilityin net radiation, which directly affects NPP, LAl, and vegeta-
of LAI for needleleaf evergreen trees at the Manitoba loca-tion biomass. Differences in net radiation subsequently also
tion is likely too large and the maximum LAl for{rasses yields differences in soil moisture and temperature between
and crops peaks towards the end of the growing season arttie two approaches, which affect all ecosystem processes in-
not during the middle of the growing season as is generallycluding leaf phenology and soil respiration rates, and in some
observed. The limitations in the seasonality of simulatedcases can override the effect of differences in net radiation as
LAI, however, do not affect our primary conclusion that the was seen at the Siberia location. Is this sensitivity of CTEM
mosaic and composite approaches of representing vegetatido radiation realistic? The current version of CTEM does not
in a LSS yield different equilibrium states for the vegetation take into account direct and diffused components of photo-
and soil carbon pools. We have also identified the physi-synthetically active radiation (PAR) separately and uses to-
cal and ecosystem mechanisms that lead to differences in th@al PAR in a single-leaf approach to model photosynthesis.
carbon balance between the two approaches. This is expected to increase CTEM'’s sensitivity to radiation.
Our idealized simulations, which use 50 % fractional cov- However, observation-based analysis do suggest that plant
erage for each of the two dominant PFTs in a grid cell, showgrowth is limited by radiation in tropical regions with no wa-
that the simulated grid averaged primary energy fluxes genter stress and co-limited both by radiation and temperature at
erally do not differ by more than 5% between the two ap- high-latitudes (Nemani et al., 2003).
proaches at selected locations. However, the simulated car- Whether the mosaic or composite approach offers a more
bon balance does differ between the two approaches withiealistic representation of vegetation will likely depend on
grid-averaged NPP, vegetation biomass and soil carbon maghe heterogeneity of the landscape (Quaife, 2010). When im-
differences as large as 41%, 16 % and 46 %, respectivelyplemented at the global scale, terrestrial ecosystem compo-
at the locations considered. The seasonality of simulatedhents in ESMs are compared against observation-based esti-
NPP and LAI can also differ between the two approachesmates of vegetation, litter and soil carbon mass. The results
as is seen at the Manitoba location. Terrestrial ecosystenpresented here indicate that simulated carbon quantities in-
processes in CTEM are sensitive to simulated physical lanctluding net ecosystem production in response to change in
surface environmental conditions which in turn depend onclimate depend on how vegetation is represented in a LSS as
how vegetation is represented in the LSS to which it isis also found by Quaife (2010). A change in the representa-
coupled. The differences in carbon quantities between thdion of vegetation from composite to mosaic, or vice versa,
two approaches arise because of differences in net radiatiomwill yield different environmental conditions for an ecosys-
soil temperature, and soil moisture experienced by PFTs atem model, leading to different carbon and biological states.
well as complex interactions between environmental vari-While we have assessed the effect of the choice of the mo-
ables and terrestrial ecosystem processes. The dependers&ic and composite approaches on simulated carbon balance
of different ecosystem processes on different environmentaat boreal, temperate and tropical locations, these sites do not
conditions can also yield unexpected results. For exampleteflect the full range of possible differences. For example,
at the Siberia location compared to the mosaic approach thé is possible that in certain transition zones the difference
use of the composite approach leads to higher NPP for decidsetween the two approaches may even be larger. A full as-
uous needleleaf trees, despite lower net radiation, because seéssment of the effects of the two approaches requires sim-
earlier leaf onset associated with earlier availability of liquid ulations at the global scale and this is the focus of a future
soil moisture. This interaction with soil moisture was absentstudy.
at the Manitoba location because of the evergreen phenology
of needleleaf trees. Such interactions are difficult to antic-Supplementary material related to this
ipate in transient climate change simulations and cannot berticle is available online at:
accounted for in the composite approach. At the Eastern U.Shttp://www.biogeosciences.net/9/593/2012/
location the use of the composite approach increased all cabg-9-593-2012-supplement.pdf
bon quantities except vegetation biomass becagsedps at
this location were harvested and therefore did not accumulatg cxnowledgementsThe authors gratefully acknowledge George
any vegetation biomass. Boer and Charles Curry for providing comments on an earlier
The largest percentage differences in net radiation thaversion of this paper and the Canadian Regional Climate Modelling
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