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Abstract

Land surface albedo, the fraction of incoming solar radiation reflected by the land sur-
face, is a key component of the earth system. This study evaluates snow-free surface
albedo simulations by the Community Atmosphere Biosphere Land Exchange (CA-
BLEv1.4b) model with the Moderate Resolution Imaging Spectroradiometer (MODIS)
albedo. We compare results from two offline simulations over the Australian continent,
one with prescribed background snow-free and vegetation-free soil albedo derived from
MODIS (the control), and the other with a simple parameterisation based on soil mois-
ture and colour. The control simulation shows that CABLE simulates albedo over Aus-
tralia reasonably well, with differences with MODIS within an acceptable range. Inclu-
sion of the parameterisation for soil albedo however introduced large errors for the near
infra red albedo, especially for desert regions of central Australia. These large errors
were not fully explained by errors in soil moisture or parameter uncertainties, but are
similar to errors in albedo in other land surface models which use the same soil albedo
scheme. Although this new parameterisation has introduced larger errors as compared
to prescribing soil albedo, dynamic soil moisture-albedo feedbacks are now enabled
in CABLE. Future directions for albedo parameterisations development in CABLE are
discussed.

1 Introduction

The albedo of the land surface is the ratio of upwelling to downwelling shortwave ra-
diation and determines the fraction of incoming solar radiation reflected back to the
atmosphere. It is one of the key drivers of the earth’s climate as it determines, in part,
the amount of energy available to drive processes in the atmosphere and the land sur-
face (e.g., Dickinson, 1983). Hence, the incorrect prescription or parameterisation of
surface albedo can result in large model biases. Therefore, the correct representation
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of albedo in land surface models (LSMs), whether prescribed or parameterised, is of
critical importance to the surface energy and hydrological cycle.

The overall albedo of the land is a function of the vegetation, soil, and snow albedos.
The main factor which determines which of these three albedos has the strongest influ-
ence on the overall surface albedo is the fractional area covered by each of vegetation,
soil and snow. These are commonly parameterised as a function of leaf area index
(LAI), the total one-sided surface area of leaf per ground surface area (Bonan, 2008).
When LAl is high, most of the incoming solar energy is reflected, scattered, and/or ab-
sorbed by the vegetation canopy and only a small proportion of radiation reaches the
ground and the overall albedo is primarily that of the vegetation canopy. When LAl is
small, the converse is true and the overall albedo is primarily that of the soil or snow.

Vegetation albedo is a function of the radiative properties of the canopy, i.e., the leaf
transmittance and reflectance, as well its physical properties, namely, the leaf angle
or orientation, canopy clumping and structure. Leaf transmittance and reflective prop-
erties determine how much radiation penetrates through the canopy and are usually
prescribed in LSMs for each plant functional type (PFT) in the visible (VIS, 0.4-0.7 pm)
and near infra-red (NIR, 0.7—4.0 um) bands. This distinction is important since green
canopies absorb most of the solar radiation in the VIS waveband for photosynthesis,
but reflect and transmit most of the radiation in the NIR waveband (Bonan, 2008). Leaf
structural and physical properties can also influence within-canopy shadowing, which
allows higher exposure of the underlying soil and/or snow cover, especially in low den-
sity forests (Davidson and Wang, 2004). Leaf orientation influences albedo since the
maximum incident solar radiation on a leaf occurs when the beam is perpendicular to
the surface (Bonan, 2008).

Soil albedo is a function of soil colour, determined partly by its organic composition,
and more importantly, soil moisture, with saturated soils generally having lower albedo
than dry soils (Idso et al., 1975). This is especially important in transitional climatic
regions, where significant soil moisture variability drives strong land—atmosphere cou-
pling (e.g., Koster et al., 2004). Although the dependence of soil albedo on soil moisture
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has been well established from field experiments (e.g., Idso et al., 1975), several LSMs
do not include this feedback and recent studies have shown that it plays in important
role in seasonal droughts in the central US (Zaitchik et al., 2012). Recent studies over
eastern Australia have shown that the use of time-varying MODIS albedo as opposed to
monthly mean climatologies from AVHRR in a regional climate model improved mean
air temperature simulations, and to a lesser extent, precipitation (Meng et al., 2013).
This was particularly evident in arid regions, where the overall albedo is predominantly
influenced by soil rather than vegetation.

Vegetation and soil albedo are also influenced by the solar zenith angle, especially
in desert regions (Wang et al., 2005). This only applies under clear-sky conditions (i.e.,
direct beam radiation) when there is little or no scattering of the incoming shortwave
radiation. In the morning just after sunrise and late afternoon before sunset, albedo
is generally higher, as compared to mid-day when the sun is directly overhead. The
inclusion of soil and vegetation albedo dependence on solar zenith angle during clear-
sky conditions has improved albedo simulations in some LSMs (Liang et al., 2005).

With recent developments in satellite remote sensing, several surface albedo prod-
ucts are now available at a high spatial and temporal resolution and spanning several
years. This has allowed for the careful evaluation of albedo in various LSMs (e.g., Wei
et al., 2001; Oleson et al., 2003; Zhou et al., 2003; Wang et al., 2004); the develop-
ment of vegetation and soil albedo parameterisations (e.g., Liang et al., 2005; Yang
et al., 2008); as well as the mapping of land surface parameters such as the spatial
and temporal distribution of PFTs, LAI and soil color, for use in LSMs (Lawrence and
Chase, 2007). Clearly, the use of satellite remote sensing can be very useful in both
the evaluation and development of LSMs.

This paper focusses on the Community Atmosphere Biosphere Land Exchange (CA-
BLE) model (Wang et al., 2011), an LSM designed to simulate fluxes of heat, moisture,
and carbon at the land surface. While several studies have used CABLE (e.g., Cruz
et al., 2010; Zhang et al., 2011; Pitman et al., 2011; Wang et al., 2012; Exbrayat et al.,
2012), no studies have explicitly examined simulations of surface albedo. The aim of
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this paper is to address this key knowledge gap by comparing CABLE albedo simu-
lations with MODIS albedo to better quantify the errors in CABLE albedo simulations.
Section 2 provides on overview of CABLE with detailed description of the parameter-
isation of surface albedo. This is followed by the experimental design and description
of the satellite remote sensing products used to compare against CABLE albedo sim-
ulations. Results are presented in Sect. 3 and discussed in Sect. 4.

2 Methods
2.1 Model description

CABLE simulates fluxes of energy, water and carbon at the land surface and can be
run as an offline-model with prescribed meteorology (e.g., Abramowitz et al., 2008;
Wang et al., 2011; Kala et al., 2013) or fully coupled to an atmospheric model within
a global (Mao et al., 2011) or regional atmospheric model (Hirsch et al., 2013). CABLE
is a key part of the Australian Community Climate Earth System Simulator (ACCESS,
see http://www.accessimulator.org.au), a fully coupled earth system science model,
currently being used as part of the Coupled Model Intercomparison Project Phase 5
(CMIP-5). The version used in this study is CABLEv1.4b.

In CABLEv1.4b (Wang et al., 2011), the one-layered, two-leaf canopy radiation mod-
ule of Wang and Leuning (1998) is used for sunlit and shaded leaves and the canopy
micro-meteorology module of Raupach (1994) is used for computing surface rough-
ness length, zero-plane displacement height, and aerodynamic resistance. The model
also consists of a surface flux module to compute the sensible and latent heat flux from
the canopy and soil, the ground heat flux, as well as net photosynthesis. A soil module
is used for the transfer of heat and water within the soil and snow, and an ecosystem
carbon module based on Dickinson et al. (1998) is used for the terrestrial carbon cycle.
A detailed description of each of the modules can be found in Kowalczyk et al. (2006)
and Wang et al. (2011).
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Albedo in CABLE is a function of the vegetation albedo, snow albedo, and the back-
ground snow-free and vegetation-free soil albedo. The parameterisation of albedo is
part of the canopy radiative transfer model. The latter accounts for direct beam and
diffuse radiation separately, and within each stream, albedo is computed separately in
the NIR and VIS wavebands as plants utilise energy differently in these two parts of the
spectrum. Appendix A provides a detailed description of the albedo parameterisation
and a schematic illustration is presented in Fig. 1.

The overall albedo of the surface (snow-free) is a function of the direct and diffuse
effective reflectances and the fraction of direct beam shortwave radiation in the NIR
and VIS wavebands (see Eq. A1 and Fig. 1). When running CABLE offline, the fraction
of direct beam shortwave radiation is computed empirically from incoming shortwave
radiation (meteorological input to the model), solar constant, julian day of year, and
solar zenith angle, following Spitters (1986). When coupled, it is provided by the atmo-
spheric radiation model. The direct and diffuse effective reflectances are a function of
the canopy reflectance and extinction coefficients for direct and diffuse radiation, the
soil reflectance, and LAI (see Egs. A2 and A3 and Fig. 1). In CABLEv1.4b, LAl is pre-
scribed as the model does not include a dynamic vegetation model or dynamic phenol-
ogy, and the soil reflectance is derived from the background snow and vegetation-free
soil albedo, which is also prescribed.

The canopy reflectance for direct radiation is a function of the direct and diffuse ex-
tinction coefficients for a black canopy and the reflectance of a homogenous canopy
with horizontal black leaves (see Eq. A4). The canopy reflectance for diffuse radia-
tion is in turn dependant on the canopy reflectance for direct radiation, and the solar
zenith angle (see Eq. A5). The extinction coefficients for direct and diffuse radiation
are a function of the corresponding extinction coefficients for a black canopy, and the
leaf transmittance and reflectance (see Eq. A6). The direct and diffuse extinction coef-
ficients for a black canopy are a function of solar zenith angle, LAI, and leaf angle (see
Egs. A7-A11). Finally, the reflectance of a horizontal homogeneous canopy with hori-
zontal black leaves is also a function of the leaf radiative properties (see Eq. A12). In
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summary, the albedo parameterisation in CABLE is reasonably complex, as illustrated
in Fig. 1. User-defined input parameters which influence albedo are the LAI, back-
ground snow and vegetation-free soil albedo, leaf angle, and the leaf transmittance
and reflectance.

While it is common to prescribe LAl and leaf physical and radiative properties in
most LSMs, several LSMs include simple parameterisations for the background snow
and vegetation-free soil albedo based on soil moisture content. Since this soil moisture-
albedo feedback has been shown to be important (e.g., Vamborg et al., 2011; Zaitchik
et al.,, 2012), we added a simple parameterisation based on soil colour and mois-
ture, originally developed for the Biosphere—Atmosphere Transfer Scheme (BATS) LSM
(Dickinson et al., 1993), and adopted by the Common Land Model (CLMv2.0) (Zeng
et al., 2002):

A = max(0.11 - 0.406,,,,0) (1)
Asoil = min(asat + A’a'dry) (2)

where ag,; and ay,, are the albedo of saturated and dry soils respectively, dependant
on the soil colour (light to dark), as shown in Table 2, and 6, is the surface volumetric
soil moisture content.

We note that the saturated and dry soil albedos in the VIS waveband as shown in
Table 2 are simply assumed to be twice those in the NIR waveband. As noted by Wang
et al. (2004), this assumption is not un-reasonable, but other studies have shown this
ratio varies geographically (Tsvetsinskaya et al., 2002).

2.2 Simulations

CABLEv1.4b was used within the NASA Land Information System (LIS-6.1) (Kumar
et al., 2006, 2008), a flexible software platform designed as a land surface modelling
and hydrological data assimilation system. A grid resolution of 0.25° x0.25° was utilised,
covering continental Australia as illustrated in Fig. 2a, showing the distribution of PFTs.
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The model was forced with the Modern Era Retrospective-analysis for Research and
Applications (MERRA) reanalysis (Rienecker et al., 2011) at 3 hourly intervals from
2001-2008 and initialised from a previous 30-year spin-up. This year range was cho-
sen as it corresponded with the availability of the remotely sensed albedo products.
The forcing variables included incoming long-wave and shortwave radiation, air temper-
ature, specific humidity, surface pressure, wind speed and precipitation. The MERRA
reanalysis was bias-corrected for precipitation using the Australian Bureau of Meteo-
rology Australian Water Availability gridded precipitation dataset (Jones et al., 2009),
following Decker et al. (2012). A monthly mean MODIS derived LAl climatology from
Yuan et al. (2011) was used for the simulations as shown in Fig. 3. Although monthly
mean values are used in the simulations, we show seasonal means in Fig. 3 to help
the interpretation of seasonal differences in albedo in Sect. 3. Monthly ambient car-
bon dioxide concentrations were prescribed using measurements from Baring Head,
New Zealand (Keeling et al., 2005). Outputs were saved every hour, for the direct and
combined (direct and diffuse) albedos, in the VIS and NIR wavebands respectively.

As discussed in Sect. 2.1, in CABLEv1.4b, the background snow-free and
vegetation-free soil albedo has to be prescribed by default. We used the MODIS de-
rived vegetation and snow-free background soil albedo data from Houldcroft et al.
(2009), shown in Fig. 2b. In this data-set, bare soil regions, as defined by the IGBP
land-use classification map (used in CABLE), are assigned the mean albedo over the
data period (October 2002 to December 2006), while partially vegetated pixels are
assigned a soil albedo derived from a linear relationship between albedo and the Nor-
malised Difference Vegetation Index (NDVI). A linear regression model is then used to
estimate the background soil albedo corresponding to zero LAI (Houldcroft et al., 2009).
This simulation was the control (CNTL) experiment. An additional simulation was also
carried out with the background snow and vegetation-free albedo parameterised as
per Eq. (2), hereafter referred to as experiment PSALB (where PSALB is referring to
Parametrized (P) Soil (S) Albedo (ALB)). The spatial distribution of soil colours for the
PSALB experiment is shown in Fig. 2c. For both the CNTL and PSALB simulations,
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leaf transmittance and reflectance properties and leaf angles were prescribed for each
PFT following previous studies using CABLE (Pitman et al., 2011; Avila et al., 2012).
Sample model namelist files for the CNTL and PSALB experiments are available online
at: https://bitbucket.org/jkala/gmd-2014-9/src.

2.3 MODIS albedo

The albedo products from MODIS have been extensively used for the purpose of
evaluating albedo from various LSMs (Oleson et al., 2003; Zhou et al., 2003; Wang
et al., 2004). In this study, we used the MODIS MCD43GF 30 arc-seconds gap-filled
snow-free albedo product (available at: http://www.umb.edu/spectralmass/terra_aqua_
modis/modis_brdf_albedo_cmg_gap_filled_snow_free_product_mcd43gf_v005). The
MCD43D product utilizes directional reflectances from both the Aqua and Terra MODIS
instruments to retrieve an appropriate surface anisotropy model and thus intrinsic mea-
sures of surface albedo (Lucht et al., 2000; Schaaf et al., 2002; Wang et al., 2004). The
MCD43 product is validated to stage-3 signifying that the high quality retrievals are
within 5 % of field measures. Additionally, a very recent field evaluation of the MCD43A
product (from which the MCD43D is derived) found root mean square errors of less
than 0.03 over over agricultural and grassland sites, and less than 0.02 over forested
sites, during dormant snow-free periods (Wang et al., 2014). Therefore to be conser-
vative, we only show differences between MODIS and simulated albedoes which are
greater than 0.05. The MCD43D product also provides data quality flags for each grid
cell, and approximately 75 % of grid-cells over the domain of interest were classified
as high-quality (flags 0 and 1), and 25 % were temporally fitted (flag 2). These tempo-
rally fitted points were mostly confined north of 20° S, i.e., the northern tropical regions
where cloud fraction is generally high.

To enable comparison with the simulations, the MODIS albedo products were inter-
polated to the grid domain used for the simulations. Following previous studies (Oleson
et al., 2003; Zhou et al., 2003; Wang et al., 2004), we compared the CABLE simu-
lated direct beam VIS and NIR albedos at local solar noon (obtained by combining
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the appropriate longitude bands from hourly outputs), to the VIS and NIR black-sky
albedos from MODIS. The MCD43 product retrieval is attempted every 8 days over 16
days of potential input. We computed means of the local solar noon direct VIS and NIR
direct-beam albedos from CABLE over the same time-interval of data availability to
enable more meaningful comparisons. The CABLE combined (direct and diffuse) VIS
and NIR albedos were compared against the MODIS blue-sky VIS and NIR albedos.
The MODIS blue-sky albedo represents both the diffuse and direct radiation and uses
MODIS aerosol optical depth (the MODO04 product) where available or 0.2 as a mean
climatology where unavailable. The blue sky-albedo used here is also valid at local so-
lar noon, and hence is compared with the CABLE combined VIS and NIR albedos at
the same time.

2.4 FLUXNET observations

While comparisons with MODIS albedo provide valuable information on CABLE’s abil-
ity to simulate albedo, the correct partitioning of the available net radiation into sensi-
ble and latent heat fluxes is equally important. We therefore compare our simulations
with available quality controlled and gap-filled FLUXNET flux-tower observations at the
Tumbarumba and Howard Springs sites shown in Fig. 2b. Data from these sites have
been previously used to evaluate LSMs over Australia (Abramowitz et al., 2008; Haverd
et al.,, 2013).

2.5 AMSR-E soil moisture

Given the dependance of the new soil albedo parameterisation on soil moisture, it is
useful to quantify the uncertainties in the simulated soil moisture. Given the lack of
in-situ soil moisture observations, we used satellite derived soil moisture from the Ad-
vanced Microwave Scanning Radiometer-Earth Observing System (AMSR-E), which
uses brightness temperatures to derive surface soil moisture. The version of the AMSR-
E data used in this study is described in Liu et al. (2009).
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3 Results

Figures 4 and 5 show the yearly and seasonal differences between CABLE and MODIS
white-sky and black-sky NIR and VIS albedo for the CNTL and PSALB experiments re-
spectively (i.e., CNTL-MODIS and PSALB-MODIS respectively) and biases and root-
mean-square-errors (RMSE) are shown in Table 3 (the RMSE and bias values are
scaled by 100 such that small differences are easier to see). The CNTL experiment
(with prescribed soil albedo), shows that CABLE simulates albedo well (Fig. 4). The
model has a systematic under-estimation of the Black-Sky NIR albedo, especially dur-
ing DJF (summer) of around 0.1 and over-estimation of the Blue-Sky VIS albedo for
all seasons between 0.05 and 0.1. This over-estimation of Blue-Sky VIS albedo is over
most of the interior continent, which has low LAI (Fig. 3). This suggests that part of
this bias may be inherited from the prescribed soil albedo used (Fig. 2b), however, the
bias is also present in the northern tropical areas which have an LAl of 2.0, and veg-
etation, rather than soil albedo, should have a larger influence. The northern tropical
regions is also where the MODIS albedo used for evaluation had higher percentages
of temporally fitted data which might also contribute to these biases.

Figure 5 shows that the implementation of the soil albedo scheme resulted in similar
errors to the CNTL experiment for the Black and Blue-Sky VIS albedos, but large errors
of up to —0.25 for the Black and Blue-Sky NIR albedos. These large errors were con-
fined to central Australia (shown by the black box in the Black Sky NIR yearly panel),
the most arid and dry part of the continent. The larger errors for the NIR as compared
to the VIS albedos can be expected as NIR albedo is generally larger in magnitude as
compared to VIS albedo. The fact that these errors are confined to the inland arid part
suggests that the physical mechanisms leading to high albedo values in desert regions
is not being adequately represented. Similar to CNTL, the PSALB experiment also
showed larger errors during DJF (summer) as compared to the other seasons, notice-
ably in the northern tropical regions (also shown by a black box in the Black Sky NIR
yearly panel). A monthly time series of the differences between PSALB and MODIS
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over the central and northern areas is illustrated in Fig. 6, showing that PSALB con-
sistently under-predicts the Black Sky NIR albedo during summer, whereas the errors
in the central arid region show little monthly variation. The CNTL experiment showed
similar consistent underestimation of Black Sky NIR albedo for the northern tropical
region, suggesting that these errors are related to the parameterisation of vegetation,
rather than soil albedo.

The soil albedo scheme implemented depends on soil colour, which is prescribed
(Fig. 2c) and soil moisture. To better understand the uncertainties in the simulated soil
moisture, we compared yearly and seasonal means of soil moisture from the CNTL ex-
periment against AMSR-E satellite estimated surface soil moisture as shown in Fig. 7.
CABLE soil moisture is generally higher as compared to AMSR-E for most of the con-
tinent. High soil moisture would result in lower simulated soil albedo and hence larger
errors as compared to MODIS. However, these errors in soil moisture alone cannot
explain the large errors of up to —0.25 in the centre of the continent. This is likely due
to the known strong dependance of desert albedo on solar zenith angle, which is not
explicitly represented in CABLE (Fig. 1).

Figure 8 shows the difference in overall albedo and surface fluxes between the
PSALB and CNTL experiments (PSALB-CNTL). The lower albedo values in central
Australia for the PSALB experiment result in an increase in net radiation of up to 45—
50Wm_2, most of which increases sensible, rather than latent heat. This is expected
for a semi-arid continent. The only noticeable change in latent heat is during the sum-
mer monsoon season (DJF) over the Northern tropical regions, when high precipitation
leads to higher available soil water. Also illustrated in Fig. 8 is a diagnostic screen
temperature showing the lower albedo and higher net radiation and sensible heat for
the PSALB experiment lead to higher temperature by up to 0.5°C. Such a change in
temperature in not negligible, and implies that the new scheme should be used with
caution.

To better understand the differences in the fluxes between the two experiments, we
compared the simulated fluxes against the flux-tower observations. This is illustrated
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in Fig. 9 showing a monthly times series of observed and simulated net radiation,
sensible heat and latent heat flux at the Howard-Springs (HS) and Tumbarumba (TB)
sites (Fig. 2b). Only the CNTL experiment is plotted as both simulations had very similar
fluxes, as they are not located in regions where the differences between the CNTL and
PSALB experiments were large. The RMSEs and biases for both simulations at both
sites is summarised in Table 4, which shows only small differences between the two
simulations. However, it is still useful to examine the performance of the model. CABLE
systematically underestimates net radiation at the HS site, but performs remarkably
well at the TB site. This may not be un-expected as the TB site experiences a temperate
climate, with a clear seasonal cycle in the observed net radiation, whereas the HS site
is close to the tropics and does not have such a clear seasonal signal. This systematic
under prediction of net radiation could not be directly explained by the errors in albedo
(Fig. 4).

4 Discussion

The CABLE land surface model prescribes background soil albedo and hence does
not allow for soil moisture-albedo feedbacks, which the literature suggests can be im-
portant. To address this issue, we implemented a simple soil albedo scheme, based on
soil moisture and colour, which has been commonly used in other LSMs. Two simula-
tions were conducted, one with prescribed soil albedo derived from MODIS, the control
(CNTL) experiment, and another with parameterised soil albedo (PSALB). The CNTL
simulation showed relatively small errors in albedo when compared to MODIS whereas
the PSALB experiment showed much larger errors especially in the VIS albedo. The
differences were up to —0.25 and mainly in central Australia. The better performance
of the CNTL as compared to PSALB is not surprising as the CNTL experiment uses
a background soil albedo which is itself derived from earlier versions of MODIS albedo
(Houldcroft et al., 2009). The large errors in the NIR albedo in the desert regions of
Australia has been found elsewhere. Wang et al. (2004) compared albedo simulations
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globally from the CLM2 LSM against MODIS and also found similar large errors in the
NIR albedo in central Australia (see Fig. 5¢ in Wang et al., 2004). Numerous other
studies have also found that the largest errors in NIR albedo from LSMs tend to be in
desert and arid regions such as the Sahara (Wei et al., 2001; Oleson et al., 2003; Zhou
et al., 2003; Wang et al., 2004). The much larger errors for the NIR as compared to the
VIS albedo as found in this study has also been reported by Wang et al. (2004). This is
due to the fact that NIR albedos over snow-free surfaces are larger in magnitude than
the VIS albedo, and hence, likely to show larger error.

Given the large errors in albedo between MODIS and LSMs, Lawrence and Chase
(2007) developed MODIS-consistent land-surface parameters, including the mapping
of PFTs, LAI, and soil color for use within the CLM3 LSM. They clearly demonstrated
that the use of the modified parameter maps improved surface albedo simulations when
compared against MODIS albedo, which in some instances, resulted in improved simu-
lations of precipitation and near-surface temperature. However the process of generat-
ing new soil colour maps involved the fitting of VIS and NIR albedos for each grid cell to
reproduce values from MODIS, and then using the model soil moisture to re-compute
corresponding soil colours. Hence, although a similar method could be applied using
CABLE, this would lead to model-specific parameter mapping of a physical soil prop-
erty for which there is no logical reason why it (soil colour) should be different across
models. In the longer term, such an approach could lead to unnecessary complexity.
Comparing the performance of models that have calibrated soil color adds a degree
of unnecessary complexity that can be avoided by using observed soil color. The use
of more accurate PFT maps however is more straight-forward, and examination of the
MODIS MOD12C1 PFT yearly classification showed that the area of barren land in cen-
tral Australia from 2001 to present is generally larger as compared to what is used for
the simulations as shown in Fig. 2a. However, running CABLE with MOD12C1 yearly
varying PFT maps (not shown) did not result in marked changes in albedo simulations
as compared to MODIS.
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The errors in albedo in central Australia are also likely due to inherent limitations
of the parameterisation in Eq. (2), which was originally developed for the BATS LSM
(Dickinson et al., 1993), adopted in CLM, and now in CABLE. Equation (2) is based
on an absolute soil moisture value and this presents issues with regards to the uni-
versal application of the scheme irrespective of LSM, as the latter vary considerably in
their treatment of soil moisture (Koster et al., 2009), as well as the processes which
influence soil moisture (Koster and Milly, 1997). Specifically, the volumetric soil mois-
ture simulated between LSMs is not transferable, rather it is a model-specific state that
reflects the integration of many processes. These can be substantially avoided if fu-
ture parameterisation are developed using soil wetness. This is a dimensionless index
defined between extremes such as zero soil water, wilting point, field capacity, and sat-
uration level, rather than soil moisture expressed as a volume of water. This issue is
well known in the LSM community and was discussed in detail by Dirmeyer (2011). An-
other limitation is the 8 generic soil colour classes used, as well as the assumption that
the ratio of the NIR to VIS albedo is exactly a factor of 2. However, Wang et al. (2005)
have shown that this ratio from MODIS data over the arid part of central Australia is
2.69.

The cause of the large differences between LSM simulated and observed albedo in
arid regions is the well established dependence of soil albedo on solar zenith angle
(Wang et al., 2005; Yang et al., 2008), and the lack of explicit physical representation of
this relationship in many LSMs. Wang et al. (2005) devised a semi-empirical scheme
to relate bare soil albedo at a single site in the Sahel to solar zenith angle, and show
improvements in albedo and surface flux simulations when applied to the NOAH land
surface model. However, their simulations were at the site-scale, and over a very short
time-frame (less than 2 months) and may not be easily applicable to regional or global
simulations over longer time-frames. Liang et al. (2005) however, developed a so called
“dynamic-statistical" parameterisation of snow-free albedo using MODIS albedo and
soil moisture from a land data assimilation system over north America. Whilst the dy-
namical part of the model represents physical dependencies on solar zenith angle and
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surface soil moisture etc., the statistical model provides parameter estimates specific
to geographic location. This scheme has been shown to significantly improve albedo
simulations in CLM over North America. A similar method could be adopted in CABLE
in the future given we have identified this as a significant limitation of the model.

5 Conclusions

Surface albedo is a key element of the surface energy balance as it determines the
amount of solar energy absorbed at the surface and re-distributed into sensible and
latent heat, which in turn drive the surface energy and water cycles. In this study, we
investigated how well CABLEv1.4b simulates albedo compared with MODIS estimates.
We also tested a new simple parameterisation for the soil albedo, which is otherwise
prescribed and held constant in time. This is an important step for the model as it en-
ables the feedback between albedo and soil moisture to be represented. Our results
show that CABLEv1.4b simulates overall albedo reasonably well when the soil albedo
is prescribed as would be expected. The new parameterisation for soil albedo based
on soil colour and soil moisture introduces large errors in the NIR albedo, especially in
desert regions. These errors cannot be completely attributed to errors in soil moisture,
or parameter uncertainties, but likely due to a lack of physical representation of zenith
angle dependance of desert albedo. Hence, future development in CABLE albedo pa-
rameterisation should focus on incorporating this dependance and the work of Liang
et al. (2005) provides a starting point in this direction. We also note that soil albedo pa-
rameterisations that use volumetric soil moisture, while entirely legitimate for the LSM
they are designed for, are not easily transferable between LSMs. We recommend that
future developments of soil albedo are based on the soil wetness, a quantity that is
more transferable between models.
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Appendix A

Parameterization of suface albedo in CABLEv1.4b

The overall albedo of the land surface (a;) is defined as:

a,=0.5 z (p(dir,j)fb +/0(dif,/)(1 =) (A1)
j=1,2

where f,, is the fraction of direct beam shortwave radiation and o 5 and o4 ;) are
the effective combined soil and canopy reflectance for direct and diffuse radiation in the
VIS (j = 1) and NIR (j = 2) spectral bands.

The effective combined canopy reflectances (o, ) and pqs ) in each band in
Eqg. (A1) are defined as:

P, ) = Pcan_dir,j) + (Ogsolil, j) = P(can_di, j)) EXP(=2K . 1 N) (A2)
P, j) = Plean_di, j) + (O(soi, j) = P(can_di, j)) EXP(=2K ¢ » N) (A3)

where P (can_ir, jy @Nd P(can_di, /) i the canopy reflectance for direct and diffuse radiation,
Psoil, ) 1S the soil reflectance, K(*diw.) and K(*dif,/) are the extinction coefficients for direct
and diffuse radiation, and A the LAI.

The canopy direct and diffuse reflectance (0(can_gir, j) @Nd P(can_dit, jy) in €ach band in

Egs. (A2) and (A3) are defined as:

2Ky Ad
p(canfdir,j) = mp(canfblack,j) ( )
Ir I
g
Olcan 1. = 2 Pian e Sin(6) os(6)0 (A5)

0
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where K, and K are the extinctions coefficient for a canopy with black leaves for di-
rect and diffuse radiation, 0(can piack, ;) iS the reflectance of a horizontally homogeneous
canopy with horizontal black leaves, and 6 is the solar zenith angle.

The extinction coefficients for a real canopy (Kj, and Ky) in Egs. (A2) and (A3) and
black canopy (Ky, and Ky;) in Egs. (A4) and (A5), are related as follows (Goudriaan
and van Laar, 1994):

1 1
K(*dir,j) = Kgir(1 - @j)§7 K(:jifyl‘) = Kgi(1 - @/)E (A6)
where ; is the scattering coefficient for each waveband is equal to the sum of the
canopy reflectance and transmittance.

The extinction coefficients for a black canopy (K, and Kg;) in Egs. (A4) and (A5) are
defined as:

G
Kqir(60) = 05(0) (A7)
1 A
Kait = _Kln [/GXD(—/(<;1ir<act(9)/1)d/1 (A8)
0

where 1 is the cumulative canopy LAI from the canopy top and G is the ratio of the
projected area of leaves in the direction perpendicular to the direction of incident solar
radiation and the actual leaf area:

G = @1 + P, cos(9), (A9)
&, = 0.5 - 1(0.633 +0.33y), (A10)
¢, =0.877(1-2¢,) (A11)

where y is an empirical parameter related to the leaf angle distribution applicable over
the range [-0.4,0.6].
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Finally, the reflectance of a horizontally homogeneous canopy with horizontal black
leaves (0(can_plack, j)) IN EQ. (A4) is defined as:

NE

~ 1-(1-w))
p(can_black,j) - 1 (A12)
1+ (1 - @/)5
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Table 1. Names of plant functional types (PFTs) and soil types shown in Fig. 2a.

PFT PFT
number

Evergreen Needleleaf
Evergreen Broadleaf
Deciduous Needleleaf
Deciduous Broadleaf
Mixed Forest

Closed Shrublands
Open Shrublands
Woody Savannas
Savannas
Grasslands
Permanent Wetlands
Croplands

Urban and Built-up
Cropland Mosaics
Snow and Ice

Barren

PO PP _ToOCONOT AN =
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Table 2. Saturated and dry soil albedos for different soil colours (Fig. 2¢) in the VIS and NIR
wavebands.

Soil gt Qgry
Color NIR VIS NIR VIS

0.12 024 024 048
0.11 022 022 044
0.10 0.20 0.20 0.40
0.09 0.18 0.18 0.36
0.08 0.16 0.16 0.32
0.07 0.14 0.14 0.28
0.06 0.12 0.12 0.24
0.05 0.10 0.10 0.20

oONO G WN =
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Table 3. Root-mean-square error (RMSE) and bias (scaled by 100) between the CNTL and
PSALB experiments and MODIS black-sky (Black-S) and blue-sky (Blue-S) visible (VIS) and
near infra-red (NIR) albedo at the yearly and seasonal time-scale.

YEARLY DJF MAM JJA SON
RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias

CNTL

Black-S-VIS ~ 3.43 240 271 113 3.80 280 4.28 336 3.37 2.30
Black-S-NIR 7.18 -6.06 885 -7.86 7.1 -591 645 -497 672 -552
Blue-S-VIS 6.75 6.30 6.17 5.63 6.94 6.53 7.53 711  6.43 5.91
Blue-S-NIR 3.562 210 3.58 1.88 3.54 1.97 3.99 2,60 3.37 1.94

PSALB

Black-S-VIS  3.40 0.64 337 -059 3.59 0.99 3.85 1.66 3.43 0.50
Black-S-NIR 9.47 -765 1096 -9.38 944 -758 875 -6.54 9.08 -7.12
Blue-S-VIS 4.83 356 4.27 2.74 5.02 3.79 557 451 4.66 3.21
Blue-S-NIR 548 -045 556 -080 560 -0.61 561 0.15 542 -0.54

1697

Table 4. Root-mean-square error (RMSE) and bias (Wm'z) in net radiation (Rnet), sensible
heat flux (Qh), and latent heat flux (Qle) at the Howard Springs and Tumbarumba FLUXNET
stations (Fig. 2b) for the CNTL and PSALB experiment.

CNTL PSALB
Howard springs  Tumbarumba  Howard springs  Tumbarumba
Flux RMSE Bias RMSE Bias RMSE Bias RMSE Bias

Rnet 283 -20.0 153 45 307 -235 1563 4.4
Qh 26.5 5.6 248 -01 2441 2.3 248 -01
Qle 267 -139 269 -50 267 -142 269 -50
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Snow-free surface albedo
(NIR and VIS) (Eq. A1)

Fraction of direct-beam
shortwave radiation (f; term in

Direct combined effective Eq. A1, empirically determined Diffused combined
canopy and soil reflectance V\;hen offline or from effective canopy and soil
(Eq. A2) atmospheric model when reflectance (Eq. A3)

/ A\

/A

Direct canopy Dler:tcitncca:ir:)t;py ! Soil reflectance 3 : LAI : Diffuse canopy exnpn‘cf?ijj:g:fofi{em
reflectance (Eq. A4) coefficient (Eq. A6) (prescribed) | : (prescribed) 1 reflectance (Eq. A5) (Eq. A6)

S — 71

Extinction Extinction Reflectance of Leaf it
coefficient for coefficient for horizontally Solar zenith Leaf angle cal transmittance
N | " and reflectance (NIR
black canopy for black canopy for homogeneous | | angle (8 in Egs. i (prescribed) dVIS, ibed)
direct radiation diffuse radiation black canopy A5,7,9) O an » prescribe
(Eqs A7,9,10,11) (Eq. A8) (Eq.A12)

1

Fig. 1. Schematic illustration of snow-free surface albedo parameterisation in CABLE. Boxes
with dashed lines represent user-defined input parameters to the model. The boxes with solid
black lines represent the equations described in Appendix A and the boxes in solid red lines
represent terms used in the equations.
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Fig. 2. (a) Distribution of PFTs in the domain, (b) prescribed background snow-free soil albedo
from Houldcroft et al. (2009) used in the CNTL experiment, and (c) soil colours used in the
PSALB experiment. The black dots in panel (b) represent the station location of the Howard-
Springs (HS) and Tumbarumba (TB) FLUXNET sites described in Sect. 2.4. The PFTs in panel
(a) are shown in Table 1.
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Fig. 3. Seasonal mean LAI from Yuan et al. (2011) (monthly means are used in the simulations).
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Fig. 4. Mean yearly and seasonal differences between CNTL and MODIS albedo (CNTL-
MODIS) over the period 2001-2008. December-January-February (DJF) is summer, March-
April-May (MAM) is autumn, June-July-August (JJA) is winter, September-October-November
(SON) is spring.
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Fig. 5. Same as in Fig. 4, except for the PSALB experiment (PSALB-MODIS). The northern
and central boxes in the Black Sky-NIR yearly panel show the regions from which a time-series

is plotted in Fig. 6.
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Fig. 6. Monthly time series of difference between PSALB and MODIS (PSALB-MODIS) spatially
averaged over the northern and central boxes shown in the Black Sky-NIR yearly panel in Fig. 5.
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Fig. 7. Yearly and seasonal soil moisture from AMSR-E, the PSALB experiment, and difference

between PSALB and AMSR-E (PSALB-AMSR_E).
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Fig. 8. Seasonal differences in albedo, net radiation (Rnet), sensible heat (Qh), latent heat (Qle)
flux and screen level derived temperature (T2) between the PSALB and CNTL experiments

(PSALB-CNTL).
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Fig. 9. Time series of mean monthly observed (solid lines) and CNTL (dotted lines) net radiation
(blue), sensible heat flux (black), and latent heat flux (red) at (a) the Howard Springs, and (b)

Tumbarumba sites (Fig. 2b).
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