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Abstract

There is a growing need for high-resolution land surface parameters as land surface
models are being applied at increasingly higher spatial resolution offline as well as in
regional and global models. The default land surface parameters for the most recent
version of the Community Land Model (i.e. CLM 4.0) are at 0.5° or coarser resolutions,
released with the model from the National Center for Atmospheric Research (NCAR).
Plant Functional Types (PFTs), vegetation properties such as Leaf Area Index (LAl),
Stem Area Index (SAl), and non-vegetated land covers were developed using remotely-
sensed datasets retrieved in late 1990’s and the beginning of this century. In this study;,
we developed new land surface parameters for CLM 4.0, specifically PFTs, LAI, SAI
and non-vegetated land cover composition, at 0.05° resolution globally based on the
most recent MODIS land cover and improved MODIS LAI products. Compared to the
current CLM 4.0 parameters, the new parameters produced a decreased coverage by
bare soil and trees, but an increased coverage by shrub, grass, and cropland. The new
parameters result in a decrease in global seasonal LAI, with the biggest decrease in
boreal forests; however, the new parameters also show a large increase in LAl in tropi-
cal forest. Differences between the new and the current parameters are mainly caused
by changes in the sources of remotely sensed data and the representation of land
cover in the source data. The new high-resolution land surface parameters have been
used in a coupled land-atmosphere model (WRF-CLM) applied to the western US to
demonstrate their use in high-resolution modeling. Future work will include global of-
fline CLMsimulations to examine the impacts of source data resolution and subsequent
land parameter changes on simulated land surface processes.

1 Introduction

As the terrestrial component of earth system models, land models simulate land sur-
face processes that control the exchanges of water, energy and momentum between
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soil, vegetation and atmosphere. The Community Land Model (CLM) is a land model
within the Community Earth System Model (CESM), formerly known as Community
Climate System Model (CCSM) (Oleson et al., 2010). It was designed for coupling
with atmospheric models such as Community Atmosphere Model (CAM), and provides
estimation of surface albedos, upward longwave radiation, sensible heat flux, latent
heat flux, water vapor flux and surface CO, exchanges required by atmospheric mod-
els (Oleson et al., 2010). The land surface parameters in CLM are represented with a
nested subgrid hierarchy in which spatial heterogeneity of the land surface is consid-
ered for each model grid. Grid cells are composed of a different number of land units
including glacier, lake, wetland, urban and vegetated surfaces. Vegetated surfaces are
represented with composition of 15 possible Plant Functional Types (PFTs) plus bare
ground. For vegetation characteristics, leaf and stem area indices and canopy top and
bottom height parameters are described for each PFT. Soil color, soil texture and soil
organic matter density, in addition to a number of urban parameters, are required for
ground surface parameters.

CLM has been widely applied at continental and global scales to understand how
land processes and anthropogenic impact on land states affect climate and spatiotem-
poral change of the climate (e.g., Bonan et al., 2002b; Dickinson et al., 2006). In con-
tinental or global studies, CLM typically operates over a coarse spatial resolution (e.g.,
1° by 1° or bigger grid cells). Recent studies have emerged to apply CLM at the regional
scale and even at the small watershed scale (Li et al., 2011). CLM has also been used
in an initial effort as the land surface component of a regional earth system model
based on the Weather Research and Forecasting (WRF) model (Leung et al., 2006).
Regional and sub-regional applications require CLM to run at much finer spatial reso-
lution (e.g., 1-20 km grid cells) in order to better represent the effects of land surface
heterogeneity and provide climate information at the scales needed for impact assess-
ment (Leung et al., 2006). These requirements demand land surface parameters to be
provided at a resolution similar to or finer than that of the model. In the current version
of CLM (CLM 4.0) the land surface parameters are provided at 0.5° by 0.5° or coarser
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resolutions. For example, lake and wetland data were derived from Cogley’s (1991)
1° by 1° data for perennial freshwater lakes and swamps/marshes; PFT Leaf Area In-
dex (LAIl) were derived from Moderate Resolution Imaging Spectroradiometer (MODIS)
satellite data and were aggregated to a 0.5° resolution. There are limitations in using
these surface datasets to support regional-scale modeling.

In addition to the coarse spatial resolution, the CLM 4.0 land surface parameters
were generated using temporally mixed, somewhat outdated, and in some cases, not
fully validated data sources. For example, the lake and wetland data was sourced from
Global Hydrographic Data in 1991 (Cogley, 1991); PFTs fractional cover data was de-
rived using a combination of the 2001 MODIS Vegetation Continuous Field (VCF),
MODIS land cover product with unknown year (Lawrence and Chase, 2006, 2007), and
1992-1993 AVHRR Continuous Field Tree Cover Project data (Lawrence and Chase,
2007; Lawrence et al., 2011); the MODIS VCF dataset, which contains proportional
estimates of bare soil, trees and herbaceous vegetation in each pixel area, has not
been extensively validated, especially for the estimates of bare soil and herbaceous
cover (Hansen et al., 2003; Jeganathan et al., 2009; Montesano et al., 2009).

In recent years, substantial effort has been made in developing improved character-
izations of global land cover and vegetation based on MODIS imagery, or other avail-
able satellite sensor products, in order to provide accurate and continuous land pa-
rameters for land surface and climate modeling. The MODIS Collection 5 Land Cover
Type (MCD12Q1 C5) product became available in 2008 to provide an update of the
Collection 4 product (MOD12Q1 C4) (Friedl et al., 2010). This dataset consists of
five different land cover classifications including the 17-class International Geosphere-
Biosphere Programme (IGBP) classification (Loveland and Belward, 1997) and a 12-
class PFT classification produced for each year from 2000 to present at 500 m resolu-
tion (Friedl et al., 2010). Compared to MOD12Q1 C4, the C5 product yields significant
improvements in both spatial resolution (500 m for C5 and 1000 m for C4 data) and
classification accuracy (Friedl et al., 2010). The MODIS LAI product is also available
as an 8-day composite at 1000 m resolution and has been widely used in land surface

1438

GMDD
5, 1435-1481, 2012

Development of high
resolution land
surface parameters

Y. Ke et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
[R] >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/5/1435/2012/gmdd-5-1435-2012-print.pdf
http://www.geosci-model-dev-discuss.net/5/1435/2012/gmdd-5-1435-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

models. However, due to the presence of clouds, snow cover, and instrument prob-
lems, the MODIS LAI product produced considerable noise and gaps. To reduce the
noise, the current CLM 4.0 PFT LAI parameters were derived by averaging high-quality
MODIS LAI data during 2001-2003 onto coarser resolution (0.5°) grid cells, and par-
titioning the averaged LAl for each PFT. Yuan et al. (2011) presented a re-processed
global MODIS LAI product from years 2000 to 2010 using a temporal spatial filter algo-
rithm to improve the LAI data quality while preserving the spatial resolution. Compared
to the current MODIS LAl data, it significantly removed unrealistic fluctuations and
provided more accurate, spatiotemporally continuous and consistent LAl values. This
improved LAl product is currently the most spatially and temporally complete LAl data
that has been fully validated. With the most recent updated and improved land cover
and vegetation products, it is feasible to regenerate land surface parameters for CLM
4.0 — with higher resolution and better accuracy.

This study aims to develop new high-resolution global CLM 4.0 land surface pa-
rameters based on the best available MODIS land surface data, and presents an
example application of the new parameters in regional modeling using the Weather
Research and Forecasting (WRF) coupled with CLM (WRF-CLM) over the western
US at 12km resolution. Specifically, the new parameters generated include percent-
age of lake, wetland, urban and glacier, PFT fractional cover, and monthly PFT LAI
and SAl, all at 0.05° resolution. New parameters were compared against the cur-
rent CLM 4.0 parameters globally and regionally, and the PFTs were further evalu-
ated over the conterminous US (CONUS) domain using the 2006 National Land Cover
Database (NLCD) data (http://www.mrlc.gov/) and the United States Department of
Agriculture National Agriculture Statistics Service (USDA NASS) statistical report on
US crop area (http://www.nass.usda.gov/).
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2 Method

The source data that was used to generate the new high-resolution land surface param-
eters in comparison with the CLM 4.0 land surface parameters is presented in Table 1.
The method of data development is described in the following sections.

2.1 New Plant Functional Types mapping

The MCD12Q1 C5 PFT classifications for the year 2005 were directly used to deter-
mine seven PFTs including Needleleaf Evergreen trees, Needleleaf Deciduous trees,
Broadleaf Evergreen trees, Broadleaf Deciduous trees, shrub, grass and crop for each
500m pixel. The WorldClim 5arc-min (0.0833°) (Hijmans et al., 2005) climatological
global monthly surface air temperature and precipitation data was interpolated to 500 m
grids and used to further reclassify the 7 PFTs into 15 PFTs in the tropical, temperate
and boreal climate groups based on climate rules described by Bonan et al. (2002a).
Similar to Lawrence and Chase (2007), fractions of C3 and C4 grasses were mapped
based on the method presented in Still et al. (2003). Pixels with barren land and urban
areas were reassigned to the bare soil class. The bare soil and the 15 PFTs in the
500 m grids were then aggregated to 0.05° grids and the fractional cover of each PFT
was calculated.

2.2 New LAI and SAI mapping

The new PFT LAl mapping was based on the improved MODIS LAl 8-day compos-
ite product reprocessed by Yuan et al. (2011) and the 15-PFT classification described
above. First, the 1-km 8-day improved MODIS LAl for the year 2005 was used to cal-
culate a mean monthly LAl that was then interpolated to a set of 500 m grids using
Nearest Neighbour sampling method. Combined with the 15 PFTs resulted from the
reclassification of the MCD12Q1 C5 product at a 500 m resolution, monthly LAI values
for each PFT was determined. Finally, the PFT LAl was calculated by averaging LAls
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for each PFT within the 0.05° grids. It has been widely recognized that MODIS often
underestimates LAl during the winter season at high latitudes (e.g., latitude >60° N)
because of snow cover and low sun angles. To account for the underestimation, the
evergreen phenology correction was performed following Lawrence and Chase (2007)
so that LAl values of evergreen PFTs were only allowed to reach a minimum fraction of
the annual maximum PFT LAI from the MODIS improved LAI product. The maximum
PFT LAI value listed in Bonan et al. (2002a) was used to constrain the range of PFT
LAls. Monthly PFT SAl values were calculated following the same method described in
Lawrence and Chase (2007) using the monthly PFT LAI values, the PFT percentage,
and minimum PFT SAl values.

2.3 Non-vegetated land cover mapping

The distribution of global lakes was derived from the MCD12Q1 C5 IGBP classification
of water bodies using the ESRI Data and Maps landmass boundaries (www.esri.com)
to constrain water bodies to inland water only. The distribution of wetlands was derived
from the MCD12Q1 IGBP classification of permanent wetlands, glacier from classifi-
cation of snow and ice, and urban from classification of urban and built-up areas. All
500 m pixels were aggregated to 0.05° grid cells to generate the fractional cover of lake,
wetland, glacier and urban.

2.4 New parameter mapping evaluation

The new land surface parameters including PFTs and non-vegetated land fractional
cover were compared against the CLM 4.0 land surface parameters over the global
land area and three specific regions: Boreal (50° N~70°N), Amazon (80° W~30° W,
20°S~10°N), and Sahara and Arabia (20° W-60° E, 15° N-35° N). The new PFT and
non-vegetated land parameters at 0.05° resolution were aggregated to 0.5° grids to be
comparable with the current CLM 4.0 parameters. Global maps of the new and CLM
4.0 land surface parameters were generated to demonstrate the spatial similarities and
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differences between the two sets of parameters. Overall average values of percentage
of PFTs and non-vegetated land cover were also compared with the current CLM 4.0
parameters globally and regionally. The number of PFTs per grid of both the new and
current CLM 4.0 parameters were mapped and compared in order to evaluate the effect
of the higher resolution in the new parameters.

To further assess the accuracies of PFTs, PFTs from both the new and CLM 4.0 land
parameters were compared with the 2006 NLCD and the 2007 NASS crop statistical
data over CONUS. The 2006 NLCD is a 16-class land cover data over CONUS at a
spatial resolution of 30 m which was produced primarily on the classification of Landsat
Enhanced Thematic Mapper+(ETM+) circa 2006 satellite data (Fry et al., 2011). The
USDA NASS provides agriculture statistics every five years for US states and counties,
and include crop type, crop area, production, etc. (http://www.nass.usda.gov/). Consid-
ering the difference in the CLM PFT and NLCD classification scheme, the land cover
classes in the new PFT parameters, CLM 4.0 PFT parameters and the NLCD were
reclassified into five general land cover types, i.e., bare soil, trees, shrub, grass, and
crops, based on the recoding method in Table 2. Because the “bare” class in the CLM
PFT parameters was defined as any non-vegetated area including bare land and open
water, the open water areas were eliminated from the “bare” parameter using the new
and CLM 4.0 lake percentage parameter respectively for the new PFT parameters and
CLM 4.0 PFT parameters. The reclassified NLCD 30m land cover was re-projected
then aggregated to a 0.5° grid resolution. The percentages of bare soil, trees, shrub,
grass and cropland were calculated for each 0.5° grid and then compared with the
new and CLM 4.0 PFT parameters over CONUS. In our study the report on total non-
woody crop acreage in the year 2007 was used to provide a reference crop area for
comparison with the new and CLM 4.0 estimated cropland over the US

Seasonal average LAl and SAIl were calculated by combining the composition of
PFTs and monthly PFT LAl and SAl for both the new and current CLM 4.0 parameters.
Spatial and statistical comparison of LAl and SAI from both parameter sets over global
and regional land areas was performed. In addition, LAl values were also evaluated
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against the MODIS improved LAl product at the global extent. Monthly PFT LAls were
calculated for the new and current CLM 4.0 parameters by averaging LAl values for
each PFT across the Northern and Southern Hemisphere respectively. Plots of monthly
PFT LAIs were used to assess the seasonal cycles of individual PFT LAL.

2.5 Regional climate simulation

CLM has been used as the land surface model in the CCSM for global climate modeling
since CCSM 1.0 was developed in the mid-1990s. CLM has also been coupled to the
WRF model (Skamarock et al., 2008) to simulate the regional climate of the western
US (Leung et al., 2006; Jin et al., 2010; Subin et al., 2011). In the previous implemen-
tation of WRF-CLM, CLM was coupled to WRF through a subroutine call from WRF
to CLM as one of a few options for land surface modeling. Because the CLM surface
parameters were only available at 0.5° resolution, Subin et al. (2011) used various land
surface datasets developed for WRF to prescribe surface parameters for WRF-CLM.
For example, they used a fixed mapping from WRF’s 24 US Geological Survey (USGS)
land-use categories to groups of up to 4 of CLM’s 17 PFTs. Monthly LAl was prescribed
for each PFT, so LAl varied with PFT but not geographically. These approaches did not
take advantage of more detailed surface data normally prescribed in CLM for modeling
biophysical processes.

More recently, through the development of the Regional Arctic Climate System
Model (RACM) (Maslowski et al., 2011), WRF has been implemented as part of CCSM
to make use of the CCSM flux coupler for coupling earth system components. Using
RACM, we have coupled WRF with CLM using the flux coupler for exchange of surface
fluxes and atmospheric and land surface states. A simulation has been configured for
the western US at a 12 km grid resolution. To take full advantage of the high-resolution
domain, the new 0.05° resolution CLM surface parameters described above were used
to specify non-vegetated land cover, PFTs, LAI, and SAI. Soil texture were obtained
from the WRF 1 km resolution soil data derived from STATSGO. Other surface data
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including soil color and soil organic matter were derived from CLM 4.0 default data
provided by NCAR (http://www.cesm.ucar.edu/models/cesm1.0/clm/).

Since the western US WRF domain was defined using a Lambert Conformal pro-
jection with a fixed distance of 12 km between neighboring grid cells, the model grids
were shape-distorted when projected to a regular latitude-longitude geographic coordi-
nate system, which is used by the CLM land surface data. Although the existing WRF
Preprocessing System (WPS) provides several interpolation options such as nearest
neighbor, four-point bilinear, four-point simple or weighted average, the WPS is not
designed to generate land surface data for CLM. Moreover, the WPS interpolation
methods are not accurate, especially for continuous fractional data. In this study, we
developed an interpolation method to map the 0.05° CLM land surface data onto the
WRF model grids based on an area-weighted average approach. For each WRF model
grid, the method initially finds the intersecting CLM grids by determining whether one
or more corners of a CLM grid are inside the WRF model grid. Next, each of the inter-
secting CLM grids is divided into 100 x 100 subgrids with a regular latitude/longitude
interval. The total area of the subgrid whose center point is inside the WRF model
grid is calculated and its proportion to the WRF model grid area is used as a weight
for the intersecting CLM grid. The weighted average of all intersecting CLM grid at-
tributes (e.g., fractional land cover, PFTs, LAI, etc.) is assigned to the WRF model grid.

A one-year simulation was performed from 1 October 2003 — 30 September 2004,
with WREF initial and lateral boundary conditions obtained from the North American
Regional Reanalysis (NARR) at a 32km grid resolution (http://www.emc.ncep.noaa.
gov/mmb/rreanl/). The NARR soil moisture and temperature at 0Z on 1 October 2003
was re-gridded to the WRF grid bi-linearly using the WPS, and vertically interpolated
linearly to obtain CLM soil moisture and temperature profiles for model initialization.
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3 Results

From Table 1, all new parameters have a much higher spatial resolution than the current
CLM 4.0 land surface parameters. It is clear that the new parameters were consistently
derived from the latest release of the MODIS land cover product MCD12Q1 C5, while
the current CLM 4.0 parameters were derived from various data sources. In addition,
the newly developed parameters represent consistent land surface characteristics for
2005 while the source data of the current CLM 4.0 parameters were derived from
information that spans across 1991 to 2008 with no internal consistency.

3.1 New Plant Functional Type parameters

Table 3 and Fig. 1 illustrate the spatial and statistical differences between the new and
CLM 4.0 PFT parameters. Bare soil dominates the global land coverage. However,
there is a large difference in bare soil between the two datasets. For the new param-
eters, the bare soil percentage decreased to 24.7 % from 33.5% found in the CLM
4.0 parameters (Table 3); areas of change are found mainly in the high latitude ar-
eas of North America, western US, South Africa and central Australia, where the new
parameters showed significantly increased percentage of shrub coverage over bare
soil (Fig. 1a, b, Fig. 2a, b).

Figure 1c and d show similar spatial distribution of needleleaf trees in the new and
CLM 4.0 PFT parameters, except that there is greater coverage in southeast US and far
eastern Russia in CLM 4.0. Globally, both Needleleaf Evergreen Temperate trees and
Needleleaf Evergreen Boreal trees have decreased coverage in the new parameters
compared to CLM 4.0 (2.2 % compared to 3.0 %, 5.2% compared to 6.4 %, respec-
tively), but the Needleleaf Deciduous Boreal trees have increased coverage (2.3 %
compared to 1.0%). Regional statistics show that the differences are mainly in the
boreal region, which has substantially lower coverage of Needleleaf Evergreen Bo-
real trees (21.0 % compared to 29.0 %) but greater coverage of Needleleaf Decidu-
ous Boreal trees (10.6 % compared to 4.9 %) and Needleleaf Evergreen Temperate
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trees (4.0 % compared to 2.7 %). Interestingly, in the Amazon region, there are 0.4 %
Needleleaf Evergreen Temperate trees in the new data that are not found in the CLM
4.0 parameters. No needleleaf trees were found in the Sahara & Arabia region for either
set of parameters.

Broadleaf Evergreen trees are mostly distributed in the Amazon rainforest, central
Africa and Southeast Asia in both the new and CLM 4.0 PFT parameters. From Fig. 1e
and f, the new parameters have increased coverage in the areas of southern China,
Europe and western Russia, where no significant amount (less than 1 %) of Broadleaf
Evergreen trees are found in CLM 4.0 parameters. Across all lands, both Broadleaf
Evergreen Tropical trees and Broadleaf Evergreen Temperate trees have an increased
percentage in the new parameters (9.4 % compared to 8.7 % and 1.6 % compared to
1.4 %, respectively). The Amazon region had increased Broadleaf Evergreen Tropi-
cal trees (52.3 % compared to 49.8 %) but decreased Broadleaf Evergreen Temperate
trees (1.1 % compared to 1.7 %). The Boreal region had 0.4 % of Broadleaf Evergreen
Temperate trees in the new parameters while no such trees are found in CLM 4.0 pa-
rameters.

Figure 1g and h shows that the new parameters produced less spatial coverage of
Broadleaf Deciduous trees than the current CLM 4.0 parameters, with a lower percent-
age across all land in Broadleaf Deciduous Tropical trees (2.8 % compared to 5.1 %),
Broadleaf Deciduous Temperate trees (2.5 % compared to 3.3 %), and Broadleaf De-
ciduous Boreal trees (0.9 % compared to 1.2 %). Regional analysis showed that the
Amazon region has a large decrease of Broadleaf Deciduous Tropical trees (5.8 %
compared to 14.4 %) and a small decrease of Broadleaf Deciduous Temperate trees
(0.1 % compared to 0.2 %). The Boreal region has a large decrease in Broadleaf De-
ciduous Boreal trees (2.4 % compared to 3.9 %).

Large differences are found in shrub coverage between the new and CLM 4.0 pa-
rameters (Fig. 2a, b). The new parameters produced a large concentrated distribution
of shrub at the high latitude areas of North America, Mexico, South Africa and Aus-
tralia, while the CLM 4.0 parameters show much less shrub percentage over these
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same areas. Globally, the new parameters have a large increase of Broadleaf Decid-
uous Temperate shrubs (11.2 % compared to 3.8 %), Broadleaf Evergreen Temperate
shrubs (0.7 % compared to 0.1 %) and Broadleaf Deciduous Boreal shrubs (6.7 % com-
pared to 5.4 %). In the Amazon region there is a large increase of Broadleaf Deciduous
Temperate shrubs (6.5 % compared to 2.3 %) and a decrease of Broadleaf Deciduous
Boreal shrubs (0.5 % compared to 1.0 %). The Boreal region has a large increase of
Broadleaf Deciduous Boreal shrubs (39.3 % compared to 24.0 %) and an increase of
Broadleaf Evergreen Temperate (0.3 % compared to 0%) and Broadleaf Deciduous
Temperate shrubs (0.3 % compared to 0.1 %). The Sahara & Arabia region has a large
increase of Broadleaf Deciduous Temperate shrubs (9.9 % compared to 1.7 %), and an
increase of Broadleaf Evergreen Temperate shrubs (0.6 % compared to 0 %).

Global distribution of grass shows less coverage of C3 grass in the new parameters
at the high latitude areas, US Great Plains, and South Africa, but shows greater con-
centration in the Northwest US and around the fringes of Great Tibet (Fig. 2c, d). The
distribution pattern of C4 grass is similar between the new and CLM 4.0 parameters,
except there is an increased concentration of C4 grass in Brazil, Sahel, southern Africa
and northern Australia. Globally, the new parameters have a small increase of C3 Arctic
grass (3.1 % compared to 2.9 %), a decrease of C3 non-Arctic grass (6.7 % compared
to 8.2 %), and a small increase of C4 grass (8.6 % compared to 7.5 %). In the Amazon
region there is a decrease of C3 non-Arctic grass (3.0 % compared to 5.9 %) and an
increase of C4 grass (22.1 % compared to 17.1 %). In the Boreal region, both C3 Arctic
and non-Arctic grass have decreased contribution (9.1 % compared t0 9.9 % and 4.1 %
compared to 4.8 %), and C4 grass has a small increased contribution (0.1 % compared
to 0%). The Sahara & Arabia region has a decrease of C3 grass (0.4 % compared to
1.2 %), but a large increase of C4 grass (8.6 % compared to 5.8 %).

Across the globe, a considerable increase of cropland is reported in the new param-
eters (11.1 % compared to 8.5 %). The global distribution shows that the new parame-
ters have a greater concentration of crop in the Midwest US, Europe, India and eastern
China, but less crop coverage in eastern Africa. Regional analysis shows that the new
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parameters have a relatively large increase of crop in the Amazon (4.5 % compared
to 3.0 %) and Boreal (10.2 % compared to 7.0 %), and a large decrease of crop in the
Sahara & Arabia (1.8 % compared to 2.9 %).

Figure 3a, b shows the distribution of the number of PFTs within each 0.5°x0.5°
grid cell for the new and CLM 4.0 parameters. The new parameters generally produce
more PFT classes per grid or larger subgrid variability of PFTs, especially in temper-
ate climate such as the eastern US, Europe, and eastern China. However, the new
parameters have a lower number of PFTs in the higher latitude areas of the Northern
Hemisphere ( > 60° N) and semi-arid areas such Western Australia, where shrub domi-
nates in the new parameters while CLM 4.0 indicates a mix of shrub and bare soil. The
latitudinal distribution of the average number of PFTs shows a similar pattern in the
two datasets (Fig. 3c). Both parameters have high vegetation abundance at the mid-
latitude zones (40° N~60° N, 40° S~60° S), and low vegetation abundance at high lati-
tude zones (60° N~90° N, 60° S~90° S). In the low to mid-latitude zone (40° N~40°S),
both the new and CLM 4.0 parameters have a decreasing number of PFTs around the
equator, 20° N, and 30° S, and an increasing number of PFTs around 10°N and 10° S.
Except between 15°S and 35° S, the new parameters produced more average PFTs
classes in each grid than the CLM 4.0 parameters across all latitudes.

3.2 Evaluation of Plant Functional Type parameters over CONUS

From the analyses discussed above, the US is one of the regions where large differ-
ences are found in the spatial distribution of PFTs between the two datasets. To assess
the relative merits of the datasets, PFT parameters from the new and CLM 4.0 datasets
are evaluated using the 2006 NLCD data. Figure 4 shows the spatial patterns of land
cover classes from the new, CLM 4.0, and NLCD parameters. Bare soil in NLCD data
is mainly concentrated in the arid regions of western US, with some coverage scat-
tered in other parts of US (Fig. 4c¢). The new PFT parameters show a similar spatial
pattern (Fig. 4a), but CLM 4.0 significantly overestimates bare soil coverage in the mid-
western and western US and has a much lower contribution in the eastern US Over
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CONUS, the area covered by bare soil represented by CLM 4.0 is considerably higher
than both the new PFT and NLCD parameters (14.8 % compared to 2.7 % in new PFT
parameters and 2.0 % in NLCD).

The spatial coverage of trees is similar between CLM 4.0 and NLCD, with CLM 4.0
slightly overestimating trees over CONUS (31.5 % compared to 28.8 %). The new pa-
rameters have similar spatial distribution of trees in eastern and northwestern US, but
they have much less coverage in the Midwestern US, which led to an overall underes-
timation of tree percentage over CONUS (25.2 % compared to 28.8 %). Shrub distri-
bution is similar between the new PFT parameters and NLCD data: shrubs are mainly
concentrated in the southwestern US, with some coverage in the southeastern US;
however, shrubs in CLM 4.0 are limited to the western US with much lower coverage,
and no shrub (<1 %) cover found in the east. These result in a large underestimation
of shrubs over CONUS in CLM 4.0 (4.8 % compared to 21.4 %). The underestimation
has been significantly alleviated in the new parameters.

Over CONUS, the new parameters have a relatively accurate estimation of grass-
land area (28.3 % compared to 28.5 %), while the current CLM 4.0 parameters have a
slight underestimation (25.1 % compared to 28.5 %). However, the spatial distribution of
grassland is very different between the new PFT parameters and the NLCD data. While
both CLM 4.0 and NLCD have grassland distributed across CONUS, the new parame-
ters have grassland concentrated in the West with little coverage in the northern Great
Plains, Midwest, and eastern US Instead, the latter regions have a larger coverage of
crop in the new parameters, as shown in Fig. 4m, n and o. Over CONUS, both the new
and CLM 4.0 parameters overestimate crop contribution compared to NLCD (25.0 % in
new parameters and 20.5 % in CLM parameters compared to 15.5% in NLCD). How-
ever, it is likely that NLCD underestimates crop coverage since the NASS survey shows
that a crop area of 20.3 % in 2007 and 21.5 % in 2002 over CONUS (Table 4).
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3.3 New LAI and SAIl parameters

Across all land, Table 5 shows that the new parameters have large decreases in com-
bined LAI for all seasons, with the largest decrease in the months of JJA (0.93 com-
pared to 1.09) and the smallest decrease in the months of DJF (0.6 compared to 0.68).
Figure 5 shows that the decreases are mainly distributed over the high latitude areas of
the Northern Hemisphere, which is covered mostly by boreal needleleaf trees, and the
eastern US that is covered by mixed trees, grass and crops in the new parameters and
CLM 4.0 parameters. Regional analysis (Table 5) shows that the Northern Hemisphere
boreal region has large decreases in LAl in all seasons, with the largest decrease in
the summer (1.46 compared to 1.97) and smaller decrease in the other seasons (0.52
compared to 0.75 in winter, 1.1 compared to 1.34 in spring, and 0.61 compared to 0.83
in the autumn).

In contrast, the Amazon region has considerably higher LAl in all seasons in the
new parameters (Fig. 5 and Table 5), with the largest increase during the summer
season (3.49 compared to 3.09) and the smallest increase in the spring season (3.38
compared to 3.22). The Central Africa and South Asia tropical forests also have a
higher LAI during all seasons in the new parameters (Fig. 5). Sahara & Arabia regions
have similar LAl during all seasons. In the south-central region of Africa where land
cover is dominated by broadleaf deciduous trees, shrub and grass, the new parameters
have increased LAl during austral spring and summer (Fig. 5a, d), and decreased LAI
during austral autumn and winter (Fig. 5b, c).

Evaluation of the new parameters against the MODIS improved LAI product (Fig. 6)
shows that in the summer season, there are no observable differences in most land
areas except for the slightly lower LAl in the eastern US and western Europe and
higher LAl in coastal central Africa and Burma. In the months of MAM, SON, and
DJF, the new parameters have distinctly higher LAl than the MODIS improved LAl
observations in the Amazon, Central Africa and Southeast Asia, which are covered
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by evergreen tropical forests, and the high latitude areas in the Northern Hemisphere,
which includes Evergreen Boreal forest of northern North America, Europe and Russia.

Since SAIl parameters are calculated from LAl following the same method in Chase
and Lawrence (2007), it is not surprising that the new parameters have decreased SAIl
over all land during all seasons. Regional analysis shows that the boreal region has
large decrease in SAl, with the largest decrease in boreal autumn (0.55 compared to
0.80). The Amazon region has a small reduction in the months MAM and SON for SAl,
but decreased SAIl for other seasons. The Sahara & Arabia region has increased SAl
for all seasons. Spatial distribution of the differences shows a similar pattern with LAI
differences (Fig. 7). Throughout the year, the new parameters have increased SAI over
the Amazon tropical forests, but decreased SAl over high latitude Northern Hemisphere
boreal forest, and eastern US The African Savannah area has a slightly decreased DJF
SAl, but slightly increased SON SAl.

3.4 New PFT LAI Parameters in Northern and Southern Hemisphere

The phenology cycles of each PFT LAl in the Northern and Southern Hemisphere are
shown in Figs. 8 and 9, respectively. Overall there are reasonable agreements be-
tween the two datasets, showing a larger phenology cycle for needleleaf and broadleaf
deciduous boreal trees and broadleaf deciduous temperate trees compared to other
PFTs. In addition, seasonal variations in phenology are generally larger in the North-
ern Hemisphere than Southern Hemisphere and distinct shifts in the seasonal timing
are also noticeable in the PFTs, corresponding to the dominance of land mass in the
subtropical/mid-latitude versus tropical regions and the change of season in the two
hemispheres.

In the Northern Hemisphere, both the new and CLM 4.0 parameters have similar
seasonal LAl values and phenology for needleleaf evergreen temperate trees (Fig. 8a).
For needleleaf evergreen boreal trees, both parameter sets have similar LAl cycle in
terms of the growing season start and end month, but the new parameters have con-
siderably decreased LAl values compared to the CLM 4.0 parameters (1.9 compared
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to 2.1). For needleleaf deciduous boreal trees, the new parameters have similar LAI
values as the current CLM 4.0 parameters, but with an earlier and more symmetrical
growing season.

Figure 8b shows that the Broadleaf Evergreen Tropical trees have slightly lower av-
erage LAl in the new parameters (3.8 compared to 4.2), and the Broadleaf Evergreen
Temperate trees have a substantially lower LAl in the new parameters (3.1 compared
to 3.8). There is no distinct seasonality for both Broadleaf Evergreen Tropical and Tem-
perate trees in both sets of parameters.

Figure 8c shows that both sets of parameters have generally similar seasonal cycles
for Northern Hemisphere broadleaf deciduous trees. For Broadleaf Deciduous Tropical
trees, the new parameters have slightly higher maximum LAl values (2.8 compared
to 2.6) and slightly lower minimum LAl values (1.4 compared to 1.6). For Broadleaf
Deciduous Temperate trees, the new parameters have a longer growing season and
more distinct seasonal fluctuation, with noticeably higher maximum LAI values (3.1
compared to 2.7) and slightly lower minimum LAl values (0.9 compared to 1.1). Simi-
larly, the Broadleaf Deciduous Boreal trees also have more distinct seasonal fluctuation
in the new parameters, with a substantially higher maximum LAI value (3.8 compared
to 2.9). In addition, the new parameters result in an earlier growing season and more
symmetric seasonal LAl phenology for the Broadleaf Deciduous Boreal trees.

Figure 8d shows that the new parameters have similar LAl seasonal phenology and
magnitude for Broadleaf Deciduous Temperate shrubs. For Broadleaf Evergreen Tem-
perate shrub, the new parameters generate similar LAl phenology yet slightly lower
LAl values (mean LAI of 0.7 compared to 0.9). For Broadleaf Deciduous Boreal shrub,
the new parameters also have similar LAl phenology but substantially lower PFT LAl
throughout the year (mean LAl of 0.4 compared to 0.9).

Figure 8e shows that the new parameters have similar LAl phenology cycles for the
Northern Hemisphere grass PFTs. For C4 grass, the new parameters also have similar
LAl values as the CLM 4.0 parameters. For both C3 Arctic and C3 non-Arctic grass,
the new parameters generate substantially lower LAl throughout the year, with a mean
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LAI of 0.4 compared to 0.9 for C3 Arctic grass and 0.8 compared to 1.1 for C3 non-
Arctic grass. For crops, Fig. 8f shows that the new parameters have generally similar
phenology pattern but slightly greater seasonal fluctuation than CLM 4.0, with higher
maximum LAl value (1.9 compared to 1.7) and lower minimum LAl value (0.6 compared
to 0.8).

In the Southern Hemisphere, the new parameters have large differences in PFT LAl
for Needleleaf trees (Fig. 9a). Both Needleleaf Evergreen Temperate trees and Needle-
leaf Evergreen Boreal trees have a substantially lower PFT LAI throughout the year in
the new parameters, with a mean LAl value of 1.4 compared to 2.1 for the former PFT
and mean LAl value of 0.9 compared to 2.4 for the latter. Neither PFT shows a sig-
nificant phenology cycle in the new or CLM 4.0 parameters. No Needleleaf Deciduous
Boreal trees are found in the Southern Hemisphere for the CLM 4.0 parameters, but
the new parameters report a sparse coverage of Needleleaf Deciduous Boreal trees,
with 4 % distributed in the Southern Hemisphere and 96 % distributed in the Northern
Hemisphere. The Southern Hemisphere Needleleaf Deciduous Boreal trees have an
average LAl of 1.0.

For Broadleaf Evergreen, Fig. 9b shows that the new and CLM 4.0 parameters have
good agreement. For Broadleaf Deciduous, Fig. 9c shows that the new parameters
have a significantly different PFT LAI phenology cycle for the Southern Hemisphere,
with the maximum LAl occurring about two months earlier and with larger seasonal
fluctuations than the CLM 4.0 parameters. Figure 9d shows that the new parameters
generally have a lower LAl for Southern Hemisphere shrubs. For Broadleaf Evergreen
Temperate shrubs, the new parameters also had a different phenology pattern, with the
maximum LAl value in austral summer compared to September and October.

Figure 9e shows that the new parameters have lower PFT LAl values for Southern
Hemisphere grasses. For C3 Arctic grass, the new parameters produced a similar phe-
nology cycle, yet lower LAI values than the current CLM 4.0 parameters throughout
the year, with average LAl values of 0.6 compared to 0.9 in CLM 4.0 parameters. For
C3 non-Arctic grass, the new parameters show the LAI phenology cycle begins two
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months earlier, with maximum LAl in February compared to April, and slightly lower
maximum LAl values (1.4 compared to 1.6). Similarly, for C4 grass, the new parame-
ters also had an earlier (February compared to April) and slightly lower maximum LAl
(1.6 compared to 1.8). Figure 9f shows that the new parameters have different LAI
phenology for the Southern Hemisphere crops, with the new parameters peaking two
months earlier than the CLM 4.0 parameters (February compared to April) with smaller
seasonal fluctuation.

3.5 Non-vegetated parameters

Over all land, the new parameters have significantly increased coverage of lake com-
pared to the current CLM 4.0 parameters (1.4 % compared to 0.52 %). Figure 10a,
b shows that the large increases are mainly distributed in the regions of Canadian
Shield, Scandinavia, Siberia, and Tibet plateau. The contribution from wetland also
has distinct increase in the new parameters (1.0 % compared to 0.25 %). Likewise, the
wetland areas represented in the new parameters are mainly distributed in Canadian
Shield, Scandinavia, west Siberia regions, and south America and central Africa also
have increased contribution from wetland (Fig. 10c, d).

The new parameters reduce urban area (0.44 % compared to 0.64 %) over all land,
and Fig. 10e, f shows significant decrease over India and eastern China. There is
a slight increase in urban area over the US and southeast Brazil. Glacier increases
slightly in the new parameters over the tundra area of Canada and Russia, and the
Tibet plateau.

3.6 Surface climate over western US

A one-year simulation is not long enough to allow CLM to be spun up to simulate realis-
tic land surface conditions for the simulation period. Nevertheless, to demonstrate how
high-resolution surface parameters could be used to support regional climate model-
ing, simulated surface albedo and surface fluxes are plotted to provide some indications
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of the impacts of grid resolution in simulating land-atmosphere interactions. Figure 11
shows the simulated surface albedo and sensible and latent heat fluxes for the sum-
mer (June-July-August) after eight months of simulation. Spatial variability of surface
albedo shows important features arising from mountain snowpack over the Central
and Northern Rocky Mountain and at the higher latitudes. Surface albedo is generally
rather uniform elsewhere, but lower albedo values corresponding to the forest along
the Coastal Range, Cascades, and Sierra Nevada of Washington and California are
clearly shown, as well as higher albedo values corresponding to the bare soil seen in
the high resolution data displayed in Fig. 4a. Sensible and latent heat fluxes are dom-
inated by spatial variability associated with topography and mountain snowpack. Nev-
ertheless, some spatial variability can be identified that corresponds with fine spatial
features of vegetation that influence sensible and latent heat fluxes, e.g., lower Bowen
ratio at North Dakota, South Dakota, Nebraska, Kansas, Oklahoma where grass were
dominated (Fig. 11d). However, we also noted some jagged patterns in the latent heat
flux (e.g., in western Montana) due to the coarse resolution soil texture data used in the
simulation. This shows the sensitivity of surface heat fluxes to different surface param-
eters and highlights the importance of developing a consistent high-resolution dataset
for all the vegetation and soil parameters for high-resolution land surface modeling.

4 Discussion

A new set of CLM land surface parameters has been generated consistently from the
latest version of MODIS land cover product (MCD12Q1 C5) and an improved MODIS
LAl product in the year 2005. The MCD12Q1 C5 has been evaluated systematically and
demonstrated to have an overall accuracy of over 75 % (Friedl et al., 2010), meaning
that on average 75 % of the land area were correctly classified, while the data sources
of the current CLM 4.0 parameters have varying degrees of quality, with some having
no quality assessment. For example, MODIS VCF product did not have sufficient vali-
dation of bare soil/herbaceous coverage and the existing validations of tree cover data
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reported various qualities across biomes (Hassen et al., 2003; Montesano et al., 2009;
White et al., 2005; Jeganathan et al., 2009). Furthermore, the current CLM 4.0 param-
eters were derived from various datasets spanning 1991 to 2008. Due to the higher
resolution of the source data, the new parameters have been derived for a resolution
of 0.05°, while the current CLM 4.0 parameters have much coarser resolution of 0.5°.
Our analysis also shows that the new parameters could resolve more PFTs within each
grid due to the higher resolution of the MCD12Q1 C5 product. The high-resolution new
parameters enable model simulation at finer model grids than typical CLM simulations
performed in the past, and thus enable regional analysis of land surface processes and
their impacts on climate variability and change.

For vegetated surfaces, the new parameters produced much different global distribu-
tion of PFTs compared to the CLM 4.0 parameters, with the largest decrease in bare
soil and increase in shrub coverage. Evaluation over CONUS shows that the shrub
lands and bare soil estimated by new parameters are more accurate when NLCD is
used as reference. This could be partially attributed to different land cover representa-
tions in land cover classification product and vegetation continuous field product. Both
MCD12Q1 and NLCD data classified pixels (500 m in MCD12Q1 and 30m in NLCD)
into dominant land cover types (e.g., NLCD defined “barren land” as area that has at
least 85 % non-vegetated coverage), while MODIS VCF estimated the composition of
bare soil, trees, and herbaceous within each pixel. Although the MODIS VCF seems to
be able to produce more realistic estimation of the fraction of each PFT within grid cells,
the bare soil fraction has not been validated. Previous study showed that VCF under-
estimate tree cover, i.e., overestimate the bare ground in south western US (White et
al., 2005). This is consistent with our findings using NLCD. Our evaluation shows that
the MODIS VCF has considerable overestimation of bare soil, even if only land with
over 85 % of bare soil is considered (3.5 % compared to 2.0 % in Table 3).

The new parameters decrease Needleleaf Evergreen trees and increase Needleleaf
Deciduous trees over all land. This pattern is mainly found in the boreal region. Inter-
estingly, in the Amazon region the current CLM 4.0 parameters reported no Needleleaf
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trees while the new parameters have some coverage (0.1-0.4 %) in the Andes Moun-
tains and Brazilian Shield. This confirms that the new parameters have capability of
resolving more PFTs within each 0.5°x0.5° grid cell.

The new parameters have slightly increased coverage of Broadleaf Evergreen trees
over all land. This change is largely caused by the difference in MCD12Q1 land cover
used by the new parameters and the AVHRR continuous fields data that was used for
disaggregating the fraction of trees into Needleleaf and Broadleaf, as well as Evergreen
and Deciduous component.

The new parameters have considerable decrease in Broadleaf Deciduous trees over
all land. The largest decrease is found in the Amazon region, where the decrease
is replaced by the increase in shrub and grass percentage in Brazil Shield. The new
parameters have decreased the percentage of Broadleaf Deciduous Boreal trees but
slightly increased Broadleaf Deciduous Temperate trees. This can be caused by the
differences and increased resolution in climate data, i.e., WorldClim (Hijmans et al.,
2005) compared to Willmott and Matsuura Climate (Willmott and Matsuura, 1999) used
to generate CLM 4.0 parameters.

For global grass PFTs, the new parameters have overall increased estimation, with
decreased coverage of C3 grass and increased coverage of C4 grass. This pattern
can be found clearly in the Amazon region and Sahara & Arabia Region, which can
be caused by increased representation of grass in MCD12Q1 compared to the MODIS
VCF product and the difference in climate data used for the two sets of parameters.

Overall, in the new parameters the global land had decreased contribution from bare
soil and tree PFTs, but increased contribution from shrub, grass and crop. This pattern
is also found over CONUS. Evaluation using finer resolution NLCD over CONUS shows
that the new parameters produce more accurate estimation of bare soil, grass and
shrub land coverage when compared to NLCD. However, as aforementioned it can
also be explained by the fact that the MCD12Q1 data and NLCD are both discrete land
cover classification and have similar definition of the classes. For grass land, the new
parameters generate less accurate spatial representation. The dominant grass areas
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in the western US are represented as a mixture of trees, shrubs and grass in NLCD,
which reveals the potential problem of using discrete classification scheme. Although
studies existed to partition the land cover classes in MCD12Q1 into mixture of PFTs,
the composition of each PFTs in the grids are usually assigned artificially (Poulter et
al., 2011).

Both new and CLM 4.0 parameters have large increase of cropland compared to
NLCD. However, it seems that NLCD tends to underestimate US crop land area. If
compared with USDA NASS statistics, the new parameters have significant overesti-
mation of crop land. The overestimation is mainly distributed over Midwest US, where
both CLM 4.0 and NLCD show considerable percentage of grass. This indicates that
MCD12Q1 might have poor performance in identifying crop from grass.

The new parameters have an overall decrease of combined LAl for all seasons and
large discrepancy in spatial distribution of combined LAl compared to the CLM 4.0
parameters, especially in tropical and boreal regions. In tropical region, the new pa-
rameters produce substantially higher LAl values for all seasons, while in high latitude
Northern Hemisphere the new parameters have substantially lower LAl values. This
reflects the large change made in the improved LAl product compared to the original
MODIS LAI product (MOD15A2 C4) used by CLM 4.0 parameters. First, the improved
LAI product is based on the latest release of MODIS LAI (MOD15A2 C5) rather than
MOD15A2 C4 which has overestimation in global LAI reported by many studies (Fang
and Liang, 2005, Garrigues et al., 2008, Lacaze et al., 2008, Hill et al., 2006, Pisek
and Chen, 2007 and Weiss et al., 2007). Second, the PFT LAI in CLM 4.0 parame-
ters is calculated from the three-year monthly mean LAI. Yuan et al. (2011) pointed out
that the multi-year mean monthly LAl tend to underestimate the real LAl value in the
tropical region because of the large fluctuation of LAl time-series due to frequent cloud
cover. The improved LAl product used the latest release of MODIS LAI (MOD15A2 C5)
that adopted temporal spatial filter to avoid this problem and yielded more accurate LAl
estimation validated using observation data. However, MOD15A2 C5 was reported to
have underestimation of needleleaf LAl (De Kauwe et al., 2011), which explained that
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the new parameters have decreased combined LAl in the Northern Hemisphere boreal
region. Since the combined LAI analysis is also influenced by the PFT fraction, the
increased broadleaf trees in the tropical forest and decreased Needleleaf trees in the
boreal region also contributed to the higher combined LAl in tropical and lower LAI in
boreal region.

The new parameters have generally good agreement with MODIS JJA LAl globally
except for some temperate and tropical regions. The differences can be attributed to
the adjustment of maximum and minimum PFT LAl based on the method in Bonan et
al. (2002). Likewise, the increase of tropical and boreal LAl in tropical and boreal region
during DJF, MAM, and SON seasons may also have resulted from the adjustment for
Evergreen trees LA, which confines the lower limit of LAl to be the fraction of maximum
monthly LAI. This also indicates that MODIS LAI data need to be improved in the higher
latitude area to alleviate the underestimation of LAl caused by snow contamination in
cold seasons.

The new parameters adopt the same method of SAl mapping as Lawrence and
Chase (2007), which was based on the combination of PFT LAl and SAI phenology.
Thus the differences between SAIl in the new parameters and SAl in the CLM 4.0 pa-
rameters have similar spatial distribution as LAl differences.

The individual PFT LAl analysis shows the differences between the new parameters
and CLM 4.0 parameters in terms of the LAl phenology cycle for each PFT. Overall,
the new parameters have similar or lower average LAl for all PFTs in both northern and
Southern Hemisphere except the Broadleaf Evergreen trees in Southern Hemisphere
and Broadleaf Deciduous trees in both northern and Southern Hemisphere. In addi-
tion, the Broadleaf Deciduous Temperate and Boreal trees have greater LAl phenology
fluctuation with higher maximum LAI and lower minimum LAIl. In the Southern Hemi-
sphere, the new parameters have better representation of phenology cycle, with LAI
reaching maximum in austral summer and minimum in austral winter.

The new non-vegetated land cover parameters at 0.05° resolution were aggregated
to 0.5° for comparison with the CLM 4.0 parameters. The new parameters produced
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slightly increased glacier coverage and substantially increased lake and wetland cov-
erage. It is believed that the lake coverage estimated by the new parameters is more
realistic since MCD12Q1 500 m product has over 95 % of accuracy in open water iden-
tification (Friedl et al., 2010) while the CLM 4.0 lake percentage is based on outdated
freshwater map at resolution of 1°. There is a considerable decrease in urban area in
the new parameters. This can be explained by the fact that the new urban parameter
is based on MCD12Q1, which identifies buildings and man-made structures as urban
area while the CLM 4.0 parameters used LandScan population data to estimate urban
area.

The simulation of CLM using the new land surface parameters over western US
showed finer scale features on top of the dominant topographic patterns corresponding
to the high-resolution surface parameters. The global high-resolution parameters can
be used in high-resolution offline and coupled modeling globally to support different
scientific investigations or development of high-resolution data assimilation products.

5 Conclusions

In this study we developed high-resolution global land surface data for the Community
Land Model that enables the model to simulate detailed land surface processes at
regional scale. Compared to the current CLM 4.0 parameters, the new land surface
parameters not only with have much higher resolution but they are also generated
consistently from the latest MODIS land cover MCD12Q1 C5 and improved MODIS
LAI product which have been systematically validated.

Our analysis shows that the new parameters generally identify more PFTs per grid
than the current CLM 4.0 parameters due to the higher spatial resolution of MODIS
land cover products. Over global land, the new parameters have decreased contribu-
tion from bare soil and trees, but increased contribution from grass, shrub and crop.
The differences can be attributed to the change in source data and also partly to the
discrete classification scheme used in MCD12Q1. Potential improvement can be made
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by estimating fraction of PFTs within each MCD12Q1 grid cell based on both dominant
classes provided by MCD12Q1 and supporting remotely sensed data such as vegeta-
tion indices or vegetation vertical structure from Light Detection and Ranging (LiDAR)
data.

Compared to the current CLM 4.0 parameters, the new parameters have increased
LAl and SAl in tropical region while decreased LAl and SAl in boreal region. The com-
bined LAI in the new parameters are close to the improved MODIS LAl in JJA, while
higher than the observed LAI in the Northern Hemisphere boreal region during other
seasons due to the adjustment for evergreen trees. This suggests that MODIS may be
improved in the cold season to alleviate snow contamination.

The new parameters provide higher resolution non-vegetated land cover, and more
realistic land water representation. Our regional climate simulation based on the new
parameters over Western US show that the finer scale land surface datasets improve
the resolution of model surface heat fluxes, which highlights the importance of develop-
ing high-resolution datasets for land surface modeling. Future work will include global
tests of CLM in order to examine the impact of the land parameter change on simulated
land surface processes.
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Table 1. Properties of new and CLM 4.0 land surface data.

GMDD
5, 1435-1481, 2012

Surface data Resolution  Source data Source date
New CLM4.0 New CLM 4.0 New CLM 4.0
Glacier 0.05° 05° MCD12Q1 IGBP DISCover 2005 2000
PFT classification
Lake 0.05° 05° MCD12Q1 1° by 1° global 2005 1991
PFT classification, perennial freshwater lakes
ESRI landmass and swamps/marshes
boundaries
Wetland 0.05° 05° MCD12Q1 IGBP 1° by 1° global 2005 1991
classification perennial freshwater lakes
and swamps/marshes
Urban 0.05° 05° MCD12Q1 PFT LandScan population density 2005 2004
classification dataset
PFTs 0.05° 0.5° MCD12Q1 PFT AVHRR continuous fields , 2005 Mixed years from
classification, MODIS vegetation continuous 1993 to 2008
WorldClim climate  fields Willmott and Matsuura
Climate, global agriculture land
based on Ramankutty, 2008
LAland SAI  0.05° 0.5° Continuous LAI MCD15A2 2005 2001-2003

improved from
MOD15A1
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Table 2. Reclassification of new, CLM4.0 PFT parameters and NLCD land cover classes.

GMDD
5, 1435-1481, 2012

CLM PFTs

NLCD Land-Cover Classes

Generalized land
cover classes

Development of high
resolution land
surface parameters

Needleleaf Evergreen Temperate trees; Needleleaf
Evergreen Boreal trees; Needleleaf Deciduous Boreal
trees; Broadleaf Evergreen Tropical trees; Braodleaf
Evergreen Temperate trees; Broadleaf Deciduous
Tropical trees; Broadleaf Deciduous Boreal trees

Broadleaf Evergreen Temperate shrubs; Braodleaf
Deciduous Temperate shrubs; Broadleaf Deciduous
Boreal shrubs

C3 Arctic grass; C3 non-Arctic grass, C4 grass

Crop

Bare soil excluding open water in CLM surface
parameter

Evergreen forest; Deciduous forest;
Mixed forest; Woody wetland

Dwarf Scrub; Shrub/Scrub

Grassland/Herbaceous; Pasture/Hay;

Developed, open space; Developed,

low intensity; Herbaceous wetland
Cultivated crops
Barren land; Developed, medium

Intensity; Developed, high intensity;
Perrennial Ice/Snow

Tree

Shrub

Grass

Crop

Bare ground

1466

Y. Ke et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
[R] >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/5/1435/2012/gmdd-5-1435-2012-print.pdf
http://www.geosci-model-dev-discuss.net/5/1435/2012/gmdd-5-1435-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

GMDD
5, 1435-1481, 2012

Table 3. Average global and regional PFT composition®.
Development of high
PFT All land Amazon Boreal Sahara & Arabia resolution land

CLM 4.0 New (Diffy CLM 4.0 New (Diffy CLM 4.0 New (Diffy CLM 4.0 New (Diff) surface parameters
Bare 335 24.7(-9.2) 38 24(-1.4) 12.0 6.1 (-5.9) 87.8 78.3(-9.5)
Ndl Evg Tmp 30 22(-08) 00 04 (+0.4) 27 40 (+1 3) 0.1 0.0 (-) Y. Ke et al.
NdI Evg Borl 6.4 5.2(-1.2) 0.0 0.2(+0.2) 29.0 21.0(-8.0) 0.0 0.0 (-)
NdI Dec Borl 1.0 2.3(+1.3) 0.0 0.1(+0.1) 4.9 10.6 (+5. 8) 0.0 0.0 (-)
Brd Evg Trop 8.7 9.4 (+0.7) 49.8 52.3(+2.5) 0.0 0.0 (-) 0.0 0.0 (-)
Brd Evg Tmp 1.4 1.6(+0.2) 1.7 1.1(-0.6) 0.0 0.4 (+0.4) 0.0 0.0 (-) Title Page
Brd Dec Trop 51 2.8(-2.3) 144 5.8(-8.6) 0.0 0.0 (-) 0.4 0.4 (-)
Brd Dec Tmp 3.3 2.5 (—08) 0.2 0.1 (—01) 1.7 1.8 (+0 1) 0.0 0.0 (—) Abstract Introduction
Brd Dec Borl 1.2 0.9(-0.3) 0.0 0.0 (-) 3.9 2 4( 1.5) 0.0 0.0 (-)
Shr Evg Tmp 0.1 0.7 (+0.6) 0.0 0.1(+0.1) 0.0 3(+0.3) 0.0 0.6 (+0.6) )
Shr Dec Tmp 38 11.2(+7.4) 23 6.5 (+4.2) 0.1 o 3(+0.2) 1.7 9.9(+8.2) COTENEETS Y [FEEEEEE
Shr Dec Borl 54 6.7 (+1.3) 1.0 0.5(-0.5) 240 39.3(+15.3) 0.0 0.0 (-) :
Grs C3 Arctic 29 3.1(+0.2) 0.6 0.8(+0.2) 9.9 9 1 (-0.8) 0.0 0.0 (-) Tables Figures
Grs C3 82 6.7(-1.5) 59 3.0(-2.9) 4.8 1(-0.7) 1.2 0.4(-0.8)
Grs C4 75 86 (+1.1) 171 221 (+4.4) 0.0 0 1 (+0 1) 5.8 8.6 (+3.8)
Crop 85 11.1(+2.6) 3.0 45(+1.5) 7.0 10.2(+3.2) 29 1.8(-1.1) 1< d
@ Differences between new parameters and CLM 4.0 parameters are shown in brackets, with a dash indicating no < IS
change. Abbreviation: Ndl Evg Tmp = Needleleaf Evergreen Temperate trees; Ndl Evg Borl = Needleleaf Evergreen
Boreal trees; NdI Dec Borl = Needleleaf Deciduous Boreal trees; Brd Evg Trop=Broadleaf Evergreen Tropical trees; Bral Clssa

Brd Evg Tmp=Broadleaf Evergreen Temperate trees; Brd Dec Trop = Broadleaf Deciduous Tropical trees; Brd Dec
Tmp=Broadleaf Deciduous Temperate trees; Brd Dec Borl = Broadleaf Deciduous Boreal trees; Shr Evg

Tmp = Broadleaf Evergreen Temperate shrubs; Shr Dec Tmp = Broadleaf Deciduous Temperate shrubs; Shr Dec
Borl = Broadleaf Deciduous Boreal shrubs; Grs C3 Arctic = C3 Arctic grass; Grs C3 = C3 non-Arctic grass; Grs

C4 =C4 grass.
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Table 4. Percentage of land cover types for new, CLM4 and reference data over CONUS.

Data Trees Shrub grassland Cropland Bare soil

CLM 4.0 315 438 25.1 20.5 14.8 Over 85%
of bare soil: 3.5

New 252 148 283 25.0 2.7

NLCD 288 214 285 15.5 2.0

USDA NASS NA NA NA Year 2007: 20.3 NA

Year 2002: 21.7
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Table 5. Average global and regional seasonal LAl and SAl for new and CLM 4.0 parameters.

GMDD
5, 1435-1481, 2012

Development of high
resolution land
surface parameters

Y. Ke et al.

Season

Gilobal

Boreal

New (Diff)

New

LAI

DJF
MAM
JJA
SON

0.60 (~0.08)
0.80 (~0.12)
0.93 (-0.15)
0.63 (-0.10)

0.52 (-0.23)
1.10 (~0.25)
1.46 (-0.51)
0.61 (-0.22)

SAl

DJF
MAM
JJA
SON

0.22 (-0.06)
0.24 (-0.05)
0.29 (-0.04)
0.30 (-0.09)

0.40 (=0.12)
0.39 (-0.13)
0.64 (-0.07)
0.55 (~0.25)
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Table 6. Average global non—vegetated land cover composition.

Land Cover CLM 4.0 New Diff
Lake 0.52 1.4 0.88
Wetland 0.25 1.0 0.75
Urban 0.64 044 -0.2
Glacier 104 10.6 0.2
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Fig. 1. Global distribution of bare soil, needleleaf trees, broadleaf evergreen trees and broadleaf
deciduous trees for new and CLM 4.0 PFT parameters.
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Fig. 2. Global distribution of shrub, C3 grass, C4 grass and crop for new and CLM 4.0 PFT
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Fig. 3. (a) and (b): Global distribution of number of PFTs; (c) Latitude distribution of average
number of PFTs.
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(2) New bare soil

(b) CLM 4.0 bare soil

(c) NLCD bare soil
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Fig. 4. Distribution of bare soil, shrub, grassland and crop over CONUS for new parameters,

CLM 4.0 parameters and NLCD.
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Fig. 5. Differences in seasonal LAl between new and CLM 4.0 parameters.
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Fig. 8. Northern Hemisphere PFT LAl for new and CLM 4.0 parameters. The abbreviations of
PFTs are same as in Table 3.
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PFTs are same as in Table 3.
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Fig. 10. Global distribution of non-vegetated land cover for new and CLM 4.0 parameters. Interactive Discussion
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