Journal of Visualization manuscript No.
(will be inserted by the editor)

User-Defined Feature Comparison for Vector Field Ensembles
Richen Liu · Hanqi Guo · Xiaoru Yuan

Received: date / Accepted: date

Abstract Most of the existing approaches to visualize the vector field ensembles are to reveal the uncertainty of individual variables, for example, statistics, variability etc. However, the user-defined derived feature like vortex or air mass
is also quite significant, since they make more sense to domain scientists. In this paper, we present a new framework
to extract user-defined derived features from different simulation runs. Specially, we use a detail-to-overview searching
scheme to help extract vortex with a user-defined shape. We further compute the geometry information including the
size, the geo-spatial location of the extracted vortexes, and we also design some linked views to compare them between
different runs. At last, the temporal information such as the occurrence time of the feature is further estimated and
compared. Results show that our method is capable of extracting the features across different runs and comparing them
spatially and temporally.
Keywords Ensemble visualization · Comparative visualization · User-defined feature

1 Introduction
Ensemble data are generated by different runs simulated by varied models or under different parameter constraints of
the same simulation model. The analysis of ensemble data is of great importance to simulation science applications
such as operational weather forecast, computational fluid dynamics, climate change analysis, etc. Most of the existing
approaches to analyze the vector field ensembles mainly focus on the analysis of uncertainty in different simulation
runs. The uncertainty can often be quantified by statistics of variables, e.g. the expectation, the variance, the quartile,
the confidence interval etc. All of these variables can be directly computed from the scalar field or the vector field
of the ensembles. We call these features as low level feature in this paper since they can be computed directly from
the ensemble data. Nevertheless, domain scientists often prefer the derived feature to the individual variables in many
scenarios. The derived feature can not be computed directly from the data, it need to extract from the original data firstly.
For example, vortexes or air masses in climate study are derived features. We can not obtain them from the ensemble
vector fields straightly. These derived features often make more sense than the individual variables, because they closely
involve with the characteristic of simulation.
Specifically, we are interested in vortex in this paper, since it is a significant feature of climate research. The climate
scientists require to study the location, size and duration time of vortexes between different simulation runs to analyze the
atmospheric circulation. The changes of the atmospheric circulation are important indicators of climate change and are
likely to have profound influences on ecosystems and societies ( Reichler (2009)). Winds associated with the atmospheric
circulation lead to transports of heat and moisture from remote areas, and thereby modify the local characteristics of
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climate in important ways. Therefore, vortex can better reveal the characteristic of the ensemble simulations compared
with individual variables.
In many scientific data visualization system, intuitive interaction can largely help the scientists explore the data, e.g.,
the interaction system ( Liu et al (2014)) on seismic data exploration. Similarly, the intuitive explorations can largely
help scientists define the target vortex they are interested in. Sketching is an intuitive and convenient way to enable the
user to define the vortex they want. However, sketching is often restricted in a 2D space. It works well when the data
is only 2D. When it comes to a 3D case, one alternative method is to project the 3D curves into 2D and match them
in 2D space. However, that will decrease the accuracy significantly due to the projection. In this paper, we introduce a
detail-to-overview approach to search vortex in ensemble fields, which use sketch (2D) to filter vortexes, and select one
vortex (3D) as template to find all the potential vortexes.
There are two main contributions of this paper. First, we propose a framework to compare the user-defined derived
feature in ensemble data. Compared with the traditional uncertainty visualization targeting to individual variables, the
derived features makes more sense according to the domain knowledge. Because the presence of a vortex in a simulation
run is an important indicator of climate change, which are likely to have profound influences on ecosystems and societies.
Second, we take vortex as an example, and introduce a detail-to-overview approach to search vortex in ensemble vector
fields.
Compared with the previous conference version of our work ( Liu et al (2015)), this paper has some new functionalities and new designs according to some feedbacks. First, the average velocity of each vortex is computed and visualized
in the matrix view. Second, we have re-designed the final visualization. For example, in the small multiples view, the
whole design is changed. It is easier to find main trends and outliers of geometry location and geometry shapes. The
aspect ratio of the vortex along two major directions is computed and visualized. In the matrix view, the color of each
grid cell is encoded as the average velocity of the extracted vortex. And at last, there are more interesting cases found
by this upgraded system.

2 Related Work
In this section, we survey the related works on uncertainty visualization in ensemble data and vortex region detection,
respectively.

2.1 Uncertainty Visualization in Ensemble Data
Visualizing vector field ensembles is a key step in many simulation science applications, such as climate change analysis,
operational weather forecast, computational fluid dynamics, etc. The visualization of ensemble pathlines advected in the
ensemble vector fields can reveal the characteristic feature of the simulation. It can help to improve the simulation model,
achieve an optimized parameter configuration and the boundary conditions of the simulation. Obermaier and Joy (2014)
have reviewed the few existing literatures. They have summarized some challenges on ensemble data visualization.
Guo et al (2013) propose a parallel computation framework to compute the uncertainty between ensemble pathlines.
Furthermore, Liu et al (2016) propose a longest common subsequence (LCSS)-based vector field ensemble measure
approach. They trace the ensemble pathlines and compute the distance between ensemble pathlines to measure the
distance between vector fields. Their method is more robust to outlier, data missing, and resampling time step, compared
with the tradition methods. The uncertainty is measured by the point-wise distances across different simulation runs. To
quantify the linearized deformation presented in Lagrangian neighbourhood for each fixed locations in ensemble field, a
PCA-based method ( Hummel et al (2013)) was designed for Computational Fluid Dynamics simulations. This method
can evaluate both individual and joint transport variance to reveal the characteristics of the ensembles.
Most high values of joint variance are expected in regions with strongly varying transport behavior across ensemble
runs. In order to reveal the group trends and outlier runs in ensemble members, a new method named Contour Boxplot
( Whitaker et al (2013)) is proposed to summarize the 2D line bands by point-wise positions. The line bands are designed
to reveal the uncertainty and potential outlier in a 2D simulation data. Inspired by Contour Boxplot, another tool named
Curve Boxplot ( Mirzargar et al (2014)) has been proposed to extend to 3D environment or even higher dimensions.
The Curve Boxplot focuses on revealing the variability present in ensemble pathlines. Theoretically, both approaches
leverage a mathematical notion named data depth, which can assist to reveal how central or how deep a pathline instance
is within the distribution of ensemble members. If observation data are available, the predictive uncertainty ( Gosink
et al (2013)) can also be computed. It can assist to reveal the outliers across simulation runs.
The uncertainty across different ensemble runs can illustrate the characteristic features of ensemble data, which can
be quantified by standard deviation, inter-quartile range, width of 95% confidence interval etc ( Sanyal et al (2010)).
Standard deviation and inter-quartile range are routinely used for illustrating the uncertainty of specified data attributes
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such as temperature, pressure, wind velocity and wind direction in ensemble data, especially for operational weather
forecasting data. Most of feature-based ensemble visualization works employ either novel or classic visualization
metaphors to show the uncertainty in the data from numerical ensemble models. For example, the vector glyph was
designed and developed to visualize uncertainty in winds and ocean currents ( Wittenbrink et al (1996)). The classic
visualization technique named contouring is first extended to uncertainty visualization by Osorio and Brodlie (2008). A
tool named Noodles ( Sanyal et al (2010)) is carefully designed to visualize the uncertainty information and data distribution by spaghetti plots. They also use a graduated ribbon to illustrate the uncertainty of perturbation. To reveal mean
and standard deviation, Potter et al (2009) use isocontours to implicitly show the correlations of variables. Additionally,
many works ( Smith et al (2006); Sisneros et al (2013); Demir et al (2014)) use clustering methods to extract the ensemble feature in scalar fields. An approach called Clustered Ensemble Averaging ( Smith et al (2006)) was developed to
cluster the simulation data in attribute space. Histogram clustering algorithm is employed in a tool called Multi-Charts
( Demir et al (2014)). It helps the scientists effectively discover the uncertainties, correlations and reliable trends in
ensemble fields.
There have been several visual analytic methods which were designed to analyze and optimize the parameters of
a given simulation model. For example, a visual analytic approach ( Matkovic et al (2014)) was proposed recently to
directly compare the parameters of the simulation model. They used scatter plots and parallel coordinates to compare the
relationship between the original simulation parameters and the corresponding optimized values. Another comparative
visual analytic system ( Kothur et al (2014)) was also presented recently to improve the ocean model for circulation
and tides. Clustering is also used in the visual analytic method to consolidate different clusters and then to compare and
explore the distributions of feature values in geographic space. Besides, an intuitive interface ( Coffey et al (2013)) was
designed to improve the efficiency and experience in parameter tuning for ensemble simulations.

2.2 Vortex Region Detection
Vortex detection schemes can be classified into two major categories, vortex region detection and vortex line extraction
( Sahner (2009)). Vortex region detection is based on scalar vortex region quantities that are used to define a vortex as a
spatial region where the quantity exhibits a certain value range ( Sahner (2009)). The classical vortex region detection
method including Q-criterion ( Hunt (1987)) and λ2 -criterion ( Jeong and Hussain (1995)). The methods are deduced
from the Navier Stokes equations that for a local pressure minimum. Both of the quantities are of limited applicability
in some settings ( Sahner (2009)). The extraction of the critical points are still challenging due to the lack of general
mathematical definition for the critical points.
The second type is the vortex core line extraction, which aims at finding line type features that are regarded as
centers of vortexes ( Sahner (2009)). A two-step predictor-corrector algorithm was introduced by Banks and Singer
(1995) to locate the core of the vortex in flow-field data. They noticed that the the vortices in turbulence are generally
characterized by large magnitudes of vorticity and low pressures in their core. Roth and Peikert (1998) proposed a
higher order method for vortex core line extraction by detecting lines with zero torsion. The Jacobian of the flow field
was used to detect the vortex core by Sujudi and Haimes (1995). The eigenvector of the Jacobian corresponding to the
real eigenvalue denotes the axis of rotation. This detection approach was further formulated and improved by using
parallel vectors operator by Peikert and Roth (1999). However, neither of these two methods is available to detect the
boundary of vortex line.
Recently, there are some line-based methods to effectively detect vortex lines in vector field. A sketch-based approach ( Wei et al (2010)) allows the user to sketch a 2D curve as template. A 3D field line whose view-dependent
2D projection is most similar to the template curve will be identified. Besides, a novel method developed by Lu et al
(2013) to use distribution signature to extract the streamline with specific curvature and torsion. In their method, the
streamline are firstly segmented, and their curvature distribution are computed according to the segmentations, which
will be summarized as a signature. Then the signature can reveal the geometry feature of the streamline, and the distance
between signatures are defined to support the subsequent streamline extraction and query.

3 Our Method
In this section, we will describe the two primary steps of our approach. The first step is vortex extraction. An interactive detail-to-overview scheme is proposed to extract the vortexes across all simulation runs. The second step is the
visualization part. This step is to visualize and compare the extracted vortexes in some linked views.
Initially, we need to use a vortex detection method to extract the vortex in the ensemble vector fields. Many traditional
vortex region extraction methods, e.g. Q-criterion ( Hunt (1987)) and λ2 -criterion ( Jeong and Hussain (1995)), either
focus on the pressure field or has limited applicability, as described in Section 2. The line-based methods ( Wei et al
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Fig. 1 Pipeline of our comparative visualization. (1) Parallel pathline generation. (2) Select a base run, filter the pathlines to get template
vortex by sketching (2D curve). (3) Select a vortex (3D curve) as the template and match in all the rest runs locally. (4) Estimate centers and
boundaries of the found vortexes and compute their occurrence time. (5) Visualization and comparison.

(2010); Lu et al (2013)) do not need the additional scalar field and support user-defined sketching. Thus we use a
line-based vortex detection method to compute the distance between pathlines.
Figure 1 shows the pipeline of our method. We use a detail-to-overview exploration scheme to find vortexes in
ensemble vector fields. First, we trace the pathlines from all simulation runs in parallel, and employ a Map-Reduce-like
parallel computing framework, named Dstep ( Kendall et al (2011)) to trace the pathlines in ensemble vector fields.
Second, we select one run as the base run, then employ a sketch-based method to extract vortexes in the base run. It
needs the user to draw a 2D sketching curve to detect vortex in the base run. Then we replace the 2D sketching curve
with a 3D vortex selected by the user, which becomes a new matching template. Specifically, the user can use mouse
to pick up the vortex end-points by ray intersection. Third, the new template is utilized to compute its distance to all
the pathlines from the rest runs. As a result, the vortexes in all runs can be identified by distance filtering. For different
time steps, it needs to conduct the matching process iteratively. It is worth mentioning that the template vortex just need
to be selected in the first iteration. Finally, the vortexes at similar locations will be compared in different linked views.
These vortexes are called peer vortexes in this paper. Each vortex in one group of peer vortexes are extracted from an
individual simulation run.
If the user selects another vortex in the base run as template, it needs to search peer vortexes following the pipeline
again. In order to prevent searching the same vortex repeatedly, we use Google Protobuf library to serialize all the
vortexes into disk, which can be loaded again for the subsequent visualization and comparison.

3.1 Detail-to-Overview Searching Scheme
The goal of our method is to enable the user to define their target feature (e.g., vortex). Sketching is an intuitive and
convenient way to achieve this goal. The users can define the size and shape of the vortex in real time. There is no
previous work to use sketch-based method to extract feature from ensemble vector fields. However, there exists some
works regarding a flow field (a single vector field). For example, Wei et al (2010) use sketching to extract vortexes from
flow field. In their approach, the user needs to sketch a curve in a 2D view, and take it as a template, and make all the
field lines match with the 2D template. 3D field lines whose view-dependent 2D projection are most similar to the user
drawing will be extracted. This exploration process is a classic overview-to-detail analysis for ensemble analysis, as
shown in the left part of Figure 2. The traditional overview-to-detail method is to use sketch-based template to search
vortexes in all simulation runs, then extract and analyze the vortexes one by one. Our detail-to-overview method is to
use sketch template to search candidate vortexes in a user selected run (base run), and consider one of candidate vortex
as new template, then use the new template to search in all other simulation runs.
In our detail-to-overview approach, we firstly extract vortex in the base run and consider it as a new template to
extract the peer vortexes. However, sketching is often restricted in 2D space. When it comes to 3D space, one alternative
method is to project the 3D curves into 2D and match them in 2D space ( Wei et al (2010)). However, the accuracy
will be decreased significantly. The curvature and turn angle in 3D space will be distorted in 2D projections. In our
detail-to-overview approach, this restriction can be avoided. We use sketch (2D) to find vortexes just in the base run for
each time of exploration, as shown in the right part of Figure 2. The result vortex (3D) in the base run will be considered
as a new template to find similar vortexes from the rest runs.
Furthermore, it makes no sense to compare the vortexes at different geo-spatial locations. For example, the vortex
located in the North Pole in one simulation run should not be compared with that located in the South Pole in another
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Fig. 2 The comparison of exploration process between traditional overview-to-detail method and detail-to-overview method. The overviewto-detail method is to use sketch template to search vortexes in all simulation runs, then extract and analyze them individually. The detail-tooverview method is to use sketch template to search candidate vortexes in a user selected run (base run), and consider one candidate vortex as
new template, then use the new template to search in all other simulation runs.

run. They are not peer vortexes. All the peer vortexes to be compared should have similar geo-spatial locations from
different runs. Thus, the comparison should be limited in the peer vortexes. The peer vortexes are classified into a group
with the same group label (i.e. Loc. #1).
In order to constrain the locations between peer vortexes, there need to be a spatial window to filter out irrelevant
vortexes.. In our detail-to-overview method, it is easy to define the spatial window according to the location of the
template vortex. In our experiment, we set the window size to be 1.5 times of the template vortex size. The scale is
a parameter the user can adjust according to the searching results. In the matching step, we use the curvature and the
turn angle of each pathline to define the distance. As for each pathline, we firstly compute the histogram of curvature
and the histogram of turn angle along the time steps. Then we follow a distribution-based streamline distance ( Lu et al
(2013)) to compute the distance. After that, the earth movers distance (EMD[ Rubner et al (1998)]) is used to compute
the histogram distance between two compared pathlines.
In conclusion, there are three benefits of our detail-to-overview scheme compared with the top-down scheme. First,
we can avoid 2D projection distortions by selecting a 3D vortex as the actual template. It helps to improve the accuracy
significantly. Second, it is more convenient to detect vortex at similar places by a spatial window. Thirdly, we can use
different 3D template vortexes at different locations to match the pathlines from the rest runs, because the vortexes at
different locations have different behavior.

3.2 Vortex Visualization and Comparison
The detail-to-overview vortex searching scheme allows to extract a series of vortex groups. Different groups of vortexes
have different geo-spatial locations. In each peer vortex group, the geo-spatial locations of the vortex members are
close to each other. For the visualization part, we need to compare the extracted peer vortexes spatially and temporally.
The domain experts want to know the geo-location distribution, the average velocity of each vortex, and compare vortex
locations and vortex shapes across runs. Thus, we design three linked view to explore and compare the extracted vortexes.
They are the spatial view, the matrix view and the small multiples view.
In the spatial view, each group of peer vortexes are rendered to show their geo-spatial locations. In order to reduce
visual clutter, it enables to select different group labels (as shown in the matrix view). The selected group of vortexes
will be drawn and other groups will be concealed when switching. User can also select a label named “All” to show
all groups. Figure 3a shows 8 groups of vortexes at the first time-step. We use color to encode different runs. In small
multiples view, the estimated center and boundary of each vortex are visualized. The vortex size is encoded as the radius
on the top of Figure 3b. The aspect ratio of vortex size along two major directions are also computed and visualized. The
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Fig. 3 The visual design of our approach. (a) Spatial view to show the geo-spatial information with the same group label. (b) A glyph-based
card of the small multiples view. (c) Matrix view.

(a)

(b)

Fig. 4 Vortex results of two searching schemes. (a) Pure sketch-based template searching (top-down scheme). (b) Vortex template searching
(detail-to-overview scheme).

vortex shape, including width (W), height (H), depth (D), and the vortex location O (the distance between the vortex
center and the mean center of its peer vortexes) are visualized in the star plot on the middle of Figure 3b. The matrix
view is a pivot view because most of the interactive explorations are provided in this view. The x-axis is a time-line and
the y-axis indicates all simulation runs. As for the current location group, the matrix cell is drawn in gray if it has a
vortex in the given run at the corresponding time. It is drawn in white if there is no vortex, as shown in Figure 3c. The
gray intensity of the grid cell means the estimated average velocity of the vortex (larger velocity will be darker). It also
supports to select different grouping types (month grouping or run grouping). The month grouping is to select one month
for all runs, and the run grouping is to select one run for all time steps. The spatial view and the small multiples view
will be changed accordingly if the user clicks on different matrix cells or different groups of cells. The button “Compare
Runs” will trigger to show or hide the small multiples view.

4 Results and Cases
We conduct our experiments on a parallel environment. The platform is a PC cluster which consists of 8 nodes. Each
node is equipped with two Intel Xeon E5520 CPUs which operate at 2.26 GHz and with 48 GB main memory.
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(a)

(b)

(c)

(d)

Fig. 5 Results of spatial view. (a) All groups of peer vortexes in Jan. 2001. (b) One group (Loc. #02) of peer vortexes from all simulation runs
in Mar. 2000. (c) One group (Loc. #04) of peer vortexes from all simulation runs between Jan. 2000 and Dec. 2001. (d) Vortex behavior in a
specific run (Run 07) at Loc. #04 between Jan. 2000 to Dec. 2001.

The Atmospheric General Circulation Model (AGCM) of Goddad Earth Observation System, Version 5 (GEOS-5)
was initially developed at the National Aeronautics and Space Administration (NASA) Goddard Space Flight Center. In
our experiment, we employ a GEOS5 dataset simulated by this global atmospheric model. This dataset is organized and
stored by using hybrid-sigma pressure grid. Its spatial resolution is 1◦ × 1.25◦ for latitude-longitude grid coordinates,
and 72 pressure levels (about 80 km) in the vertical direction. It covers troposphere, stratosphere and partial mesosphere
(upper bound is 85 km). We employed the monthly average data with 8 runs from January, 2000 to December, 2001.
Each run of the data is saved in 24 individual files corresponding to different time steps. The total size of this dataset is
about 76 GB. We use a Map-Reduce-like parallel computing framework, named Dstep ( Kendall et al (2011)) to trace
all the pathlines in the ensemble vector fields.
To make a comparison between the top-down scheme and the detail-to-overview scheme, we use sketch-based
template to find vortex. The searching result of top-down scheme is shown in Figure 4a. The bottom-right of Figure 4a is
a snapshot of the sketching template. It is easy to find that there are many straight lines highlighted in the red rectangles.
The accuracy of pure sketch-based searching is relatively low since it needs to project the 3D pathlines into 2D. As
our detail-to-overview scheme use 3D vortex filtered by sketching as new matching template, its accuracy is improved
apparently. We can see that more vortexes are found in Figure 4b. Besides, little straight lines are involved in this
searching results.
Figure 5, Figure 6 and Figure 7 show the results in the spatial view, the matrix view and the small multiples view,
respectively. The user is allowed to choose three types of grouping method to specify the compared targets. The month
grouping is to select one month for all runs, run grouping is to select one run for all time steps, while single cell is to
show the vortex behaviors in a specific run and at a specific time. Users are also allowed to choose an individual group
of peer vortexes to compare their behaviors.
In the spatial view, we can see the geo-spatial distribution and the changes of vortex shapes along all time steps or
a given time step. For example, Figure 5a shows all groups of peer vortexes in Jan. 2001. Figure 5b shows geo-spatial
distribution of peer vortexes at Loc. #02. Figure 5c shows geo-spatial distribution of peer vortexes at Loc. #04 between
Jan. 2000 and Dec. 2001, and Figure 5d shows geo-spatial distribution for a given run (Run 07) between Jan. 2000 and
Dec. 2001. In the matrix view, the vortex behaviors along time and over different simulation runs are visualized. The
gray intensity of grid cell is the average velocity of the extracted vortexes. Figure 6 shows vortex behaviors at eight
locations between Jan. 2000 and Dec. 2001. In the small multiples view, the shape, location and size of the vortexes are
compared. We use focus and context technique to highlight the current run. All other runs become the context and are
in gray.
In the spatial view, the 3D geo-spatial distribution of the vortexes across all runs in Mar. 2000 are similar, as shown
in Figure 5b. This is a significant finding to control the simulation parameter and further improve the simulation models
for domain scientists.
It is easy to find that the vortexes from most location groups appear periodically in these two years, as shown
in the matrix views in Figure 6(a-h). This finding just follows the domain knowledge. However, we find the periodical
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(f)

(g)

(h)

Fig. 6 Matrix view of all eight groups of peer vortexes.

(a)

(b)

Fig. 7 Small multiples of the results. (a) Small multiples view at Loc. #01. There exist vortexes in only seven months. (b) Small multiples
view at Loc. #03.

information at Loc. # 05 in Figure 6e and Loc. #08 in Figure 6h are not that strong compared with other peer vortexes, this
finding can also be used to help user study the evolution of vortex for the selected run, and optimize the corresponding
simulation parameters.
Lastly, in the star plot of the small multiples view, it is convenient to find whether the vortex is an outlier in its
location and size. The vortex width (W) of Run 04 (pink) in Feb. 2000 is most likely outlier in the star plot in Figure 7a,
because it differs from other runs to a large extent. Besides, it is probable that the vortex size of Run 01 (red) in Mar.

User-Defined Feature Comparison for Vector Field Ensembles

9

2000 is an outlier. We can also find the vortex behavior at Loc. #03 (Figure 7b) is more similar across all runs compared
with that at Loc. #01 (Figure 7a).

5 Discussion
Although we just focus on vortex due to its importance for the climate research, our approach is not limited to the
vortex. It supports any user-defined feature with different shapes for ensemble pathlines, because the proposed detailto-overview scheme is a general approach to explore features in ensemble data.
There are still some limitations of our approach. Firstly, if there are a large number of simulation runs, we need
to make a better design to reduce visual clutter in the spatial view. We also need visual summary techniques to bundle
simulation runs with similar behavior. Secondly, although our scheme is more accurate than the existing methods, there
are still some noises in the searching results, as shown in Figure 4b. It requires the user to interactively remove the noise
pathlines. Thirdly, the method requires the user to select a base run without any guidance. Finally, the interaction, i.e.
vortex template selection is not intuitive enough. It needs other advanced interactive techniques to improve the selection.

6 Conclusions and Future Work
In this paper, we propose a new framework to visualize and compare the user-defined feature from vector field ensembles.
The are derived features because we can not get them from the ensemble data directly. Compared to the existing methods,
the user-defined feature can better describe the characteristics of the simulation according to the domain knowledge.
Furthermore, we take vortex as an example and propose a detail-to-overview searching scheme to find vortex in different
simulation runs. In the future, we plan to improve the interface to provide more information. For example, the grid cell
of the matrix view can be encoded with more information.
Acknowledgements This work is supported by NSFC No. 61170204 and the Strategic Priority Research Program - Climate Change: Carbon
Budget and Relevant Issues of the Chinese Academy of Sciences Grant No. XDA05040205
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