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EXECUTIVE SUMMARY
Through collaborative efforts among NASA, HDF Group, and 

NCSA, the research team fully validated and enhanced the open 
source tool that resamples Terra satellite data into a common 
grid with a python interface to make it applicable beyond Terra to 
any Earth observation data. The Terra satellite, launched in 1999, 
continues to collect earth science data using five instruments: the 
Moderate-resolution Imaging Spectroradiometer (MODIS), the 
Multi-angle Imaging SpectroRadiometer (MISR), the Advanced 
Spaceborne Thermal Emission and Reflection Radiometer, the 
Clouds and the Earth’s Radiant Energy System (CERES), and the 
Measurements of Pollution in the Troposphere. Terra data not 
only serve the scientific community but also the governmental, 
commercial, and educational communities.

The researchers further used the Terra data set to: (1) charac-
terize the ice crystal roughness of cirrus clouds for a better un-
derstanding of ice cloud optical properties; (2) correct biases in 
the MODIS cloud effective radius retrievals through MISR and 
MODIS fusion; (3) evaluate MISR and CERES Arctic cloud al-
bedo retrievals, indicating excellent consistency for certain solar 
zenith angles; and, (4) examine decadal changes in the Earth’s ra-
diance fields, revealing little cloud change in the global mean be-
yond calibration (Fig. 1) but large changes in certain regions. The 
research group extended the study by processing observations 
from spaceborne active sensors, showing a strong correlation be-
tween cloud occurrence frequency and climate regimes (Fig. 2).  

RESEARCH CHALLENGE
The need for Terra data fusion and for scientists to perform 

large-scale analytics with long records has never been greater [1], 
given the growing data volume (greater than 1 petabyte), the stor-
age of different instrument data at different NASA centers, the 
different data file formats and projections, and inadequate cyber-
infrastructure [2]. The team initiated the Terra Data Fusion Proj-
ect to tackle two long-standing problems: (1) the need for effi-
cient generation and delivery of Terra data fusion products; and 
(2) the need to facilitate the use of Terra data fusion products 
by the community by generating new products and knowledge 
through national computing facilities, and to disseminate them 

through national data-sharing services. Solutions to these prob-
lems will significantly facilitate discovery and accelerate progress 
in earth science research.  

METHODS & CODES
Key steps in the Terra Data Fusion Project include: (1) transfer-

ring the entire Terra record to Blue Waters from NASA centers 
(Level 1B radiance; greater than 1 petabyte); (2) building software 
optimized for whole-mission processing on Blue Waters to create 
basic fusion products; (3) optimizing data granularity and HDF 
user-defined settings that best support parallel I/O on Blue Wa-
ters; (4) archiving and distributing Terra fusion products through 
existing NASA services and commercial cloud services; and (5) 
driving development through processing and analysis of scientif-
ically important use cases. Past Blue Waters reports have high-
lighted results on many of these key points. The research group 
has since extended their studies beyond Terra to include other 
satellite records and has developed an open source tool to resa-
mple or reproject the radiance fields into a common grid.     

RESULTS & IMPACT
The research team explored archiving and distributing Terra fu-

sion products through existing NASA and commercial cloud ser-
vices. They tested accessing and processing the basic fusion data 
on the Amazon cloud and found its processing time was slightly 
more than Blue Waters for the same settings but that costs to in-
vestigators’ grants by using commercial clouds for a data-intensive 
project can be prohibitive. The team also fully validated and en-
hanced the open source tool that resamples or reprojects the ra-
diance fields into a common grid with a Python interface to make 
the tool applicable beyond Terra to any Earth observation data. 

Scientific investigation using the fusion data set was carried 
out primarily in four study areas. (1) The team characterized bi-
ases in the MODIS standard product of cloud drop effective radi-
us (Re) and further examined the underlying causes. The results 
paint a radically different picture of the distributions of Re from 
what the original MODIS product provided. The bias-corrected 
cloud drop sizes are now in line with spot measurements from 
field campaigns and outputs from climate models. (2) The team 
retrieved ice cloud microphysical properties through MISR–MO-
DIS fusion, showing regional dependence on ice crystal structure. 
Results have been published in an open access journal, Remote 
Sensing. (3) The group evaluated the MISR and CERES Arctic 
cloud albedo retrievals, showing excellent consistency between 
the instruments for solar zenith angles of less than 70°. These 
results were also published in Remote Sensing. (4) The team ex-
tended a global and regional radiance and texture trend study 
previously performed on Blue Waters [3] by using additional in-
struments: MODIS and CERES. The time series of the deseason-
alized scaled anomalies of the monthly global mean spectral ra-
diance and texture are shown in Fig. 1. The global blueing shown 
in the researchers’ previous study [3] mainly results from a cali-
bration drift in the MISR red band. There is no significant glob-

al trend in the Earth’s reflected radiation field, but large region-
al changes were found.

The research team also analyzed cloud data from two space-
borne active sensors, CloudSat and CALIPSO, and found that 
large cloud occurrence frequencies are closely related to climate 
regimes at both horizontal and vertical scales (Fig. 2). A large 
frequency of high-level clouds at altitude ranges of 9 to 17 km 
in the tropics indicates the dominance of cirrus clouds, whereas 
shallow clouds with heights below 3 km are mostly observed in 
the subtropics. In the midlatitudes, clouds mostly occur below 5 
km, although some clouds can reach to the tropopause (approx-
imately 8 to 10 km).

WHY BLUE WATERS
The key advantages of using Blue Waters for access, usage, 

and distribution of Terra fusion products are that the Terra data 
and processing are local, whereas access and sharing are glob-
al. The research team demonstrated that having the Terra data 
local, with processing tuned to a massively parallel system with 
excellent sharing services on Blue Waters, provides an optimum 
framework for large-scale processing, analytics, and mining of 
the entire Terra record. In addition, the project staff provide ex-
pertise critically needed to optimize workflows. 
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Figure 1: Time series of the deseasonalized and scaled anomalies of the monthly 
global mean spectral and broadband radiance and texture for MISR, MODIS, and 
CERES between 2000 and 2017.

Figure 2: A 3D view of cloud occurrence frequency derived 
from the CloudSat/CALIPSO 2B–CLDCLASS–LIDAR 
product from 2007 to 2010.
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