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Reproducibility is a fundamental principle of scientific research. Bitwise identical reproducibility,

i.e., bitwise computational results can be reproduced, guarantees the reproduction of exactly the

same results. Here we show the importance of bitwise identical reproducibility to Earth system

modeling but the importance has not yet been widely recognized. Modeled mean climate states,

variability and trends at different scales may be significantly changed or even lead to opposing

results due to a slight change in the original simulation setting during a reproduction. Out of the

large body of Earth system modeling publications, few thoroughly describe the whole original

simulation setting. As a result, the reproduction of a particular simulation experiment by fellow

scientists heavily depends on the interaction with the original authors, which is often

inconvenient or even impossible. We anticipate bitwise identical reproducibility to be promoted

as a worldwide standard, to guarantee the independent reproduction of simulation results.
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Earth system modeling, which simulates behavior and variation of the climate system, plays a
critical role in understanding the past and predicting the future climate. An increasing number of
numerical models have been developed for Earth system modeling, including stand-alone component
models (e.g., atmospheric models, ocean models, land surface models, and sea ice models) and coupled
models consisting of multiple component models, such as climate system models, Earth system models,
etc. A large number of papers have been published with simulation results using these models.

Bitwise identical reproducibility, which guarantees the reproduction of exactly the same results,
has already been used within some modeling groups to improve model development™?. However, it is
rarely used worldwide in sharing model codes and results. One possible reason is that it was extremely
difficult to achieve bitwise identical reproducibility. As bitwise results are determined by the whole
simulation setting (including the model code, input data, parameter setting, computing environment,
etc.’) and are very sensitive to round-off errors resulting from the computing environment?®, it
requires scientists to preserve the whole simulation setting and recreate exactly the same simulation
setting during a reproduction. It is highly unlikely that a simulation setting can be recreated exactly
after a number of years, because the original computing environment (including parallel setting,
compiler version, compiling option, processor version, etc.?) is no longer available with the rapid
upgrade of computer software and hardware. Moreover, as the whole simulation setting includes a lot
of seemingly uninteresting information and is generally of a large size, it is not feasible to be detailed
in a published paper or included as a supplementary material. A recent study* shows that bitwise
identical results can be reproduced with upgraded computer software and hardware, and the
information for recreating the same simulation setting can be easily recorded into a package of small

size (called simulation setting package) with the help from an upgraded model software platform (a



runtime software environment for configuring, building and running models).

Another possible reason is that some scientists may feel it is unnecessary to reproduce the results
of climate simulations at a bitwise identical level, because these results are generally statistical
characteristics of output data from Earth system modeling on time scales longer than a few months.
However, it have been shown that climate simulation results can be sensitive to round-off errors>®,
which indicates that some results may not be reproduced if the computing environment is changed. In

such cases, it is required that the reproduction be conducted at the bitwise identical level.

Results
Importance of bitwise identical reproducibility. To further illustrate the importance of bitwise
identical reproducibility to Earth system modeling, we re-ran the historical experiment of Coupled
Model Intercomparison Project Phase 5 (CMIP5) for the beginning 60 years (from 01-01-1850 to
31-12-1909) using two CMIP5 models: CESM1’ and FGOALS-g28. For each model, we designed four
simulations with slight differences in the computing environment (Table 1), while keeping the rest of
the simulation setting unchanged. Any simulation of a model can be considered as “correct”, while the
other simulations can be viewed as an attempt of reproduction. Thus, different results among the four
simulations of each model can be used to evaluate the importance of the bitwise identical
reproducibility.

Figure 1 uses standard deviation to quantify differences between the climatological mean surface
air temperatures (SAT) by the four simulations of each model. Although the globally averaged standard
deviations (area weighted) are small (less than 0.15°C), significant standard deviations (greater than

1°C) exist in the high latitudes. Moreover, the standard deviations of the seasonal mean (using



June-July-August and December-January-February as examples) are much greater than the annual
mean. The domains with significant differences of the climatological mean SAT also show significant
differences or even contraries in their decadal variations of the 10-year-mean SAT (Fig. 2). As a result,
significant differences or even contraries are observed in the linear trend of time series of spatially
averaged SAT (Fig. 3). When reducing the domain from the global to the Northern Hemisphere and
then to a high-latitude region (60°N-90°N), the differences or contraries become more serious.
Although low-latitude regions only show slight differences in the climatological mean and decadal
variation of SAT, obvious differences in the interannual variability also exist, such as the El
Nifio—Southern Oscillation (ENSO). There are significant differences in terms of phase, amplitude,
power, and periods of Nifio-3 index (Fig. 4). Similarly, significant differences are observed in
Nifo0-3.4 index. Like differences in SAT, significant differences in wind and precipitation also exist
due to a slight change in the simulation setting. For example, significant differences are present in the

correlation between the monsoon index and precipitation in the Asia Monsoon region (Fig. 5).

Current status of bitwise identical reproducibility. The above results reiterate the importance of
bitwise identical reproducibility to Earth system modeling. So, what is the current status of bitwise
identical reproducibility of published results? In this study, we selected 351 high-impact papers from
17 journals (Supplementary Table 1) to conduct a survey. Since none of the papers includes the
information of the whole simulation setting, we started to email all corresponding authors of each paper,
in order to interactively reproduce the published results. Finally, we did not have responses for 283
papers (80.6%), due to no corresponding author (five papers, 1.4%), automatic email rejection (66

papers, 18.8%) or no active reply (212 papers, 60.4%). For the remaining papers, we did not obtain the
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required information on the simulation settings for 54 papers (15.4%), among which the authors of 47
papers (13.4%) confirmed their inconvenience for the bitwise identical reproduction. For the rest 14
papers (4.0%), most of which were published after 2010, we received the required information from the
authors and then tried to reproduce the bitwise identical results. Because we did not have the same
computing environments, the simulations in four papers (1.1%) were successfully re-run but without
producing the bitwise identical results, and the simulations in another five papers (1.4%) were not
successfully re-run. Only the simulation results in five papers (1.4%) were bitwise identically
reproduced at the end.

The survey results demonstrate that the importance of bitwise identical reproducibility to Earth
system modeling has not yet been widely recognized. Fellow scientists can easily download a paper
with research findings independently of the authors, but it heavily depends on the authors’ help to
reproduce the simulation results. As the whole simulation setting is rarely kept for a long time (say
more than 10 years), it is always inconvenient even impossible to recreate the same simulation setting.
Even when the whole simulation setting can be recalled, the authors still have to spend a lot of efforts
to help the fellow scientists who want to reproduce these results, while the bitwise identical
reproduction may fail at the end due to the lack of an appropriate computing environment. Although
ensemble with enough members of simulations can make some simulation results insensitive to
changes of computing environments®, only 71 selected papers (20.2%) used ensemble approach and the
numbers of ensemble members are generally small, for example no more than 20 for most of these
papers (Supplementary Table 1). Moreover, it needs to be investigated that whether or not ensemble or
other approaches can make various simulation results of a model insensitive to changes of computing

environments.



Discussion

Uncertainty due to round-off errors. More and more evidences, including this study, have shown that
round-off errors can introduce significant uncertainty to climate simulation results. Some authors
involved in the survey of this study stated that they had realized similar phenomenon for a number of
years. As round-off errors are random and unpredictable, the impact of the uncertainty due to round-off
errors to simulation results is hard to be controlled and understood. We therefore highly recommend
bitwise identical reproducibility to scientists, to completely avoid such kind of uncertainty when
reproducing simulation results for further researches.

Some authors involved in the survey believed that their published results would not be sensitive to
round-off errors and the reproduction was unnecessarily at a bitwise identical level. We also intuitively
believed that mean climate states would not be sensitive to round-off errors before this study, but Fig. 1
indicates a very different conclusion. Scientists may rarely examine the sensitivity of simulation results
to round-off errors in the past. Moreover, given the same kind of climate simulation results, different
models may have different scales of sensitivity. We therefore propose scientists to quantify the
sensitivity of various kinds of simulation results of various models to round-off errors in the future.
Worldwide standard of bitwise identical reproducibility. Although the bitwise identical
reproducibility of Earth system modeling is currently at a very low level, we propose to promote it as a
worldwide standard: any fellow scientists can independently obtain the whole simulation setting of
published results and then independently reproduce exactly the same simulation output when
appropriate computing environments are available. Such a standard will encourage scientists to

preserve the whole simulation setting, promote sharing and spreading model code, data, results,



knowledge and experiences in a worldwide region, lead to a rapid improvement in code quality® and
improve the trust of published results. Even when the reproduction does not depend on the simulation
output at a bitwise identical level, or the bitwise identical reproduction fails due to the lack of
appropriate computing environments, fellow scientists can still independently obtain other parts of the
simulation setting, such as the corresponding code, parameter setting and input data, to independently
repeat the simulation for further researches. Therefore fellow scientists will also benefit from the
worldwide bitwise identical reproducibility of short simulations (such as weather forecasting) whose
reproduction may not depend on the output at a bitwise identical level.

Figure 6 shows our proposed framework for achieving worldwide bitwise identical reproducibility.
It requires scientists and journals to cooperatively take actions and also requires some technical
supports.
Scientists’ actions. Scientists of the Earth system modeling community should pay attention to bitwise
identical reproducibility when developing models or conducting simulations. The model code, input
data, computing environments and simulations should be managed by the model software platforms
that have been upgraded with the enhancement of bitwise identical reproducibility*, so that information
of the whole simulation setting of any simulation can be recorded into a small package automatically.
Moreover, the model code and input data of a simulation should be preserved and open for the future
reproduction by anyone®°. Although this requirement will introduce a new burden to scientists, we
believe that further advances in model software platforms will minimize this burden greatly.
Journals’ actions. To enhance the reproducibility of published research results, journals such as the
Nature family, Science and Geoscientific Model Development now encourage authors to publicly share

their code and input data and ask them to state the availability of the code and input data in their



papers™*2%3. However, this study shows that the availability of the code and input data alone is not
enough for reproducing the results in the field of earth system modeling. We therefore expect journals
to unite' to play a critical role in promoting bitwise identical reproducibility to become a worldwide
standard. They can encourage authors to provide the information package of the whole simulation
setting as a supplementary material in their submission, to enable their simulation results independently
reproducible. For the simulation results whose reproduction does not depend on bitwise identical
reproducibility, authors should be asked to clearly state such independence in the paper. Moreover,
journals should allow fellow scientists to leave feedbacks online on the reproducibility of each paper.
The reproducibility corresponding to a submitted manuscript should be tested by journals before
their publication. Some journals have already made such kind of effort. For example, Geoscientific
Model Development encourages referees to compile the code and run test cases supplied by the authors®.
However, such a way of testing will introduce a new burden to referees and will be inconvenient to
check the reproducibility when the simulation requires a large amount of computing resource or a long
time to be finished. The testing for bitwise identical reproducibility will be more practical because it
can be conducted automatically with a short run of the simulation (say for several model days)®.
Technical supports. Model software platforms should be continuously upgraded for the worldwide
bitwise identical reproducibility of simulation results from various models. As it cannot be guaranteed
that scientists are able to individually preserve the whole simulation setting of published results for a
long time (say for more than ten years), we call for third-party open repositories for archiving and
sharing the whole simulation setting and testing platforms with various computing environments for

automatically checking the bitwise identical reproducibility of published results. Before publishing a

paper, journals can ask authors to upload the whole simulation setting to third-party open repositories



and to testing platforms for automatically checking the bitwise identical reproducibility. Third-party
open repositories and testing platforms can be constructed in different countries or different cities and
work cooperatively for worldwide bitwise identical reproducibility, so that scientists at different places
of the world can conveniently upload and download the whole simulation settings of published results.
Model software platforms can serve the whole process of uploading or downloading with a simple user
command. As the open repositories will include the whole simulation settings of more and more
simulations, they can enable fellow scientists to search a number of interesting simulations according to
a set of detailed information. The ongoing development of metadata (data describing data) for earth

system modeling>*®*’

will provide substantial supports to such kind of search.

Model intercomparison projects’ actions. Similar to journals, model intercomparison projects, which
mainly aim to improve and to develop Earth system models and their components, as well as to share
the outputs, should also unite to play a critical role in promoting the bitwise identical reproducibility to
be a worldwide standard; for example, encourage modeling groups to provide the information package

of the whole simulation setting when they submit the outputs. Model intercomparison projects can also

take consideration of the framework in Fig. 6 for achieving worldwide bitwise identical reproducibility.

Methods

Climate simulations. We used two CMIP5 models of CESM1 and FGOALS-g2, and designed four
simulations for each model, which were only slightly different in computing environments to re-run the
beginning 60 years of the CMIP5 historical experiment. The differences between the mean climate
states, variability and trends of the surface air temperatures simulated by each of the four simulations

were used to evaluate the importance of bitwise identical reproducibility. The historical simulations of



CESM1 were created according to the corresponding historical experiment named

“b40.20th.track1.2deg.001”  (http://www.cesm.ucar.edu/experiments/cesm1.0/):  code  version

CESM1.0.5 was wused, the component -configuration (“CCSM_COMPSET”) was set to

“B_1850-2000_CN", the resolution (“GRID”) was set to “1.9x2.5 gx1v6”, and the machine name

(“MACH?”) was set to “generic_linux_intel”. All historical simulations were restarted from 01-01-0501

of a Pre-Industrial Control experiment (“b40.1850.track1.2deg.003"). When building a simulation, the

input data could be downloaded automatically. The four simulations of FGOALS-g2 were based on its

CMIP5 historical experiment. All simulations were restarted from 01-01-0440 of a Pre-Industrial

Control experiment. Please contact us for more detailed information of the whole simulation setting,

such as the model code, parameter setting and input data of FGOALS-g2.

Survey. The survey was conducted in two major steps. The first step is selecting papers. Only recent

papers published between 2006 and 2014 were considered. In order to highlight high-impact papers, a

simple criterion was designed using the number of citations (Table 2). To make the selected papers

distribute evenly among journals as well as publication years, for each year, at most three papers with

new simulation results of Earth system modeling were picked from each journal. As a result, in each

year, a number of papers were selected and the average citation number is much higher than the

corresponding threshold in the criterion (Table 2).

The second step is bitwise identical reproduction of the simulation results from the selected papers.

Since none of the papers includes the information of the whole simulation setting, we started to email

all corresponding authors of each paper in July 2014. After the authors of a paper provided us all

required information, we tried to recreate exactly the same simulation setting. It was a challenge for us

to prepare various computing environments for the bitwise identical reproduction. When lacking the
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same computing environment, we tried to re-run the simulation in our available computing

environments. At the end of this step, a survey result was concluded for each paper (Supplementary

Table 2).
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Table 1 | Four simulations of CMIP5 historical experiment of CESM1 and FGOALS-g2. The
corresponding simulation settings are only slightly different in terms of computing environments,
including compiler versions and compiling options as well as parallel settings. Table 1a lists the name
of each simulation, Table 1b provides information of each parallel setting and Table 1c shows detailed
compiling options. All simulations were run on a homogeneous supercomputer consisting of a number

of Intel Xeon X5670 CPU. Intel compiler with different versions was used to compile the model code.

a. Name of each simulation. The name is formatted as VVV_PPP_CCC, where “VVV” is the version of

the Intel compiler, “PPP” labels the parallel setting and “CCC” labels compiling options.

Simulation
Model
#1 #2 #3 #4
CESM1 11.1 120 C1 11.1 128 C1 11.1 128 C2 12.1.3 128 C1
FGOALS-g2 11.1 104 C1 11.1 108 C1 11.1 108 C2 12.1.3 108 C1

b. Process numbers of component models in each parallel setting. “ATM” means the atmospheric
model, “OCN” means the ocean model, “LND” means the land surface model, “ICE” means the sea ice
model, “CPL” means the coupler, and “GLC” means the glacier model. FGOALS-g2 does not include a

glacier model as its component.

Number of processes
Model Label

ATM OCN LND ICE CPL GLC

120 120 120 120 120 120 120
CESM1
128 128 128 128 128 128 128
104 30 18 24 20 12 -
FGOALS-g2

108 30 18 24 20 16 -

c. Detailed information of compiling options.

Model Label Compiling option
CESM1 C1 -02 -convert big_endian -assume byterecl -ftz -FR -fp-model precise
Cc2 -02 -convert big_endian -assume byterecl -ftz -FR
C1 -c -r8 -i4 -02 -zero -132 -convert big_endian -assume byterecl -no-vec
FGOALS-g2 -mpl -fp-model precise -fp-speculation=safe
C2 -C -8 -i4 -02 -zero -132 -convert big_endian -assume byterecl

15




Table 2 | Statistical characteristics of the paper selection. We selected all the papers from
24-02-2014 to 27-04-2014. Citation numbers are obtained from Web of Science
(https://apps.webofknowledge.com/).

Year of publishing 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014

Threshold of citation
>10 >9 >8 >7 >5 >4 >3 >1 >0
number

Number of selected
35 35 42 41 42 45 48 46 17
papers

Average citation number
921 | 745 | 659 | 526 | 26.0 | 318 | 204 | 5.1 0.4

per selected paper
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Figure 1 | Standard deviations of climatological mean surface air temperature (SAT) from four
simulations by two models. (a-c): Corresponding to annual mean, June-July-August (JJA) and
December-January-February (DJF) SAT of CESM1; (d-f): the same as (a-c), except for FGOALS-g2.
The four simulations of each model are conducted following the CMIPS5 historical experiment from
01-01-1850 to 31-12-1909, under different computing environments, e.g., parallel settings, compiler
versions and compiling options (Table 1).
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Figure 2 | Decadal variation of mean surface air temperature (SAT) in 1900-1909 with respect to
1850-1859. a): Corresponding to four simulations of CESM1; b): corresponding to four simulations of
FGOALS-g2. Significant differences are observed at high latitudes. For example, average (area
weighted) decadal variations of the four simulations are -0.01, 1.41, 1.07, and 0.66 in the domain
60°N-90°N, and are -0.16, 0.17, -0.07, and 0.22 in the domain 60°S-90°S. Average decadal variations
of the four simulations are -0.87, -0.27, -0.43, and -0.78 in the domain 60°N-90°N, and are 0.44, 0.28,
0.24, and 0.26 at the domain 60°S-90°S.
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Figure 3 | Time series of area-averaged surface air temperature (SAT). (a-c): From the four
simulations of CESM1 at the global scale, Northen Hemisphere and a high-Ilatitude region
(50°N-90°N), respectively; (d-f): from the four simulations of FGOALS-g2. In each panel, the
linear trend (K per 100 years) of the time series of each simulation is listed following the
simulation name.
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Figure 4 | ENSO characteristics. (a-b): Time series of Nifio-3 index (5°S-5°N, 150°W-90°W)
from the four simulations of CESM1 and FGOALS-g2, respectively. (c-d): Power spectrum of
Nifio-3 index, corresponding to (a-b).
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Figure 5 | Correlation between monsoon index and total precipitation of June-July-August (JJA)
in the Asia Monsoon region. (a): Corresponding to CESM1; (b): corresponding to FGOALS-g2. The
monsoon index used here is the Webster-Yang index*.
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Figure 6 | A framework for achieving worldwide bitwise identical reproducibility. When original
scientists submit a manuscript to a journal, they will be asked to submit the corresponding original
simulation setting packages that were automatically produced by the original model software platform.
The journal will automatically send these packages to the union of open repositories and testing
platforms, to make the whole simulation settings corresponding to the manuscript be automatically
uploaded from the original scientists. Next the journal will obtain the testing results about bitwise
identical reproducibility and obtain renewed simulation setting packages (if the simulation results can
be bitwise identically reproduced) that will be supplementary materials of the manuscript, and then
notifies original scientists the feedback about bitwise-identical reproducibility. If the simulation results
cannot be bitwise identically reproduced, original scientists can call for help from the modeling groups
who are responsible for the development of the corresponding models. Thus modeling groups can get
more test cases for the improvement of models. After fixing the problems in the simulations, original
scientists can resubmit the revised simulation setting packages to the journal (simulation results
referred in the manuscript may be changed). Fellow scientists can obtain the corresponding simulation
setting packages when downloading a paper. Using the simulation setting packages, fellow scientists
can independently download the corresponding whole simulation settings (including the original model
software platform) from open repositories and then independently repeat the original simulations or
independently reproduce bitwise identical results for conducting new simulations. Journals will
welcome fellow scientists to post feedbacks about the bitwise identical reproducibility.
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