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This talk is on the tools/workflow created under the CMDV-SM verification
subtask, which aims to create/enable a culture of testing/verification in the E3SM.

* Purpose of verification: instill confidence in numerical simulations
» Demonstrate that simulations represent the intended mathematical
model rather than numerical artifacts or coding bugs
» Test against analytic or trusted solutions
» Confirm convergence of algorithms at theoretical rates
» Detect changes over time (regression)

e Status quo in (much of) E3SM

» Verification & validation not sufficiently distinguished
» Mostly focus on validation (matching observations)

» Most developers do some verification

» Usually limited coverage and not formalized

» Usually not isolated or localized — always case-based
» Not preserved to re-confirm correctness after modifications




Our efforts under CMDV-SM

* Work with model developers to define/formulate appropriate
verification (unit and unit-like) tests for their models
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* Create workflow and corresponding infrastructure for J enklns
performing verification and presenting verification results
» cmdv-test-runner: python-based tool for running CDash
verification tests. e

» cron/Jenkins: tools for automating running of tests
nightly, weekly, etc. ‘

» CDash: web-based software server for displaying/storing
testing results.

» Jupyter (notebooks): tool for writing documentation for .A.

jupyter

verification tests and post-processing results.

» Create concrete demonstrations of the above testing/

documentation infrastructure on MAM and CLUBB, Ocean O
Mixing, etc.




Verification test formulation rh) i

* Formulating a verification test can present a number of challenges:

» Requires interest/involvement from component developers.
» Requires knowledge of what is in the code.

» Requires understanding of mathematical concepts, e.g. convergence.
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Verification test formulation rh) s

* Formulating a verification test can present a number of challenges:

» Requires interest/involvement from component developers.
» Requires knowledge of what is in the code.
» Requires understanding of mathematical concepts, e.g. convergence.

Ideally tests would be written as code is being developed (e.g., SCREAM)

Tests should be small (subroutine, kernel, small set of kernels).

Examples of what IS a verification test:

» Check mathematical properties (convergence rate, divergence free,
conservation of mass, etc.), compare to theory.

Examples of what IS NOT a verification test:

» Perform a run and compare to observational data (this is validation!).
» Arbitrary parameter tunings to match expected data/solution.

Once test is formulated, test driver must be created, which can be done
by hand or using available tools, e.g. kgen.




Running the tests: cmmdv-test-runner
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Python-based tool to discover, build, run, post-process verification tests

» Discovers tests in current directory

» Compiles and runs tests according to workflow file

» Reports results

One step workflow executing one command:

.Jcmdv-test-runner --test mam_box.verification.test.yaml|

v1.0
Test-Workflow

MAM BOX verification config

File
coag_rate.out

Sample input yaml file:
mam_box.verification.test.yaml

» Can be executed within

Docker container.

Documentation and examples

can be found here:

https://github.com/E3SM-
Project/CMDV-testing /wiki



https://github.com/E3SM-Project/CMDV-testing/wiki

Automation of test execution (cron/Jenkms)
and results archival (CDash)

* Execution of tests can be automated using cron or Jenkins.

* We have created cron/Jenkins jobs on NERSC, ANL, SNL machines that run
cmdv-test-runner (self-tests, MAM water uptake tests) nightly and post results
to the ACME_Climate CDash site. T

CDash is part of a larger software process that integrates CMake
CTest and CPack tools used to design, manage and maintain

large-scale software systems.

¢ o ® @ https;//my.cdash.org/index.php?project=ACME_Climate 110% e 1Y n @ ©
L Most Visited @ Getting Started @ logo

» Future work: extend workflow to automatically run and
post-to-CDash additional test results.

@SM ACME_Climate Dashboard Calendar Project

Experimental 18 builds [view timeline]

Update Configure Build Test

Site Build Name Revision Error Warn ¥ Error Warn Not Run ¥ Fail ¥ Pass Start Time ¥
—> mam-box-water-uptake D edison-Release 54f21b 0 0 0 0 1 4 minutes ago
—» cmdv-test-runner O edison-Release c1c306 0 0 0 0 1 17 minutes ago
melvin ) e3sm_developer_master_gnu 0 0 0 0 40 13 hours ago
—> jenkins-bebop ) jenkins-bebop-Release b754f5 0 0 0 0 0 0 1 15 hours ago



https://my.cdash.org/index.php?project=ACME_Climate

Automation of test execution (cron/Jenkins)
and results archival (CDash)

™8 show Command Line
Wk Display graphs: | Test Time v

View Graph Data as JSON
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M show Command Line
Ik Display graphs: | Failing/Passing v |
View Graph Data as JSON

B Passed
Passed O O O 00 010 00 000000 0O O W Failed
et XXX X X %
Oct 16 Oct 19 oct 22 Oct 25 Oct 28 Oct 31 Nov 03 Nov 05 Nov 09 Nov 1;

ESM ACME_Climate Dashboard ~ Up  Project
v/
Test: mam_box_ctest (Passed) O 240ms

Build: edison-Release (mam-box-water-uptake) on 2019-11-12 05:30:08
Repository revision: 497debc39ede5b1a645ba828c9164a50831e6a74
Test Details: Completed

Processors 1

M Hide Command Line

/globallcommon/swi/cray/cni7/haswellicmake/3.14.4/gcc/8.2.0/2hef55n/bin/cmake -
DTEST_PROG=/global/u2/i/ikalash/CMDV/nightlyCDashMam/build/Build/srcivater_uptake_verification_test exe" "
DTEST_ARGS=""""-P" "/global/u2/Vikalash/CMDV/nightlyCDashMam/build/Build/tests/runtest cmake"

th' Display graphs: | Select .. v
Test output

Running the command:
/global/u2/i/ikalash/CMDV/nightlyCDashMam/build/Build/src/water_uptake_verification_test.exe ""

Output number of passed test...

Mode = 1, # of pass = 144, expected # of pass = 144
Mode = 2, # of pass = 144, expected # of pass = 144
Mode = 3, # of pass = 144, expected # of pass = 144
Mode = 4, # of pass = 144, expected # of pass = 144
PASS

Comparison passed! result =1

https://my.cdash.org/index.php?
project=ACME Climate



https://my.cdash.org/index.php?project=ACME_Climate

Documentation/post-processing:
Jupyter notebooks

* Common tool for writing documentation and post-processing/re-generating
verification results.

* Documentation to new/existing users of various E3SM components and
template for writing verification/unit tests.

* The following can be embedded within a Jupyter noteboo

LaTex . .

Notabook Tonaie, 1082

In (6]: # Second plotting example from verification test 2 (i i
RK4)
Name | Definition

MAM Coagulation Verification Test reload (mam_util)

C.,_|slip correction factor for mode i

£rom ResultReporter import Resultiriter D;_[Particle diameter for mode i. The PDF random variable is (In D;)
ru = ResultWriter ("coag_results.log")

Component Being Tested Dyni | Mean particle diameter for mode i

conv_rates = numpy.zeros ((10,12))

- Dyi | Unknown

25,450, 900,1800 to

# Plot the error (comparing dt "
Atmosphere, Modal Aerosol Model physics, Goagulation time-stepping P pasing 8 _|A subscript denoting geometric quantities
. | util.plot_errors_test2 (figure_size, re; i |Mode number
J u | a £or 1 in range (cony_rates.shape(l]) k| Botaman constant
Description test_name = "IC 1\.:, n-osngc, result ["ordered errors”] (i o |aymamic vissosty of ar

Nii | Total number concentration

n | The number distribution of particies of diameter D;

Aerosol Modes

YV VY

elee: Hnorm | The normailzed number distribution of particles of diameter D)
'XE) ‘The Modal Aerosol Model (MAM) tracks aerosol particles via modes, so that a single distribution of ps # Convergence rate is finite, check that it is sufficied lnoem./ P d
over arange of diameters can be described by just three terms: a total number concentration, a med ISt ame o= %, slome = 8gh % comu rates (10-1,1 pp_|Unknown
anda . 1 of partcles of diameter D, for the ith ru.report_test (test name, conv_ratas[IC-1,i] > 0.8) 21| Standard deviation for mode i
is given by
" Nu 1 (InD; = In Dy ) rw. finished () T _|temperature (K)
D)) = —=*— exp [ -5 —————— |,
Varlnoy, P72 In? 6y
. zero: qa(ace) -SOR
where N, is the total number concentration, o s the standard deviation, and Dy is the median zeror dalait)-oon i
g zero: qa(pea) -SOA
diameter. The subscript ¢ denotes a geometric quantiy, i denotes the ith mode, and MAM tracks t e e Discussion
modes. Note that this equation is alte difierent than a standard norma distribution, in that the ran Many of the technical details involved in calculating the MAM coagulation rate coefficients and the tests
variable is the In D; rather than D isel. Similarly, the effective mean is In Dy and the effective stal utiized here can be found in the appendix of [1].
deviation is In 7 s s
mode, for a total + = 10°, a median dia _—
Dy = 0.2 % 107%m, and a standard deviation 6.; = 1.8m, the mode would look like this: H 1 Conditions
HE " binpe=t o) ctpen 5o
£ eiope=1.982] qatacc 0o
I [1]: # Inport packages: ., Fopen1 939] galpeaho0
inport mumpy £ -
import matplotlib.pyplot as plt H — -
import mam_util o R .
from import. . — -
from imp import reload # This is python 2/3 compatible - -

bamwizzsl gntenn i T
Tg10esecands])




Documentation/post-processing: rh) i
Jupyter notebooks

 HTML versions of Jupyter notebooks are linked from E3SM github.io page:
https://e3sm-project.github.io/CMDV-testing/

* We have Jupyter notebooks for the following components:
HOMME: Shallow Water TC1

Albany Land-Ice (ALl): FO Stokes MMS TC
MPAS-Ocean: comparison b/w cmix and PALM LES runs

Modal Aerosol Model (MAM ): water uptake, condensation, coagulation
Cloud Layers Unified By Binormals (CLUBB): clipping in atm. physics
Misc Unit Tests: subroutines in global_verif_summary.F90

YV YV VYVYY

* Jupyter source code can be found in the CMDV-Verification repo
https://github.com/E3SM-Project/CMDV-verification

» Binder support coming soon.

e Future work: add on-the-fly creation of (some) of the Jupyter notebooks as a
part of automated verification workflow.



https://e3sm-project.github.io/CMDV-testing/
https://github.com/E3SM-Project/CMDV-verification

End-to-end verification workflow rh) i

Verification Example from MAM4:
1. Formulate test Aerosol Coagulation

2. lIdentify target code | mmepnysics

Smaller aerosol particles collide to form
3 C rea t e t e St d riv er larger particles, reducing the total number
. of particles and increasing their mean size
The code iy N
Describes aerosol population by a few log-normal distribution functions (modes)

Solves ordinary differential equations (ODEs) for mass and number
concentrations of each mode

CDash

CDash is part of  arger software process that integrates CMake
Clest and CPack tools used to design, manage and maintain

large-scale software systems.
Assess convergence of time stepping method

The verification

10 different initial conditions * 19 concentrations = 190 ODEs

Integration length: 30 min 5 B Re p O rti n g a n d

* Reference solutions using 4th order Runge-Kutta with At =1s | -

Test fails wh te is significantl ller th .
est fails when any convergence rate is significantly smaller o Conptaton vt d OC u m e n ta t | O n

Unit isolation: MAM box model (Fortran) Componant Being Testod

4. Automate setup
and execution

#! /bin/csh
module load intel
make clean
cp coag_bl_driver.F90 driver.F90
make
echo compilation finished...
echo running code

° #cd test_output ;rm dd.x ;In-s../dd.x.
Jenkins |’
echo test compiled here
#ed ../ ; cp test_output/coag_delNum_delMass.out .
echo main output is coag_delNum_delMass.out
echo now running python script to generate graphics and
R2. /share/apps/python/anaconda3/bin/python

coag_dq_da.py
echo convergence diagrams saved.

Jjupyter
o




Verification example from MAM: ) i,
Aerosol Coagulation https://e3sm-project.github.io/CMDV-

testing/Coagulation.html
R. Scanza, R. Easter (PNNL)

The physics ®
* Smaller aerosol particles collide to form larger particles, reducing ‘ >—> ‘

the total number of particles and increasing their mean size

The code

* Describes aerosol population by a few log-normal distribution functions (modes)
* Solves ordinary differential equations (ODEs) for mass and number concentrations of

eaCh mOde 10t Number Concentration: Aitken mode d, <0.1um

0 0.

The verification ] en et o :

. . L A

* Assess convergence of time stepping method |

* 10 different initial conditions * 19 concentrations = 190 ODEs B _

* Integration length: 30 min £ 0 e

* Reference solutions using 4th order Runge-Kutta with At = 1s 07 e

. . . . pe 10°®

e Test fails when convergence rates is significantly < expected oof m=20003 4ot e
o] SEEIET T

Unit isolation: MAM box model (Fortran) 100 L 5 3'0

MAM time-step (minutes)



https://e3sm-project.github.io/CMDV-testing/Coagulation.html

Verification example from MAM: ) i,
Aerosol Water Update

J. Sun, K. Zhang, H. Wan (PNNL)
The physics

* Aerosol particles absorb water and grow in size

The code

e Assumes quartic relationship between air humidity and particle wet radius
e Calculates wet radius (a root of quartic function) using analytical expression
* Expects 1 real-and-physical root

The verification

* Verifies the analytical expression and its implementation

e Calculates wet radius for 576 different combinations of humidity, particle composition,
and dry radius

» Reference solutions using root-finding by bisection

* Test fails if relative difference between any pair of MAM and reference solutions exceeds
1E-15 (machine precision)

https://e3sm-project.github.io/CMDV-
Unit isolation: MAM box model (Fortran) testing/wateruptake/verification.html



https://e3sm-project.github.io/CMDV-testing/wateruptake/verification.html

Verification example from CLUBB: ) i,
Clipping in Stand-Alone Model

L. Rayborn (PNNL) rtp2 wprtp
L3 : 1=

The physics e A

* CLUBB (Cloud Layers Unified By Binormals) is a 0075 e
parameterization of clouds and turbulence for 003 . " °‘:‘ :
the representation of cloud macrophysics, > " . O
shallow convection, and turbulence. 0 100 12 e 00 100 100 108

The code

» Solution “clipping” is introduced to avoid non-physical quantities (e.g., negative densities).
* Clipping is in general non-conservative, but there are conservative variants (e.g., hole filling)

The verification

* Quantify magnitude of clipping terms in CLUBB's 13 prognostic eqns. using BOMEX TC.

e Evaluate various clipping schemes in CLUBB.

* Magnitude of clipping term for each scheme is compared to max physical term in each
budget; test fails if magnitude > threshold.

https://e3sm-project.github.io/CMDV-
Unit isolation: clipping BOMEX unit test. testing/CLUBB_clipping_test.html|



https://e3sm-project.github.io/CMDV-testing/CLUBB_clipping_test.html

Verification example from MPAS-O: s
K-Profile Parameterization https://e3sm-

project.github.io/CMDV-

L. Van Roekel, L. Conlon, J. Gafur (LANL) testing/palm_cvmix_compare.html

The thSiCS B sm M oim

* The K-Profile Parameterization (KPP) represents small scale 23] = zom W 10m )
(below the grid scale) vertical turbulent fluxes of heat, salt, 20]

and momentum in the ocean.

Relative Error
=
o

The code ;

* KPP does not contain any prognostic equations, but utilizes " . .
diagnostic equations and scaling relationships to 00— ——F = x x
parameterize turbulent fluxes. 05 x i

e KPP is known to not exhibit convergence with vertical T T
resolution, but is robust to time step variation. Test Case

* No known analytic solutions for comparison in most cases. Relative error he across test

cases and resolution

The verification
e Utilize a large eddy simulation as a baseline to verify the temperature tendency and
entrainment depth (figure) returned by KPP, critical quantities for the ocean simulation.

Unit isolation: CVMix module and MPAS-Ocean vertical mixing interface.


https://e3sm-project.github.io/CMDV-testing/palm_cvmix_compare.html

Success story #1 ) i,

A critical issue with water conservation in E3SM was uncovered!

https://www.energy.sov/science/articles/how-fit-planet-inside-
computer-developing-energy-exascale-earth

Office of Science

How to Fit a Planet Inside a Computer:
Developing the Energy Exascale Earth

System Model

JULY 12, 2018

Home » How to Fit a Planet Inside a Computer: Developing the Energy Exascale Earth System Model

The Earth was apparently losing water.

Ruby Leung, a scientist from the Department of Energy's (DOE) Pacific
Northwest National Laboratory (PNNL), and her team were baffled by their
results.

"We were seeing the sea level decreasing at an alarming rate," she said.

Image courtesy of Lawrence Livermore
National Laboratory

Fortunately, they were only looking at a virtual Earth. They quickly realized

there were errors in the Earth system computer model they were developing. ) The new E3SM earth system
Scientists use these computer programs to visualize the present and see modet can simlate storma with
surface winds faster than 150
into the future. They need to come as close as possible to modeling how miles per hour. This picture from
R . & the simulation shows how the
Earth's systems function in real life. Because the real Earth cycles water but storms affect the sea's surface

temperatures in ways that can

never loses it, neither should the model. influence future hurricanes.


https://www.energy.gov/science/articles/how-fit-planet-inside-computer-developing-energy-exascale-earth

Success story #2 ) i,

Issues in the implementation and use of
nudging* in E3SM were uncovered!

Caution:
Potential Misuse of Nudging in the
Atmosphere Model of E3SMv0 and v1

Target audience of the slides
Kai Zhang, Jian Sun, Hui Wan

PNNL
January, 2019

E3SM developers and users who used nudging in CAMS and
are using similar scripts and forcing data to conduct nudged
atmospheric simulations with E3SMv0 and v1

.

A more flexible implementation was developed.

Impact of nudging strategy on the climate representativeness

and hindcast skill of constrained EAMv1 simulations

Journal article
Jian Sun', Kai Zhang', Hui Wan', Po-Lun Ma', Qi Tang?, Shixuan Zhang' accep ted by JA MES
! Pacific Northwest National Laboratory, Richland, WA, USA
5 2Lawrence Livermore National Laboratory, Livermore, CA, USA

*Data assimilation technique used in sensitivity studies/validation of EAM simulations.



Ongoing & future work )

Laboratories

Expand testing framework:

e Evaluate and integrate or support for kgen, ctest

* Explore using E3SM configuration/software environment to setup/tests on
supported machines

Outreach and documentation:
* Expand testing documentation, hold cmdv-test-runner tutorial (TBD).
* Deploy testing workflow on other projects, e.g.,

J RRTMCP (radiative transport) [ SCREAM

1 Land model (FATES) 3 EAGLES

J DEMSI [ Other components?

Recommendations for future success:

* Requiring common testing tools (e.g., ctest) would simplify workflow.

 Documentation & verification should be done as code is developed.

* Liaison from each targeted component/project is critical to creating
meaningful tests!

Starting CY20: monthly Verification Interest Group concall (POC: Hui Wan)
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Verification example from CLUBB: ) &,
Turbulence Closure v

‘ : ;
L0 | | —  Weighted 1st Gaussian []
|

—  Weighted 2nd Gaussian
— Sum Total PDF

V. Larsen (U Wisconsin)

nent)

o
o
T

The physics

e CLUBB’s subgrid PDF is used to diagnose cloud
fraction within a grid box.

* CLUBB’s PDF shape is a double Gaussian (sum of
2 Gaussian components).

ol
=Y

P(w) (weighted for each PDF compol
=
—_

e
o

0.0 . L 1 1 .
—10 —0.5 0.0 0.5 1.0

The code wims]

e Parameterizes the mean and variance of each Gaussian component in terms of the mean
and variance over the entire grid box.

The verification

e Tests whether the aforementioned algebra is correct.

*  More specifically, for a variety of selected inputs, the test uses CLUBB code to parameterize
the component means and variances, and then checks whether the original grid mean and
variance can be recovered.

Unit isolation: CLUBB PDF subroutine (Fortran).



Verification example from MAM: ) i
Condensation and evaporation

J. Sun, R. Easter, K. Zhang, H. Wan (PNNL)
The physics

* Gas phase chemical species condense to or evaporate from
aerosol particles and change their sizes

Self-convergence of MAM solution of SOA

The code

* Solves ordinary differential equations (ODEs) for mass
concentrations of related gases and aerosol species

== Accumulation
-] == Aitken
== Coarse

| === Primary carbon
I y—.

-
-
”

log,, ()

o N b b bk boN s o
| I

The verification

Multiple tests for the numerical methods
* Gauss-Hermite Quadrature for Mass Transfer Coefficients
* Time integration of ODEs

Ry 0 1 2 3 4
log,,(At)

r

- ) ) See also poster by Sun et al.
Additional tests for code implementation

* E.g., Impact of rounded or non-standard values for various parameters

Unit isolation: MAM box model (Fortran)

https://e3sm-project.github.io/CMDV-
testing/condensation/gauss hermite accuracy/verification.html



https://e3sm-project.github.io/CMDV-testing/condensation/gauss_hermite_accuracy/verification.html

