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ABSTRACT

The Arctic is warming and feedbacks in the coupled Earth system may be driving the Arctic to
tipping events that could have critical downstream impacts for the rest of the globe. In this project
we have focused on analyzing sea ice variability and loss in the coupled Earth system. Summer sea
ice loss is happening rapidly and although the loss may be smooth and reversible, it has significant
consequences for other Arctic systems as well as geopolitical and economic implications. Accurate
seasonal predictions of sea ice minimum extent and long-term estimates of timing for a seasonally
ice-free Arctic depend on a better understanding of the factors influencing sea ice dynamics and
variation in this strongly coupled system.

Under this project we have investigated the most influential factors in accurate predictions of
September Arctic sea ice extent using machine learning models trained separately on observa-
tional data and on simulation data from five E3SM historical ensembles. Monthly averaged data
from June, July, and August for a selection of ice, ocean, and atmosphere variables were used to
train a random forest regression model. Gini importance measures were computed for each input
feature with the testing data. We found that sea ice volume is most important earlier in the season
(June) and sea ice extent became a more important predictor closer to September. Results from
this study provide insight into how feature importance changes with forecast length and illustrates
differences between observational data and simulated Earth system data.

We have additionally performed a global sensitivity analysis (GSA) using a fully coupled ultra-
low resolution configuration E3SM. To our knowledge, this is the first global sensitivity analysis
involving the fully-coupled E3SM Earth system model. We have found that parameter variations
show significant impact on the Arctic climate state and atmospheric parameters related to cloud
parameterizations are the most significant. We also find significant interactions between parame-
ters from different components of E3SM. The results of this study provide invaluable insight into
the relative importance of various parameters from the sea ice, atmosphere and ocean components
of the E3SM (including cross-component parameter interactions) on various Arctic-focused quan-
tities of interest (QOIs).
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1. INTRODUCTION

The Arctic is warming at more than twice the rate of the rest of the globe [1, 2] . Arctic physical
and biological systems are strongly coupled and feedbacks may be driving the Arctic to tipping
events that could have critical downstream impacts for the rest of the world [43, 44, 7]. Permafrost
thaw is resulting in infrastructure damage and coastal erosion and will eventually lead to significant
greenhouse gas release [55, 65]. Melt of the Greenland ice sheet will lead to global sea level rise
with risks to coastal infrastructure [25]. Sea ice loss will lead to increased maritime activity with
the potential to lead to geopolitical conflict as more nations vie for access to the region [69]. In
addition, there is evidence that loss of sea ice and Arctic warming lead to changes in mid-latitude
weather and precipitation [12, 13, 15]. Both sea ice and land ice melt may also lead to ocean
current disruptions due to freshwater flux into the North Atlantic [68]. As changes progress in
each of these physical systems, interactions between them as well as with the atmosphere and
ocean can lead to feedbacks that accelerate the warming.

Recently, considerable research efforts have been focused on predicting critical transitions in geo-
physical and other complex systems [41, 7, 16, 44, 64, 45, 42, 63, 43]. Tipping events often arise
due to self-amplification processes within the system dynamics, thus prioritizing accurate capture
of these feedbacks. Lenton and others [43, 30]. have found that triggers of the tipping events may
be the magnitude of the forcing, the rate of the forcing, or system noise; hence, data analytic tech-
niques should be employed to track these triggers. A large committed change due to a tipping event
can occur rapidly. Alternatively, a rate limitation in the system dynamics may cause the regime
change to occur very slowly [41]. From a socioeconomic perspective both the timing of the point
of commitment as well as the range and magnitude of the state-altering effect are important.

In the final two years of this project we have focused on analyzing sea ice in the coupled Earth
system. Arctic sea ice extent has been declining over the past four decades with the most sig-
nificant loss in summer months [52]. Contributing to sea ice loss is the well-known ice-albedo
feedback, which is the process where highly reflective sea ice is lost reducing the surface albedo
and increasing solar radiation absorption in the darker ocean water [24]. This positive feedback
is counteracted by a negative feedback mechanism whereby thinner sea ice grows more quickly
in response to thermodynamic forcing from the ocean and atmosphere. The interactions of these
feedbacks have led researchers to consider whether sea ice loss is a tipping point in the global
climate [43]. In simplified low-order single column models of Arctic sea ice, parameter regimes
have been found where a bifurcation occurs as the Arctic transitions to a seasonally ice-free state
and where a more robust bifurcation point occurs with the loss of winter sea ice [3, 29]. However,
when researchers have looked at more detailed models of sea ice, including the types of models
used in coupled Earth system models, the bifurcations associated with a transition to a seasonal
ice-free state are no longer observed. In particular, Wagner and Eisenman found that instabilities
in low-order models are due to lack of meridional heat transport and the seasonal cycle of solar
forcing, explaining why general circulation models display a smooth loss of Arctic sea ice that is
reversible in contrast to the simplified models [78].

Although the transition to a seasonally ice-free state in the Arctic may be smooth and reversible,
observational data have shown that the loss of Arctic sea ice is happening rapidly and that this loss
will have a significant influence on Arctic coastal systems and global climate. Recent research
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has suggested that Arctic sea ice loss contributes to mid-latitude weather changes, including in-
creases in winter storms and drought [12, 13, 15]. Sea ice loss can also impact Atlantic Meridional
Overturning Circulation [68] and has significant geopolitical and economic implications due to
increasing shipping activity [69].

Accurate seasonal predictions of sea ice minimum extent and long-term estimates of timing for
a seasonally ice-free Arctic depend on a better understanding of the factors influencing sea ice
dynamics and variation in this strongly coupled system. This includes loss due to greenhouse gas
forcing and the superimposed internal variability of the complex Earth system. Studies have found
a linear relationship between sea ice loss and global average surface temperature in both observa-
tional data and simulation data with most predictions indicating that the Arctic will be seasonally
ice free by mid-century [79, 71, 52]. The correlation is generally explained by a common depen-
dency of temperature and sea ice concentration on green house gas concentration. However, there
is evidence that internal variability may strongly influence the timing for an ice-free Arctic. Screen
and Deser show that changes in the Interdecal Pacific Oscillation (IPO) can shift this timing by
seven years [67]. Ding et al. conclude through a fingerprint analysis with the Large Ensemble
Community Project (LENS) data set that internal variability contributes between 40-50 % of the
recent decline in Arctic sea ice [17]. Additionally, there is no consensus in the literature on the
dominant factors impacting internal variability and sea ice loss and this continues to be an active
area of research. Potential drivers include atmospheric temperature fluctuations [53], decadal sea
surface temperature changes driving convection and teleconnections [47], and ocean mixed layer
processes [54].

Accurate long-term predictions from coupled Earth systems models are required to estimate Arctic
sea ice changes and find the dominant drivers in that loss. Previous generations of climate models
have on average underestimated sea ice loss [72] and it has been shown that among CMIPS models
that matched the sea ice trends, the atmospheric warming has been overpredicted [62]. Given
of the complexity of the coupled Earth system and the feedbacks in the warming Arctic, there are
opportunities to investigate these interactions in more detail with advanced approaches that include
investigating dominant drivers of Arctic change using machine learning techniques and evaluating
how the parametric uncertainty in coupled models impacts projections.

Under this project we have investigated the main drivers of sea ice loss using both observational
data and simulation data from the Energy Exascale Earth System Model (E3SM). In Section 2
we describe the observational data and reanalysis products used in our analyses. In Section 3, we
provide a description of E3SM and an initial analysis of sea ice behavior in the standard resolu-
tion simulation data for CMIP6. We also introduce in this section an ultra-low and medium-low
resolution of the E3SM, both of which are used for our global sensitivity analysis, and provide
results from spin-up and tuning runs using these models. In Section 4 we introduce a data-driven
model for September sea ice extent and provide results of a feature analysis to investigate the most
important factors driving sea ice extent in both observations and E3SM. In Section 5 we discuss
a global sensitivity analysis for the fully coupled E3SM using an ensemble set of successful per-
turbed simulations at two low-resolution configurations. This analysis allows us to identify which
parameters from the fully-coupled E3SM have the greatest influence on several Arctic-focussed
quantities of interest. In Section 6, we attempt to extract some additional information from the
aforementioned low-resolution simulations by performing an enrichment analysis aimed at identi-
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fying if any of the model parameters in our experiments are correlated with whether the simulation
completed successfully. Finally, we provide some overall conclusions in Section 7. Outcomes of
this project including presentation, posters and publications are listed in Appendix C.

2. OBSERVATIONAL AND REANALYSIS DATA

Observational data and reanalysis data products were used in our analysis as comparison for simu-
lation data from the Energy Exascale Earth System Model (E3SM) (Sections 3.1 and 3.2) as well as
for training the machine learning model for sea ice extent (Section 4). For Arctic sea ice coverage,
monthly sea ice extent values from the National Snow and Ice Data Center (NSIDC) were used
[19]. The monthly extent is derived from gridded daily passive microwave satellite observations of
sea ice concentration at 25 km resolution [48, 56]. The concentration data set provides the fraction
of ice coverage in each cell and extent in computed as the sum of grid cell areas with at least 15%
sea ice coverage. The data set runs from 1979 through the present and was downloaded March,
2019.

For sea ice volume we utilize data from the Pan-Arctic Ice Ocean Modeling and Assimilation Sys-
tem (PIOMAS) [66]. PIOMAS is a coupled sea ice and ocean numerical model that assimilates
daily sea ice concentration data from NSIDC as well as sea surface temperatures from National
Center for Environmental Protection (NCEP). The model computes an estimate of sea ice thick-
ness, which is used to derive an average value for monthly total Arctic sea ice volume. The data
are available from 1979 to the present and we used data through 2018 for our analysis.

For atmospheric data we use the NCEP-DOE Reanalysis II [37]. We accessed data for 4-times daily
values on a T62 Gaussian grid for 2 meter air temperature, surface pressure, surface downward
longwave flux, 10 meter meridional wind, and 10 meter zonal wind. We additionally downloaded
monthly average values of 2 meter specific humidity, surface precipitation rate, and cloud fraction
also on a T62 Gaussian grid. In all cases we used data from years 1979-2018. For our analysis
we typically used either a global area average of the field obtained by computing the area sum
over the entire grid or an Arctic area average obtained by computed the area sum over all cells
with latitude greater than 60. The National Oceanic and Atmospheric Administration (NOAA)
Extended Reconstructed Sea Surface Temperature (ERSSTv4) dataset, which uses historical ship
and buoy sea surface temperature (SST) measurements to reconstruct a monthly SST field on
a 2 degree global latitude longitude grid is used for sea SST data [31]. As with the atmospheric
reanalysis data, we compute either a global area average or an Arctic area average from the gridded
product over the years 1979-2018 for our analysis.

A summary of the observational and data fields we used in this project including a short name,
description and data source are provided in Table2-1.

13



Name Description Source

SIE sea ice extent ftp://sidads.colorado.edu/DATASETS/NOAA/G02135/[48]

SIV sea ice volume apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly/[66]
TS surface air temperature www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html[37]
FLWS downward longwave flux at surface | www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html [37]
PS surface air pressure www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html[37]
UWIND | Eastward wind www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html[37]
VWIND | Northward wind www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html[37]
CLT total cloud cover percentage www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html[37]
SSH near-surface specific humidity www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html[37]
SST sea surface temperature ftp://ftp.ncdc.noaa.gov/pub/data/cmb/ersst/v4 [31]

Table 2-1 Sea ice, atmosphere, and ocean observational and reanalysis data fields,
description and source.

3. E3SM MODEL CONFIGURATION

Version 1 of the Energy Exascale Earth System Model (E3SM)! was used to investigate changes
in Arctic sea ice in response to internal variability related to ocean and atmosphere modes as well
as in response to perturbations in the model parameters. E3SM consists of component models for
atmosphere, ocean, ice, land, and river transport. The E3SM Atmosphere Model (EAM) has a
spectral element dynamical core discretized on a cubed sphere grid using 72 vertical levels. The
standard resolution E3SM configuration uses a 1 degree grid for both EAM and the E3SM Land
Model (ELM), which corresponds to approximately 110 km at the equator. The ocean and sea ice
models are based on the Model Prediction Across Scales (MPAS) framework. MPAS-ocean uses a
finite volume discretization on an unstructured Voronoi grid, which is shared with MPAS-Sea Ice.
At the standard resolution the ocean and sea ice grid has a resolution varying between 60 km at
midlatitudes and 30 km at the poles. The Model for Scale Adaptive River Transport (MOSART)
has a resolution of 50 km.

A detailed description of E3SM version 1 and simulation skill under the Diagnostic, Evaluation
and Characterization of Klima (DECK) simulations for the Sixth Coupled Model Intercomparison
Project (CMIP6) are provided in Golaz et al. [22]. The set of standard resolution CMIP6 simulation
data, produced by the E3SM development team, is available for downloading? and was used in our
analysis. Details of CMIP6 are given in [18]. In particular, we have used the following data sets

e 500-year pre-industrial control (“piControl”) simulation,
e 165-year historical simulation with five ensemble members,
e 150-year 1% CO; increase simulation.

A summary of Arctic sea ice variability and trends from the E3SM v1 DECK data sets is provided
in Section 3.1 The five historical ensembles are used as training data in the machine learning feature
analysis described in Section 3.2.

In addition to the data from the E3SM v1 released DECK simulations, we have generated our own
data sets using an ultra-low resolution (ULR) and medium-low resolution (MLR) configuration of
E3SM v1. We chose an ULR configuration that would provide a computationally tractable way

1www.e3sm.org

Znttps://e3sm.org/data/get-e3sm-data/released-e3sm-data/vl-1-deg-data-cmip6/
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to generate large numbers of ensemble runs to explore the parameter space in the coupled model.
This ULR configuration has a grid resolution of approximately 7.5 degrees (ne4) for EAM and
ELM and 240 km or approximately 2.2 degrees for MPAS-ocean and MPAS-Sea Ice. To develop
robust predictive understanding of sea ice stability, we additionally performed computations with a
medium-low resolution (MLR) configuration that included a higher resolution atmosphere model
(nell) with resolution approximately 2.7 degrees. The ocean model grid remained the in both the
ULR and MLR configurations. Importantly, key dynamics, such as baroclinic instability, are re-
solved in this configuration. Baroclinic instability dynamics give rise to large-scale and mesoscale
motion in the atmosphere and ocean. Plots of the grids in the low resolution configurations are
provided in Figure (3-1).

Figure 3-1 Ultra-low resolution grid for atmosphere (a), medium-low resolution atmo-
sphere grid (b), and ocean grid used in both ultra-low and medium-low configurations

()

E3SM v1 at standard resolution has been scientifically validated with tuning parameters chosen to
optimize top-of-atmosphere radiative equilibrium, cloud and aerosol optical depths, sea and land
ice extent, and circulations of the atmosphere and ocean. Therefore, this configuration is used as a
reference for our E3SM ULR and MLR simulations for comparing quantities of interest.

3.1. Sea Ice Variability in E3SM DECK Simulations

Here we provide a preliminary evaluation of September sea ice extent and volume trends in a
subset of the DECK simulations including the pre-industrial control simulation, the five historical
ensembles, and the 1% CO?2 increase simulation. The 500-year pre-industrial control simulation
provides a view of the range of variability of sea ice extent and the historical and 1% CO2 simula-
tions provide a view of the sensitivity of Arctic sea ice cover to greenhouse gas forcing and Arctic
warming. We focus primarily on the September sea ice extent and volume as changes in these
quantities are most important for predictions of seasonally ice-free conditions in the Arctic. In the
500-year pre-industrial control simulation the September sea ice extent shows considerable yearly
and decadal variability (Figure 3-2). NSIDC observational data from the historical record is shown
in red and shows that the E3SM September sea ice extent is reasonable in magnitude compared
to the historical observations. The range of the variations in September sea ice extent can be seen
more directly in plots of September sea ice concentration averaged over all years, the ten smallest
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extent years, and the ten largest sea ice extent years (Figure 3-3). This represents variability in
E3SM without anthropogenic greenhouse gas forcing.
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Figure 3-2 September sea ice extent (top) and volume (bottom) from E3SM pre-
industrial control simulation in black. NSIDC satellite data in red (top) and PIOMAS
reanalysis in red (bottom) from the observational record shown for comparison.

Figure 3-3 September sea ice concentration, average over 500 years (left), average
over 10 years with largest sea ice extent (middle), average over 10 years with smallest
sea ice extent (right).

Although E3SM closely matches the observational Arctic September sea ice extent, it exhibits a
bias in winter sea ice extent and volume overestimating the values compared against NSIDC data
and the PIOMAS reanalysis product. This can be seen by averaging the seasonal cycle over sim-
ulation and observation years as shown in Figure 3-4. Figure 3-4a shows the seasonal cycle for
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sea ice extent where the solid red line represents the 500-year average of the E3SM piControl sea
ice extent and the shading represents the standard deviation. Similarly the solid black line repre-
sents the 40-year average of the NSDIC sea ice extent and the gray shading the standard deviation.
E3SM has a pronounced overestimation of the sea ice extent in all months except September. The
seasonal cycle for sea ice volume is shown in Figure 3-4b for a 500-year average of the E3SM
piControl Arctic sea ice volume and a 40-year average of the PIOMAS reanalysis data. The E3SM
seasonal cycle for volume also overestimates the volume during winter and late spring, but matches
quite well in summer and fall. The variability in sea ice extent and volume as measured by stan-
dard deviation of the seasonal cycle is smaller in general for the piControl simulation. This is
not surprising as the observational record does show more variability due to forced changes from
greenhouse gases.

E3SM Pre-industrial Control a5
NSIDC data

E3SM Pre-industrial Control
a0k —— PIOMAS reanalysis

Sea Ice Extent 10° km?®

Figure 3-4 Seasonal cycle for sea ice extent averaged over 500-year pre-industrial
control simulation and 40-year NSIDC satellite record (a). Seasonal cycle for sea ice
volume averaged over 500-year pre-industrial control simulation and 40-year PIOMAS
reanalysis data from 1979-2018 (b). In both plots the solid lines represent the sea-
sonal average and the shading represents the standard deviation.

Data released from the E3SM project for CMIP6 includes five ensemble members initialized from
different years of the pre-industrial control simulation and run with historical forcing from 1850
through 2014 as well as a 1% CO; forced simulation of 150 years. September sea ice extent and
volume for these simulation are shown in Figure 3-5. The plots show that the historical ensembles
slightly overestimate the sea ice extent and volume loss decline of the last 30 years. The trends are
investigated in more detail below. In the 1% CO, simulation, September sea ice extent and volume
go to near zero within 50 years of the start of the simulation.

Following Winton [79], we calculate the sea ice sensitivity with respect to global surface tempera-
ture (TS). Observational and reanalysis data from NSIDC, PIOMAS, and NCEP for September sea
ice extent (SSIE), volume (SSIV), and TS as described in Section 2 are used in the comparison with
simulations. TS is calculated from gridded observational and simulation data as an area-averaged
sum of surface temperature over the entire globe. Using a linear least squares fit we compute
slope and R? of SSIE and SSIV versus TS. The slopes are computed using the final 35 years of
the historical simulation to provide a direct comparison with the observational data. In the case of
the 1% CO; simulation, the first 40 years are used to compute the slope because after that point
the September sea ice extent reduces to nearly zero. As shown in Table 3-1 all E3SM historical
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Figure 3-5 September sea ice extent (top) and volume (bottom) from E3SM historical
ensembles, average in black and shading is standard deviation. E3SM 1% CO; simu-
lation in blue. NSIDC satellite data in red (top) and PIOMAS reanalysis in red (bottom)
from the observational record shown for comparison.

simulations as well as the E3SM 1% CO; simulation show larger slopes than the observational
data. This is in contrast to previous models in CMIPS, which generally show smaller sensitiv-
ity to global surface temperature [72]. The R? values for the observations, historical simulations,
and 1% CO, simulation indicate a good fit supporting previous analyses that found strong linear
correlations between sea ice extent and global surface temperature. In contrast, the pre-industrial
control simulation has R? values of 1.35 and 1.24 for SSIE and SSIV, respectively, much lower
than the other simulations. This suggests that the linear relationship between TS, SST, and SSIE,
SSIV are weaker in this simulation, perhaps because other sources of variability dominate in the
pre-industrial control forcing case.

We also investigate sea ice sensitivity with respect to Arctic sea surface temperature (SST). Arctic
sea surface temperature is computed as an area sum over the region with latitude greater than 60
degrees. Observational and reanalysis data from NSIDC, PIOMAS, and ERSSTv4 for September
sea ice extent (SSIE), volume (SSIV), and SST as described in 2 are used in the comparison. As
before we use a linear least squares fit to compute slope and R? of SSIE versus SST and SSIV
versus SST using the final 35 years of the historical simulation and the first 40 years of the 1%
CO, simulation. As shown in Table 3-2 all E3SM historical simulations as well as the E3SM 1%
CO; simulation show larger slopes than the observational data similar to what was seen in the
SSIE sensitivity results (Table 3-1). The R? values for the observations and historical simulations
indicate a good fit and in many cases are larger than the corresponding R? values for sensitivity
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Data Source SSIE vs Global TS SSIV vs Global TS
Slope (10%m?/K) ~ R*>  Slope (10°km*/K)  R?

Observations -3.54 0.644 -13.7 0.712
E3SM Hist 1 -5.65 0.810 -18.3 0.788
E3SM Hist 2 -3.77 0.656 -10.6 0.449
E3SM Hist 3 -4.94 0.728 -17.1 0.695
E3SM Hist 4 -4.02 0.705 -17.2 0.766
E3SM Hist 5 -4.73 0.805 -12.4 0.690
E3SM piControl -2.65 0.135 -8.42 0.124
E3SM 1%CO; -4.39 0.758 -6.92 0.791

Table 3-1 Sea ice extent and volume sensitivity computed as the linear least squares
fit versus September sea ice yearly global average surface temperature.

with respect to TS. As before the pre-industrial control simulation does not have as good a fit and
interestingly neither does the 1% CO, simulation. correlations between sea ice extent and global
surface temperature.

Data Source SSIE vs Polar SST SSIV vs Polar SST
Slope (10%m?/K) ~ R>  Slope (10%m?/K)  R?

Observations -3.60 0.790 -13.9 0.879
E3SM Hist 1 -4.86 0.798 -15.7 0.755
E3SM Hist 2 -3.97 0.877 -11.4 0.792
E3SM Hist 3 -4.64 0.739 -14.2 0.672
E3SM Hist 4 -4.46 0.828 -17.3 0.824
E3SM Hist 5 -4.75 0.852 -11.8 0.724
E3SM piControl -3.00 0.275 -7.24 0.142
E3SM 1%CO; -4.47 0.571 -8.50 0.550

Table 3-2 Sea ice volume sensitivity computed as the linear least squares fit of
September sea ice yearly global average surface temperature and yearly polar sea
surface temperature.

We can additionally compare trends between the E3SM simulations and observational and reanal-
ysis data. In Figure 3-6 we plot SSIE versus TS trends and SSIV versus TS trends for observational
and simulation data. In this figure the we plot trends for overlapping 35-year pseudo-ensembles
from the pre-industrial control simulation starting from every five years in the 500-year time series,
shown as black stars. As would be expected for a run in equilibrium, these points center around
zero trends in surface temperature and September sea ice extent. It is interesting, however, that the
SSIE versus TS trends from observations (dark blue) and historical (red) and 1% CO; (light blue)
simulations do not overlap with the trends from the piControl run, which are significantly smaller.
These plots also demonstrate that the historical simulations overpredict the recent observational
trends in sea ice loss. Similar results can be seen in the SSIV versus TS trend plot as well as the
SSIE and SSIV versus SST plots (Figure 3-7).

3.2 E3SM Ultra-Low Configuration Tuning

For ULR simulations, we performed a spin-up (i.e., running the model until equilibrium state is
achieved) using the pre-industrial control forcing. Our initial spin-up was a simulation of 500 years
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with default parameter values. This simulation exhibited a warm bias, with surface temperature
elevated, compared with observations and declining sea ice over the 500-year period. In Figure
3-8 time series plots of values from the baseline run show the warm bias is air surface temperature.
Corresponding to the warm bias we see a positive net top of atmosphere flux and declining sea ice
extent. It is also noteworthy that sea ice year-to-year variability is quite large in this case. It has
been found in other models that variability increases as the Arctic warms and sea ice is lost [49].

Annual climatologies have been computed for the baseline ULR simulation from the final 200
years in the spin-up to investigate spatial variation of selected fields. Plots of the annual average
global surface temperature, precipitation, and top of atmosphere flux and shown in Figure 3-9
where the final 200 years of the ULR baseline spin-up is compared to the average of the 500
year pre-industrial control simulation from the 1 degree E3SM CMIP6 simulations. In Figure 3-
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are shown blue, trends from the five historical E3SM ensembles are in red, and 35-
year overlapping pseudo-ensembles from the pre-industrial control simulation are
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35-year overlapping pseudo-ensembles from the pre-industrial control simulation are
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Figure 3-8 Yearly averaged global surface air temperature (°C) (a), yearly averaged
net flux at top of atmosphere (W /m?) (b), September sea ice extent (10%km?) (c), and
yearly averaged sea ice extent (10°%?) (d). Blue line from the 500-year E3SM pre-
industrial control simulation and red line from 500-year baseline spin-up. For com-
parison NSIDC satellite observations are shown in black in (¢) and (d) and NCEP
atmospheric reanalysis data for surface temperature is shown in black in (a).

10 zonal mean values of surface temperature and zonal wind are shown. These plots show that
the ULR simulation is not able to capture some of the smaller features that a higher-resolution
simulation can. However, the ULR simulation does capture the large-scale features of the flow

providing support that the ULR simulation can provide useful information for higher-resolution
modeling.

Tuning the coupled model, we want near-zero long-term average net top-of-atmosphere (TOA)
energy flux, constant global average mean surface air temperature, and a reasonable absolute global
mean surface air temperature. However, this is not achieved with the initial baseline computation
of the ULR model. In an attempt to make the ULR model more Earth-like with respect to key QOI,
we tuned the atmosphere component, investigating several changes to atmosphere parameters, as
well as modified parameters to match the final tuning from the Golaz et al. paper [22]. Parameter
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Figure 3-9 Surface temperature (°C) (a), precipitation (b) top of atmosphere flux
w /m2) (c) for years 300-500 of the ultra-low resolution pre-industrial control spinup
and for the 1 degree standard resolution pre-industrial control run.

values are given in Table 3-3.

Parameter Baseline Value | Golaz et al. Value
zmconv_ke 1.5x10°° 5.0x10°°
so4_sz_thresh_icenuc | 7.53 x 1078 50x 1078
clubb_c14 1.3 1.06

cldfrc_dpl 0.045 0.045

Table 3-3 Default atmospheric parameter values for ULR configuration and corre-
sponding values from Golaz ef al.[22].

In addition to the changes to Golaz et al. values shown in Table 3-3. We ran a series of perturbed
simulations to see if we could obtain a spin-up with more realistic climate as shown in Table 3-4.
We found that the Cloud Layers Unified By Binormals (CLUBB) parameter, cldfrc_dpl, related
to cloud parameterizations in EAM, has a strong impact on surface temperature as well as sea ice
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Figure 3-10 Zonal temperature (°C) (a), and zonal winds (m/s) for years 300-500 of
the ultra-low resolution pre-industrial control spinup and for the 1 degree standard
resolution pre-industrial control run.

Short Case Name Years Description

baseline 1-500 Baseline simulation using default parameters
tunecldfrc_dplpl 1-148 Baseline with cldfrc_dpl = 0.1
tunecldfrc_dp1p05 1-201 Baseline with cldfrc_dp1 = 0.05

tune_agu_cldfrc_dp1_0.05 1-200 Golaz defaults with cldfrc_dpl = 0.05
tune_agu_cldfrc_dp1_0.075 1-200 Golaz defaults with cldfrc_dpl = 0.075
branch_tune_clubb_c141p06 | 501-750 | Branch from baseline, with clubb_c14 = 1.06

branch_tune_Golaz 501-683 | Branch from baseline, Golaz defaults

branch_tune_dplpl125 501-593 | Branch from baseline, Golaz defaults with cldfrc_dp1 = 0.125
branch_tune_dplpl5 501-576 | Branch from baseline, Golaz defaults with cldfrc_dpl = 0.15
branch_tune_dplpl175 501-614 | Branch from baseline, Golaz defaults with cldfrc_dpl = 0.175
branch_tune_dp1p2 501-531 | Branch from baseline, Golaz defaults with cldfrc_dpl = 0.2
branch_tune_dp1p3 501-504 | Branch from baseline, Golaz defaults with cldfrc_dpl = 0.3
branch_tune_dplp4 501-517 | Branch from baseline, Golaz defaults with cldfrc_dpl = 0.4

Table 3-4 Ultra-low resolution E3SM runs to investigate atmospheric parameter tun-
ings. Branch runs were started from year 500 of the baseline simulation.

concentration and extent. However, despite numerous attempts, we were unable to reproduce the
1-degree diagnostic QOI behaviors and validated E3SM configuration with different tunings of key
atmospheric parameters. In order to move forward with the sensitivity analysis, we chose to use a
branch of the baseline ULR simulation with the Golaz ef al. parameter values as the initialization.
This set of parameters did result in a more realistic climate with the net top of atmosphere flux was
closer to zero. Time series plots of surface temperature, top of atmosphere flux, and sea ice extent
for this simulation compared with the standard 1-degree E3SM results are shown in Figure 3-11.

3.3. E3SM Medium-Low Configuration Tuning

To enable multi-fidelity studies for rigorous uncertainty estimation, we began developing tunings
at a “medium-low” (MLR) resolution — 2.7(°) latitude, corresponding to the nel1 EAM grid. To
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Figure 3-11 Yearly averaged global surface air temperature (°C) (a), yearly averaged
net flux at top of atmosphere (W /m?) (b), September sea ice extent (10°km?) (c), and
yearly averaged sea ice extent (10°%4m?) (d). Blue line from the 500-year E3SM pre-
industrial control simulation and red line from 180-year branch run using Golaz et al.
tuning values. For comparison NSIDC satellite observations are shown in black in (c)
and (d) and NCEP atmospheric reanalysis data for surface temperature is shown in
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establish the baseline necessary for parameter sensitivity studies described in Section 5, we tested
two configurations — no tuning, and tuning as in Golaz ef al. Our baseline ended up being the
Golaz et al. tuning; 242 years were simulated with this tuning, and parameter sensitivity studies
branched from this MLR at simulated year 200. This run had reached equilibrium by approxi-
mately simulation year 80. The pre-industrial control component set was also used for the MLR
spin up. Parameter values from Golaz et al. from Table 3-3 were used in this case as well.

The Golaz et al. tuning for MLR runs resulted in a climate with a cold bias (with respect to the
surface temperature QOI), in contrast to the warm bias seen in the ULR baseline configuration.
Because simulations at MLR are approximately five times more computationally expensive than
those for ULR, project time constraints precluded further investigation of additional tunings. We
therefore proceeded with this MLR run as a baseline, and branched from simulation year 200 for
the perturbed sensitivity runs at this resolution. Time series plots of surface temperature, top of
atmosphere flux, and sea ice extent for this simulation compared with the standard 1-degree E3SM
results are shown in Figure 3-12.

4. DATA MODEL AND FEATURE ANALYSIS

In this analysis we develop machine learning models of September sea ice extent trained on both
E3SM historical simulation data and observations. The objective of this work is to identify the key
model input features that impact model predictability.

41. Overview of past work

Seasonal predictions of Arctic sea ice concentration and extent are important for many stakehold-
ers. Accurate seasonal predictions of these quantities depend on better understanding of the factors
influencing sea ice variability including interactions and feedbacks between the ocean, atmosphere,
and sea ice as well as warming due to greenhouse gas forcing. Since 2008, the Sea Ice Outlook?
funded by the Sea Ice Prediction Network project* has worked to gather predictions of Arctic
September sea ice extent and concentration to provide a forum for demonstrating different model-
ing methods and evaluating the accuracy and skill of these predictions, which come from physics-
based models, statistical approaches, as well as machine learning models. The Sea Ice Outlook
effort has demonstrated some of the difficulties in generating skillful predictions of seasonal sea
ice extent, leading to a number of studies investigating the limitations of sea ice predictability. In
their review Guemas et al. identify mechanisms influencing predictability that include persistence,
or the short term memory of anomalies, advection of sea ice quantities due to ocean currents and
atmospheric winds, and reemergence, where seasonal or subseasonal anomalies in quantities like
sea ice thickness and extent impact the predictability in the following season [26]. In their investi-
gation of sea ice reemergence, Bushuk and Giannakis computed the covariability of Arctic sea ice
extent, sea surface temperature, sea level pressure, and sea ice thickness using nonlinear Laplacian
spectral analysis finding a set of coupled modes of variability that influence the memory of Arctic

3https ://www.arcus.org/sipn/sea-ice-outlook
“https://www.arcus.org/sipn/overview
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Figure 3-12 Yearly averaged global surface air temperature (°C) (a), yearly averaged
net flux at top of atmosphere (W /m?) (b), September sea ice extent (10%km?) (c), and
yearly averaged sea ice extent (10°%?) (d). Blue line from the 500-year E3SM pre-
industrial control simulation and red line from 180-year branch run using Golaz e al.
tuning values. For comparison NSIDC satellite observations are shown in black in (c)
and (d) and NCEP atmospheric reanalysis data for surface temperature is shown in
black in (a).

sea ice [11]. More recently, Ordonez et al. have performed a lag-correlation analysis using the
CESM Large Ensemble for predicability of pan-Arctic and pan-Antarctic sea ice area. The au-
thors find in the case of September Arctic sea ice area, August sea ice area is the best predictor
of September area and sea ice volume or thickness-related variables are the best predictors when
estimating from prior months [54].

Research into modes of variability and the subset of atmosphere, ocean, and ice fields that strongly
influence predictability are key to more skillful seasonal forecasts. Coupled physics models include
many of the complex feedbacks in the Arctic system, but identifying the critical quantities leading
to predictability can be difficult due to the many coupled interactions in the model. Machine learn-
ing models provide an opportunity to investigate a smaller subset of important features to determine

26



their role in generating skillful predictions. Ionita et al. used multiple linear regression to success-
fully predict September sea ice extent based on sea level pressure, air temperature, precipitable
water content, surface zonal wind, surface meridional wind, ocean heat content, and sea surface
temperature [33]. J. Kim ef al. developed a deep neural network (DNN) model of Arctic sea ice
concentration using regional climate model data from the Coordinated Regional Downscaling Ex-
periment (CORDEX). The inputs to their model included near-surface temperature, near-surface
specific humidity, surface downwelling longwave radiation, and surface upwelling longwave radia-
tion [38]. Y. J. Kim et al. compared persistence, random forests, and convolutional neural networks
in a one-month sea ice concentration prediction model and found that sea ice concentration from
the previous month was an important factor in the model [40].

4.2. Data and Methods

In this project we investigate the most influential features in predicting September average sea ice
extent in the Arctic using machine learning models (MLMs) trained separately on observational
data and on simulation data. The intent is to determine which factors are dominant and how they
differ between five E3SM historical ensemble members and observations. Monthly averaged data
from June for sea ice extent (SIE), sea ice volume (SIV), surface air temperature (TS), surface
pressure (PS), cloud fraction (CLT), specific humidity (HSS), surface downward long wave flux
(FLWS), sea surface temperature (SST), and meridional and zonal winds (UWIND, VWIND) were
used for the training. Observational and reanalysis data including NSIDC monthly sea ice extent,
NCEP Reanalysis II atmospheric fields, and ERSST v4 sea surface temperatures were used for the
analysis and are described in more detail in Section 2.

Five historical ensembles from E3SM at one-degree resolution generated for CMIP6 were used
as training data for comparison with observations. The five ensemble members were initialized
from different years of a 500-year pre-industrial control run of E3SM and run with greenhouse gas
forcing from 1850 to 2014. For this analysis we used a consistent set of available years 1979-2014
for training and testing in both the historical simulations and the observations. Plots of the June
data for training and the September sea ice extent for both the observational data and historical
ensembles are shown in Figure 4-1. In most cases the observational and reanalysis data sets are
close in magnitude to the simulation data. However, for Arctic cloud fraction (CLT) the NCEP
reanalysis is significantly lower than the E3SM values. This is a known bias with the NCEP
reanalysis data and future work could investigate feature analysis for alternative reanalysis data
sets.

There are a number of possible data-driven models to choose from for the analysis. Neural net-
works have many advantages, but are not well-suited to small data sets like ours. Initial investiga-
tion of multiple linear regression methods found that some of the nonlinear relationships between
features limited the ability to fit the data well. Support vector machines were also investigated,
however, they do not inherently provide a means to measure feature importance. There are some
model-agnostic feature analysis methods such as permutation and drop-column importance, which
operate after model training by iteratively manipulating the dataset one feature at a time. Because
of that, they are highly susceptible to the effects of multicollinearity and our feature set has strong
correlations due to the coupled interactions of the Earth system.
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For this analysis, we used random forest regression models because they are a relatively simple,
intuitive model that can learn nonlinear relationships between features and provide an inherent
importance measure, Gini importance [10]. Random forest regression is an ensemble learning
technique, which is similar to a combination of bootstrap aggregation (bagging) and decision tree
regression. Bagging is a method to combine the knowledge of many naive estimators, or trees
provided a subset of the full feature set. The result is the average of many noisy, but unbiased,
estimators, reducing overall variance. Random forests improve the bagging method by adding a
process to reduce the correlation of trees. Instead of each tree being given a subset of features,
each tree node is given a random set of features to consider when it is splitting. The number
of random features each node considers, and when to split are tuned hyperparameters. The final
forest’s estimate is the average prediction from the random trees. For N trees, 71, ..., Ty, random
forest regression prediction is computed as follows:

1 N
RF(N) = _lTn(x)

n

given the training sample, x.

One of the benefits of random forests is that they inherently provide an interpretation of feature
importance via Gini importance. Because Gini importance is generated by the nonlinear process
of decision tree learning, the measure is not heavily influenced by multicollinearity. Given that
all of our features come from the same complex system, it would be difficult to eliminate features
by simple correlation measures. Most of the time Gini importance is presented normalized to
compare relative importance. We preserve the importance values as their raw values to compare
across datasets. In our case, the importance is computed as the total reduction in mean absolute
error (MAE) caused by each feature.

Ensemble size is an important hyperparameter to tune because the number of trees in forest directly
impacts the possible feature sets the forest can explore and it has been shown that too many trees
can reduce a random forest’s performance while also sacrificing run-time. Our forests comprised
250 decision trees and the trees use mean squared error as a splitting criterion. In analyzing the fit
for the testing and training of the RFS models we used the following three error measures. Given
true values, y, with a mean value of, y, and forecasted values, y, we define

L0-9 oo EG-DO-37 o E0-9)

R? = -
YG—9)? Mo;G, n

(1)

where G, is the standard deviation of the true values and oy is the standard deviation of the fore-
casted values.

For this analysis, the data-driven modeling and feature analysis was done with Python scripts

utilizing the package scikit-learn?.

5https://scikit—learn.org/stable/modules/generated/sklearn.ensemble.RandomForestRegressor.
html
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4.3. Feature Importance Results

We found that random forests performed best when predicting 13 random years and training on the
remaining 23, as opposed to splitting the data differently. The “best” performance was determined
by the highest maximum and minimum test R? scores among datasets for the June input data. This
train-test-split resulted in maximum and minimum R? scores of 0.88 and 0.77, respectively. RZ
denotes the average R? of the 385 models. We replicated our analysis for each month between
June and August, predicting September SIE. Each succeeding month generated less error and the
importance of each feature changed. Figure 4-2 shows June’s feature importance values as box
plots and the average error of the 385 models at the top. The boxes show the data’s quartiles
and the whiskers indicate the rest of the distribution. The outliers marked are determined using
a function of the inter-quartile range. The average train and test error values indicate that the
models generally learn the data well. The dotted line shows the mean feature importance of a
random variable included in each model’s feature set. The random variable indicates a lower
bound importance; any feature with an importance near this line has effectively no importance. We
found that adding a random variable does decrease individual model performance but the effect is
minimized when taking the mean over all models.

We find that SIV, TS, SSH, SIE, FLWS, and SST are important in each dataset. The datasets,
except for simulation 3, share the same list of unimportant features as well; these are CLT, PS,
uwind, and vwind. The combined error metrics and general consistency of results between each
dataset suggests that our models have learned the data well and the feature analysis can identify
key patterns. It is meaningful that the same six features are considered important across datasets
and input-months. Although the observed and simulated data share overall patterns, there is a clear
difference between them. In June, simulated data relies too heavily on almost all of its features and
an extreme reliance on sea ice volume. Towards the end of the summer in August, simulated data
develops some more similarities with the observed dataset. Sea ice extent in August should be the
most important feature in forecasting sea ice extent only a month later. All datasets correctly rely
more on August’s mean sea ice extent and the importance value distributions overlap much better.
Still, simulated datasets put noticeably more importance on sea ice volume than the observed data.
The remaining features’ importance values are diminished in all datasets and their distributions
overlap more than they did in June, but the observed dataset still puts the least importance on
FLWS, SSH, TS, and SST.

Additional feature importance results and further discussion are included in [51].

5. GLOBAL SENSITIVITY ANALYSIS

As mentioned earlier, one of the primary contributions of this LDRD project is the performance
of a global sensitivity analysis (GSA) using several resolutions of the E3SM. This GSA study can
be viewed as the first step towards characterizing the parametric uncertainty within this model.
To the authors’ knowledge, we perform herein the first global sensitivity analysis involving the
fully-coupled E3SM Earth system model, and the first sensitivity study involving version 1 of the
fully-coupled E3SM. A true GSA study is possible in part by our consideration of coarser grids
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than typically used for production runs using the fully-coupled E3SM, which affords us far more
simulations than typically possible using this model. The results of this study provide invaluable
insight into the relative importance of various parameters from the sea ice, atmosphere and ocean
components of the E3SM (including cross-component parameter interactions) on various Arctic-
focused quantities of interest (QOIs). Additionally, our GSA results can inform targeted studies at
higher resolutions, as well as help guide model spin-ups at various resolutions.

5.1. Overview of Past Work

Recent years have seen a number of studies addressed at understanding the sensitivity of various
climate models to relevant parameters. The vast majority of this work has focused on individual
components of a global ESM, e.g., the ocean, sea ice and atmosphere components. Numerous
studies have investigated the sensitivity to parameters in ocean models, most of them examining
subgrid mixing parameterizations, wind drag, model domain and grid resolution, numerical formu-
lations and topography [35, 9, 27, 28, 32, 46, 6, 61]. Several studies have examined the sensitivity
to model parameters in stand-alone configurations of sea-ice models, including [39, 57, 75, 77].
In the most recent of these works [77], Urrego-Blanco ef al. conducted a comprehensive sensitiv-
ity analysis of sea ice thickness and area to 39 sea ice model parameters using Sobol sequences
together with a fast emulator for the Los Alamos sea ice model, CICE. Similar sensitivity studies
have been done also for stand-alone atmosphere models. In [81], Zhao et al. evaluated the sen-
sitivity of radiative fluxes at the top of the atmosphere to various cloud microphysics and aerosol
parameters. Covey et al. [14] used the elementary effects method applied to an ensemble of model
simulations to perform a sensitivity analysis with respect to 27 atmospheric parameters. In [58],
Qian et al. conducted a sensitivity study using the one-at-a-time method and short (three day) sim-
ulations using a 1° resolution of the E3SM atmosphere model, EAM, studying the sensitivities of
the model with respect to 18 parameters from various parts of the atmospheric dycore, including
parameterizations of deep convection, shallow convection and cloud macro/microphysics. Another
recent work that focused on the EAM is [60], where attention was focused on how various EAM
version 1 parameters should be tuned based on the grid resolution.

While the aforementioned studies provide much insight into individual ESM components, without
considering a fully coupled ESM, it is impossible to identify the interaction among various climate
components. Hence, studies focusing on a single climate component have the danger of signif-
icantly overlooking relevant climate feedbacks. Performing sensitivity studies on fully-coupled
climate models is far more challenging than considering an individual climate component for sev-
eral reasons. First, until recently, fully-coupled ESMs were not readily available to the general
public. An additional challenge stems from the fact that running a fully-coupled ESM is far more
computationally expensive than running a single climate component. Since sensitivity studies typ-
ically require many samples or model realizations, sensitivity analyses using these models are in
general intractable without the use of efficient surrogates, especially at “production” grid resolu-
tions (e.g., the 1° or ne30 resolution). The authors are aware of only one reference focusing on a
sensitivity study involving several climate components using a fully coupled ESM, namely [76].
In [76], Urrego-Blanco et al. use the 1° resolution of the E3SM vO-HiLAT (EHVO) fully cou-
pled climate system to identify emerging relationships between sea ice area, net surface longwave
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radiation and atmospheric circulation over the Beaufort gyre. The authors consider five model pa-
rameters, two from the atmosphere model (CAMS), two from the sea ice model (CICES) and two
from the ocean model (POP), and initialize their model using preindustrial forcing. By employing
an elementary effects or Morris-One-At-a-Time (MOAT) method [50] for their sensitivity analysis
(an approach that perturbs one input parameter at a time, rather than all parameters together), the
authors are able to keep the number of ensemble members (or E3SM simulations) required down
to 24.

It is worthwhile to note that there are other works utilizing global climate models for sensitivity
analyses targeting a single climate component. For instance, the reference [59] focuses on perform-
ing a sensitivity study of the sea ice simulation within the global coupled climate model HadGEM3,
which contains atmosphere, ice and ocean components. Here, both the Arctic and Antarctic are
considered. In a similar vein, Uotila ef al. [75] explore the sensitivity of the global sea-ice dis-
tribution of the Australian Climate Ocean Model (AusCOM) to a range of sea-ice physics-related
parameters within a global ocean-ice model comprised of AusCOM coupled with the Los Alamos
CICE model.

Our present work is primarily motivated by the recent study in [76], but differs in several important
ways:

e We consider version 1 of the E3SM, also referred to as E3SM v1 described in Section 3. To
the best of our knowledge, this is the first global sensitivity analysis using the fully-coupled
E3SM, and the first sensitivity study using E3SM v1.

e We employ much lower spatial resolution grids than those considered in [76], which we refer
to as the “Ultra-Low Resolution” (ULR) and “Medium-Low Resolution” (MLR). These grids
correspond to a 7.5° (ne4) and 2.7° (nell) grid resolution in the atmosphere, respectively,
and were described in Sections 3.2 and 3.3, respectively. By using lower resolution grids, we
are able to afford far more simulations, allowing us to consider more parameters and employ
more sophisticated sensitivity analysis approaches than the MOAT method.

e We study the effect of ten parameters, spanning three E3SM components, the sea ice model
(MPAS-Sea Ice), the atmosphere model (CAM) and the ocean model (MPAS-Ocean). These
parameters are given and discussed in Section 5.2.1.

e We perform a variance-based global sensitivity analysis which uses polynomial surrogates
constructed by PyApprox [34]. The algorithm is described in more detail in Section 5.2.2.

In the following subsections, we first describe the design of our global sensitivity study and
overview how variance-based GSA works. We then present some results obtained from this study
using both the ULR and MLR grids considered.

5.2. Methodology

Here, we briefly describe the design and mechanics of our global sensitivity analysis study. The
goal of this analysis is to quantify the impacts of fluctuations in various parameters in a mathemat-
ical model of a physical system (in this case the E3SM) on various model outputs, or QOIs. In

31



this way, sensitivity analysis can be used to apportion the changes in outputs of a system to differ-
ent sources of uncertainty in its inputs, and can thus be viewed as a first step towards parametric
uncertainty quantification (UQ).

5.2.1. Design of Global Sensitivity Study

Before beginning a global sensitivity study, it is necessary to perform a model spin-up at the se-
lected grid resolution, that is, to run the model until an equilibrium state is achieved. This step was
described earlier in Sections 3.2 and 3.3.

The first step in designing a sensitivity study involves selecting the parameters to be perturbed,
and a set of relevant QOIs, on which the parameters are expected to have an effect. Here we
consider ten parameters spanning three E3SM v1 components: the sea ice component (MPAS-Sea
Ice), the atmosphere component (CAM), and the ocean component (MPAS-Ocean). A description
of the parameters along with the ranges of their values is shown in Table 5-1. The parameters
were chosen based on their significance in previous sensitivity studies involving both individual
component as well as fully-coupled climate simulations, most notably [77, 76, 61, 6, 58, 60]. Of
the ten parameters, three are from the sea ice component, three are from the ocean component and
four are from the atmosphere model.

In our GSA, each of the ten parameters was randomly selected from a uniform distribution between
the “Min” and “Max” values given in Table 5-1 using the DAKOTA library [4]. Much like the
parameters themselves, the selection of the parameter ranges was guided by past analyses [77, 76,
61, 6, 58, 60]. It is worthwhile to note that the three MPAS-Sea Ice parameters selected in our GSA
were hard-coded to their default values in the master branch of the E3SMC. In order to enable the
straight-forward specification of these parameters in the relevant input file, a fork of the E3SM was
created’ and used in the present study. Instructions for cloning this fork as well as building the
code and submitting a perturbed run on Skybridge are provided in Appendix B.

Component Parameter Min Max Description

MPAS-Sea Ice | ksno 2.0x 107" 6.0x 1071 Snow conductivity
lambda_pond 1.15x 1078 | 1.15x10~* | Drainage timescale of ponds
dragio 2.0x 1074 1.6 x 107! Ocean-ice drag

CAM clubb_cl1 1.0 5.0 Constant assoc. w/ dissipation of variance w? (Clubb)
clubb_c8 2.0 8.0 Const assoc. with Newtonian damping of w? (Clubb)
gamma_coeff 1.0x10°! | 5.0x10°! | Const width of PDF in w coord (Clubb)
cldrf_dpl 2.0x 1072 1.0x 107! Deep convection cloud fraction parameter (Clubb)

MPAS-Ocean standardgm_tracer_kappa 6.0 x 107 1.8 x 103 Bolus coefficient of GM parameterization of eddy transport
cvmix_kpp_criticalbulkrichardsonnumber 2.0x 107! 1.0 Bulk Richardson number used in KPP vertical mixing scheme
salinity_restoring_constant_piston_velocity | 7 x 1077 3x107° Rate at which salinity is restored to a month climatology

Table 5-1 Global sensitivity analysis parameters.

In the present study, we compute sensitivity metrics for a set of eleven QOIs, summarized in Table
5-2. Similar QOIs were considered in past works [60] and [76]. Much like the parameters, our
QOIs span the three climate components targeted by the study, namely the sea ice, ocean and
atmosphere components; see Table 5-2. Also note that the QOIs selected are focused around the

6 Available at: https://github.com/E3SM-Project /E3SM.
7 Available at: https://github.com/karapeterson/E3SM (add_namelist_params branch).
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Arctic, the geographical area targeted in this study. Following the approach in [77, 76], we look at
the QOIs in Table 5-2 annually as well as seasonally.

The sensitivity of the chosen QOIs depend on the following three variables:
® nGsA-yrs the number of years each perturbed run will be required to complete.
® nGsA-spinup: the number of years each perturbed run is allowed to spin-up after it has started.
® nGsaA-ave: the year up to which the QOIs will be computed.

Each perturbed run was given a spin-up period, to equilibrate the simulation, that is, to get past the
inevitable transient period that occurs when the run commences. Hence, the QOIs are calculated
using data from year nGsa-spinup + 1 t0 year ngsa-avg, Where, as expected, nGsa-spinup < GSA-avg <
nGsa-yrs- The values of the variables ngsa-yrs, nGsA-spinup and nGsa-ave Used in the present study
are given in Sections 5.3 and 5.4.

QOI Units | Description Component
SIE km? Total Arctic sea ice extent sea ice

SIV km? Total Arctic sea ice volume sea ice
SST °C Sea surface temperature averaged over 60-90° N ocean

TS °C Surface air temperature averaged over 60-90° N atmosphere
QS kg/kg | Surface air specific humidity averaged over 60-90° N atmosphere
FLNS W /m? | Net longwave flux at surface over 60-90° N atmosphere
CLDLOW | — Low cloud coverage below 700 hPa averaged over 60-90° N | atmosphere
PRECSL | m/s Large-scale snow precipitation averaged over 60-90° N atmosphere
BH hPa Mean sea level pressure over the Beaufort Sea atmosphere
AL hPa Mean sea level pressure over the Aleutian Low atmosphere
SH hP Mean sea level pressure over the Siberian High atmosphere

Table 5-2 Global sensitivity analysis quantities of interest (QOIs).

A final ingredient an E3SM sensitivity study is the selection of the grid resolution and environ-
mental forcing. For the present study, we use the Ultra-Low and Medium-Low Resolution grids,
discussed results. We also used a preindustrial forcing, sometimes referred to as piControl (Section
3). Considering alternate forcing, such as one of the forcings in [22] would be an interesting and
useful follow-on exercise to the present study.

5.2.2. Variance-Based Global Sensitivity Analysis

Variance-based global sensitivity analysis (VGSA) is to measure the effect that combinations of
parameters have on the variance of model output. In this section we describe how to use polynomial
chaos expansions to compute Sobol indices as a measure of parameter sensitivities.

Sobol Indices

Sobol sensitivity indices can be used to quantify the relative importance of parameter combinations
on a given QOI. With this goal let f denote a model output QOI that depends on some model
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parameters z. Any function f with finite variance parameterized by a set of independent variables z
with probability distribution p(z) = H?ﬁl p(z;) and support I' = ®?:1 I';j can be decomposed into
a finite sum, referred to as the ANOVA decomposition,

d d
f@=fo+Y fiz)+ Y fijlzz)+-+A,. alzt,. - ,2a) ()
i=1 ij=1

or more compactly

f(z) = Z fu(ZU) (3)

ucCcod

where f, quantifies the dependence of the function f on the variable dimensions i € u and u =
(B155:05ls) € D=A1,...,d}.

The functions f, can be obtained by integration, specifically
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where dpp\y(z) = [1j¢udp;j(z) and Cp\y = ®jgul’.

The first-order terms fu(z;), |[u||o = 1 represent the effect of a single variable acting indepen-
dently of all others. Similarly, the second-order terms ||u||op = 2 represent the contributions of two
variables acting together, and so on.

The terms of the ANOVA expansion are orthogonal, i.e. the weighted L? inner product ( fy, fy) =
0, for u # v. This orthogonality facilitates the following decomposition of the variance of the
function f.

Vifl= Y V[A],  VIA] = /r £2dpy 5)

where dpy(z) = [Ijcu dp;(z).

The quantities V | fu} /V[f] are referred to as Sobol indices [70] and are frequently used to estimate
the sensitivity of f to single, or combinations of input parameters. Note that this is a global
sensitivity, reflecting a variance attribution over the range of the input parameters, as opposed to
the local sensitivity reflected by a derivative. Two popular measures of sensitivity are the main
effect and total effect indices given respectively by
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where e; is the unit vector, with only one non-zero entry located at the i"”* element, and = {u:i €

u}.
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Sobol indices (5) can be computed using a number of different ways. Herein, we employ the
software library PyApprox [34], described in more detail below, which utilizes polynomial chaos
expansions as in [73].

Polynomial Chaos Emulator

In this study we use polynomial chaos expansions to compute the Sobol indices of each 11 QOI
considered. Polynomial chaos expansions (PCE) [21, 36, 80] represent the model output f(z) as
an expansion of orthonormal polynomials

@)~ fv(z) = ) o), |A|=N, (7

AEA

The basis functions ¢, are typically constructed to be orthonormal with respect to the density p.
In the following we set ¢, to be the tensor product of univariate Legendre polynomial which are
orthogonal to the uniformly distributed input variables of our model, i.e.

d
= [T2i9i(z)
i=1

Here A = (Aq,...,Ay) are multivariate indices denoting the degree of the univariate polynomials
in each variable dimension. The orthogonality of the PCE basis can exploited to compute Sobol
indices analytically from the expansion via

Vifyadl= Y 1 Au={A|X>0,icu, Aj=0, j¢u} (8)

AEA

Given a set of samples of the random variables Z = {z(’")}%:] and a set of corresponding model
outputs y = [y(l), ey y(M )]T we compute the coefficients of the PCE using regression with regular-
ization that promotes sparsity. Specifically we begin by setting using a quadratic PCE and solve
the LASSO problem

rnln—IIy @[3 + el

where @ is a vandermonde-type matrix with entries ®,,,, = ¢, (z(’")) where there is a one-to-one
correspondence between the integers n and the multi-indices A. We use 10 fold cross validation
to determine the best regularization parameter .. Once the coefficients of the quadratic expansion
have been computed we use the magnitude of these coefficients in an adaptive algorithm [35] which
refines the index set A to determine the best basis that represents the data.

The PyLpprox Toolkit

The aforementioned PCE based Sobol indices were computed using a recently-released open-
source® python library known as PyApprox [34]. PyApprox provides flexible and efficient tools

8 Available at: https://github.com/sandialabs/pyapprox.
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for high-dimensional approximation and uncertainty quantification. In the present work, we utilize
PyApprox as a post-processing tool. Following the completion of a given set of perturbed runs
using a selected grid resolution of the E3SM (ULR or MLR), we post-process the model output
to extract the QOIs in Table 5-2. We feed these data into PyApprox, which uses them to perform
surrogate-based global sensitivity analysis, as described in Section 5.2.1 and returns the relevant
Sobol indices (5). Our entire GSA workflow, including the PyApprox step, is summarized below,
in Section 5.2.3.

5.2.3. GSA Workflow

We end this subsection by summarizing our GSA workflow, including the relevant software that
were used.

e Step 0: Spin-up the relevant E3SM resolution so that it is in equilibrium with present-day
data, following the procedure discussed in Section 3.2.

e Step I: Select a relevant set of parameters {z;} and appropriate parameter ranges or proba-
bility distributions for the parameters (see Table 5-1).

e Step 2: Determine a maximum number of runs® you can afford to perform using the E3SM,
call it N. Employ DAKOTA to generate N random samples of the parameters {z;} from the
selected parameter ranges or probability distributions.

e Step 3: Create namelist files for the E3SM vl runs corresponding to each of the N ran-
domly selected parameter sets. For our study, the relevant namelist files are user_nl_cam,
user_nl_mpaso, user_nl_mpascice.

e Step 4: Set off N runs of the E3SM, one per each set of perturbed parameter values, branch-
ing off the spun-up model run for the selected grid resolution. One should ensure the runs
are long-enough to avoid the initial transient period that is inevitable in branch runs such as
these (i.e., the value of ngsa-spinup introduced in Section 5.2.1 is sufficiently large).

e Step 5: Post-process the perturbed runs to extract from them the relevant QOIs (see Table
5-2).

e Step 6: Provide the QOI and parameter data to PyApprox and use it to perform a surrogate-
based GSA to obtain the relevant Sobol indices.

In the present study, Steps -5 were largely automated through the creation of shell scripts that
execute the relevant commands comprising these steps. These scripts are stored in an internal
repository'?. All the runs for the ULR and MLR grids were performed on the Skybridge high-
capacity cluster located at Sandia National Laboratories, which contains 1848 nodes, each having
16 2.6 GHz Intel Sandy Bridge processors.

Note that in our current workflow, one can always create additional samples if one wishes to perform additional
runs after having generated the original set of parameter samples, as the samples are independent.
10 Available at: https://gitlab.sandia.gov/ArcticTippingPts/ArcticTippingPts.
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5.3. Results from Ultra-Low (ne4) Resolution (ULR)

In this section we summarize the results of our sensitivity analysis of the ULR configuration of
the E3SM v1, which corresponds to an ne4 or 7.5° grid resolution for the atmosphere. For this
study, a total of N = 212 parameter values randomly selected from uniform distributions given by
the “Min” and “Max” values found in Table 5-1. We set off 212 perturbed runs of E3SM v1, one
for each set of parameter values. The aim was to run each case for ngsa.yrs = 100 years with a
pre-industrial control forcing. We selected ngsa-spinup = S0 years and ngsa.avg = 100 years, that is,
in calculating the QOIs (Table 5-2), we performed averaging over years 51-100, so as to give each
run a spin-up period of 50 years. In addition to over-writing the default values of the parameters
in Table 5-1, two atmospheric parameters were modified in all the perturbed runs: clubb_c14 and
so4_sz_thresh_icenuc (see Section 3.2). These parameters were given the values from [22], found
in the third column of Table 3-3, so as to be consistent with the values used in the initial model
spin-up, discussed in Section 3.2. The values of all 212 perturbed sets of parameters are given in
Appendix A. Also included in this Appendix are parameters for the so-called “baseline” run, in
which the parameters took on the same values as used in the spin-up run. For this run, we over-
write the default values of the atmospheric parameters zmconv_ke, so4_sz_thresh_icenuc, and
clubb_c14 to the values given in Table 3-3. Additionally, we over-write the default value of the
atmospheric parameter cldfrc_dpl = 0.045. All of our ne4 simulations were run on 96 processors
(6 nodes) of the Skybridge high-capacity cluster described earlier in Section 5.2.3.

Of the N = 212 perturbed runs, a total of 104 runs made it to ngsa-yrs = 100 years. The baseline run
also made it to ngsa-yrs = 100 years, totalling 105 successful runs. The majority of the runs that
did not complete terminated with the following error: ERROR: negative layer thickness.
timestep or remap time too large, which is indicative of a CFL violation encountered dur-
ing the run. Attempts to adjust the time-step to circumvent this error were not made for the ne4
resolution runs.

Figures 5-1 and 5-2 shows “spaghetti plots” all eleven QOIs considered (Table 5-2) for each of the
runs that made it to 100 years. The QOIs are averaged over each year and plotted as a function of
the year since the start of each perturbed run. The baseline run is distinguished from the others by
the red markers. The following observations from Figures 5-1 and 5-2 are noteworthy:

e The relationships between the QOIs are as expected, e.g., runs giving rise to a large sea ice
volume also give rise to a smaller surface temperature.

e Most of the perturbed runs appear to have reached equilibrium by year 20.

e All eleven QOIs are effectively close to equilibrium for the baseline run, shown using the
red markers.

e Significant changes to the QOIs are seen in the perturbed runs, including several cases in
which a total loss of Arctic sea ice is observed (SIE, SIV — 0 with time).

e The “spaghetti plots” showing the sea level pressures over the Beaufort High, the Aleutian
Low and the Siberian High (Figure 5-2(c)—(e)) appear to all resemble white noise.
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We now look at some statistics for the perturbed runs that made it to year 100. Figures 5-3 and 5-4
show box plots for each of the eleven QOIs considered, calculated by season. Here, the seasons
are defined as follows: “Winter” is comprised of the months of January to March, “Spring” is
comprised of the months April to June, “Summer” is comprised of the months July to September,
and “Autumn” is comprised of the months October to December. The red central mark indicates
the median of the data, whereas the bottom and top edges of the box indicate the 25th and 75th
percentiles, respectively. The whiskers extend to the most extreme data points not considered
outliers, and the outliers'! are plotted using the ‘+” symbol. The following observations from
Figures 5-3 and 5-4 are noteworthy:

e The number of outliers depends on the season and also the QOI. The sea ice volume QOI has
the most outliers spanning all four seasons. In general, there are more outliers in the summer
and autumn seasons, except for the sea level pressure over the Aleutian Low QOI. Here, the
season with the most outliers is winter.

e The maximum and minimum sea ice extent is observed in the “Spring” and “Autumn” sea-
sons, respectively. This result may seem surprising, as observational data (see Chapter 4)
has shown that the maximum and minimum sea ice extent in general occur in March and
September, respectively, which would correspond to the “Winter” and “Autumn” seasons
based on our definition. A closer inspection reveals that, for the majority of the ULR ne4
runs, including the baseline run for this resolution, the maximum and minimum sea ice ex-
tent occurs in April and October, respectively (Figure 5-5(a)). Similarly, he maximum and
minimum sea ice volume occurs in May and October, respectively (Figure 5-5(b)).

Next, we look at correlations between the various QOIs (Table 5-2) based on our perturbed ne4
dataset. A similar study was done in [76] by Urrego-Blanco et al. to identify so-called “emerging
relationships” in the ensemble runs. Tables 5-3 — 5-7 report correlation coefficients between each
pair of QOIs considered. The correlation coefficient is a statistical measure of the strength of the
relationship between the relative movements of two variables. The values of this coefficient range
between —1.0 and 1.0. A correlation of —1.0 is indicative of a perfect negative correlation (i.e.,
as one variable goes up, the second variable goes down), whereas a correlation of 1.0 indicates a
perfect positive correlation (i.e., as one variable goes up, so does the second variable).

We first examine Table 5-3, which gives the correlation coefficients between our eleven QOlIs
averaged annually over the last 50 years, for runs that made it to year 100. The reader can observe
that there are strong positive correlations between the following sets of QOIs: (SIE, SIV), (SIE,
CLDLOW), (SIE, PRECSL), (SST, TS), (SST, QS), (SST, FLNS), (TS, QS), (QS, FLNS) and
(CLDLOW, PRECSL). In contrast, there are strong negative correlations between: (SIE, SST),
(SIE, TS), (SIE, QS), (SIE, FLNS), (SIV, TS), (SST, CLDLOW), (SST, PRECSL), (TS, CLD),
(TS, PRECSL), (QS, PRECSL), (CLD, FLNS) and (PRECSL, FLNS). In general, these results are
as expected: Arctic sea ice extent goes up when snow precipitation increases, and goes down as
sea surface temperature and surface temperature go up, low cloud coverage has a strong positive
correlation with snow precipitation; for the most part, QOIs that are strongly correlated with each
other have similar strong correlations to other QOIs. It is interesting to remark that Arctic sea ice

"Qutliers are defined as values that are more than 1.5 times the interquartile range away from the top or bottom of
the box in a given box plot.
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extent has a strong positive correlation with low cloud coverage, which indicates that clouds have
an insulating effect on Arctic sea ice. Additionally, we observe a negative relationship between
FLNS and SIE across all four seasons, indicating that, in general, as longwave radiation at the
ocean-ice surface increases, the SIE decreases. Also interesting is the fact that the sea level pressure
QOIs (BH, AL and SH) are not highly correlated with any of the other QOIs or each other.

Tables 5-4 — 5-7 give the correlation coefficients between our eleven QOIs, but now averaged
seasonally, rather than annually. The reader can observe by examining these tables that the corre-
lations differ by season. The various QOIs are most correlated in the spring season (Table 5-5).
One can observe there are non-trivial correlations between BH and the other QOIs in the winter,
spring and autumn seasons, and SH and the other QOIs in the spring season. One can note that the
correlations between the sea level pressure QOIs and the other QOIs changes drastically based on
the season. For example, there is a strong positive relationship between BH and SIE in the winter
and autumn (freezing) seasons, a strong negative relationship between these QOIs in the spring
season, and almost no relationship between these two QOIs in the summer season. Additionally,
Table 5-7 reveals that the SIV QOI is not strongly correlated with any of the other QOIs in the
autumn season, presumably because this is the season with minimal sea ice volume (see Figures
5-3 and 5-5. For a brief discussion about how these results compare to the results of Urrego-Blanco
et al. in [76], the reader is referred to Section 5.5.

Table 5-3 Table of correlation coefficients between the eleven QOIls considered (Ta-
ble 5-2), averaged annually over the last 50 years, for ne4 runs that made it to year
100. Large positive correlation coefficients (> 0.85) are colored blue. Large negative
correlation coefficients (< —0.85) are colored yellow.

SIE | SIV | SST TS QS CLDLOW | PRECSL | FLNS BH AL SH
SIE 1.0 | 0.86 | —0.94 | —0.99 | —0.94 0.91 0.96 —0.90 | 0.61 042 | —-0.57
SIV 1.0 | —0.69 | —0.85 | —0.73 0.61 0.72 —0.60 | 0.41 0.43 | —-0.36
SST 1.0 0.96 1.0 —0.99 —-0.99 0.96 —-0.55 | -0.28 | 0.74
TS 1.0 0.98 —0.93 —0.98 0.90 —-0.55 | —0.36 | 0.65
QS 1.0 —-0.97 —0.99 0.94 —-0.51 | =0.27 | 0.75
CLDLOW 1.0 0.98 —-0.98 | 0.56 0.31 | —0.69
PRECSL 1.0 —-0.96 | 0.59 0.35 | —0.68
FLNS 1.0 —0.61 | —0.35 | 0.62
BH 1.0 0.68 | —0.02
AL 1.0 0.39
SH 1.0

Finally, we present and discuss the results of the GSA study using the method described in Section
5.2.2. For the M = 105 runs that made it to year 100 (including the baseline run), we calculated the
eleven QOIs in Table 5-2, averaging annually as well as seasonally over the last 50 years of the runs.
These data were fed into PyApprox, where they were used to build a polynomial surrogate, which
was employed in the calculation of the Sobol indices. The main results are summarized in Figures
5-6-5-16 below. For each figure and subfigure, three plots are reported: a pie chart showing the
“main effects”, a bar plot showing the “total effects” and a pie chart showing the individual Sobol
indices corresponding to each of the ten parameters considered (Table 5-1). Also reported in each
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Table 5-4 Table of correlation coefficients between the eleven QOIs considered (Table
5-2), averaged during the winter season (January—March) over the last 50 years, for
ne4 runs that made it to year 100. Large positive correlation coefficients (> 0.85) are

colored blue. Large negative correlation coefficients (< —0.85) are colored yellow.

SIE | SIV | SST TS QS CLDLOW | PRECSL | FLNS BH AL SH
SIE 1.0 | 0.81 | =090 | —0.98 | —0.96 0.51 0.86 —0.26 | 0.96 0.47 0.23
SIV 1.0 | —0.60 | —0.89 | —0.74 —0.02 0.48 0.17 0.79 0.59 0.48
SST 1.0 0.88 0.98 —-0.72 —0.98 045 | —0.87 | —0.30 0.05
TS 1.0 0.96 —0.40 —0.81 0.15 | —094 | —0.50 | —0.27
QS 1.0 —0.60 —0.94 033 | =092 | —0.39 | —0.08
CLDLOW 1.0 0.81 —-0.78 | 046 | —0.002 | —0.29
PRECSL 1.0 —0.56 | 0.83 0.25 —0.11
FLNS 1.0 —0.26 0.12 0.31
BH 1.0 0.48 0.19
AL 1.0 0.82
SH 1.0
Table 5-5 Table of correlation coefficients between the eleven QOIls considered (Table
5-2), averaged during the spring season (April-June) over the last 50 years, for ne4
runs that made it to year 100. Large positive correlation coefficients (> 0.85) are
colored blue. Large negative correlation coefficients (< —0.85) are colored yellow.
SIE | SIV | SST TS QS CLDLOW | PRECSL | FLNS BH AL SH
SIE 1.0 | 0.84 | —0.96 | —0.98 | —0.97 0.96 0.99 —-0.93 | —0.92 | —0.47 | —0.87
SIV 1.0 | —0.74 | —0.89 | —0.83 0.72 0.86 —0.64 | —0.87 | —0.34 | —0.74
SST 1.0 0.96 0.99 —0.99 —0.96 0.97 0.91 0.57 0.92
TS 1.0 0.99 —0.95 —0.99 0.90 0.96 0.51 0.91
QS 1.0 —0.98 —0.99 0.93 0.95 0.56 0.93
CLDLOW 1.0 0.96 —0.98 | —0.90 | —0.52 | —0.88
PRECSL 1.0 —-0.92 | —0.96 | —0.47 | —0.88
FLNS 1.0 0.84 0.48 0.82
BH 1.0 0.44 0.86
AL 1.0 0.79
SH 1.0

subfigure of each figure is an R? value, which is a measure of how well the constructed surrogate is
able to represent the given data. A perfect fit corresponds to an R* = 1. Note the values reported,
in all Figures, for main effect, and Sobol indices are multiplied by 100 so that the values listed are

percentages of the total variance.

The main effect values measure the effect of individual parameters acting alone and can sum to at
most 1. As the sum approaches 1, the contribution of all parameter combinations involving two
or more variables decreases. A value of 1 indicates that the function is purely additive and there
is no interaction between any parameters. For a number of QOI it appears that the strength of
the parameter interactions between parameters is seasonally dependent. For example, compare the
main effect values in the winter and summer months in Figure 5-6.
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Table 5-6 Table of correlation coefficients between the eleven QOIs considered (Table
5-2), averaged during the summer season (July—September) over the last 50 years, for
ne4 runs that made it to year 100. Large positive correlation coefficients (> 0.85) are

colored blue. Large negative correlation coefficients (< —0.85) are colored yellow.

SIE | SIV | SST TS QS CLDLOW | PRECSL | FLNS BH AL SH
SIE 1.0 | 0.90 | —0.88 | —0.90 | —0.85 0.87 0.98 —0.88 | 0.07 0.41 —-0.72
SIV 1.0 | —0.68 | —0.71 | —0.65 0.66 0.94 —-0.66 | —0.16 | 0.24 | —0.68
SST 1.0 1.0 0.99 —1.0 —0.81 097 | —0.21 | —0.37 | 0.74
TS 1.0 0.99 —0.99 —0.84 096 | —0.17 | =035 | 0.76
QS 1.0 —0.99 —0.78 094 | —0.18 | —0.30 | 0.76
CLDLOW 1.0 0.80 —0.98 | 0.23 0.40 | —0.72
PRECSL 1.0 —-0.80 | —0.03 | 0.34 | —0.73
FLNS 1.0 —-0.26 | —0.50 | 0.66
BH 1.0 0.77 0.23
AL 1.0 0.17
SH 1.0
Table 5-7 Table of correlation coefficients between the eleven QOIls considered (Table
5-2), averaged during the autumn season (October-December) over the last 50 years,
for ne4 runs that made it to year 100. Large positive correlation coefficients (> 0.85)
are colored blue. Large negative correlation coefficients (< —0.85) are colored yel-
low.
SIE | SIV | SST TS QS CLDLOW | PRECSL | FLNS BH AL SH
SIE 1.0 | 090 | —0.75 | —0.91 | —0.78 0.69 0.86 —0.63 | 0.89 0.77 | —0.34
SIV 1.0 | =0.57 | —0.79 | —0.61 0.47 0.67 —-043 | 0.75 0.65 | —0.19
SST 1.0 0.95 0.99 —0.96 —-0.97 091 | —0.88 | —0.78 | 0.73
TS 1.0 0.96 —0.89 -0.97 082 | —094 | —0.83 | 0.60
QS 1.0 —0.95 —-0.97 0.88 | —0.89 | —0.78 | 0.74
CLDLOW 1.0 0.95 —0.97 | 0.86 0.79 | —-0.67
PRECSL 1.0 —0.90 | 0.93 0.85 | —0.60
FLNS 1.0 —-0.81 | —0.75 | 0.59
BH 1.0 0.90 | —0.43
AL 1.0 —0.26
SH 1.0

Total effect indices measure the total contribution of each parameter to the variance of a QOI,
specifically they measure the contributions of all interactions involving a specific parameter. Con-
sequently the total effect index of a single variable will always be at least as large as the main
effect index of that variable. Furthermore, the sum of all total effect indices can be greater than
1, because Sobol indices for parameter interactions involving at least two variables can be used to
compute the total effects of multiple variables. For example, the Sobol index of S;; = V| fi ;] will
contribute to the total effect indices of both the ith and jth variables. Comparing main effect and
total effect indices can be used to determine the strength of high-order (involving more than two
parameter) interactions. For example, in Figure 5-7(a), the main effect of ksno (z;) is less than 1%
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of the total variance, yet the total effect of this variable is over 10% of the total variance. This is
true for other parameters as well.

Main and total effect indices summarize the contributions of a single parameter to the variance of a
QOIL. Sobol indices can be used to identify the contribution of specific parameter interactions to the
total variance. Sobol indices involving just one parameter are labeled (z;) and indices involving
two parameters are labeled (z;,z;) with i # j. he slices labeled “other” contain the sum of the con-
tributions by miscellaneous pairs of parameters, each of which was deemed too small to visualize
in the chart (the percent contribution was < 1%). There are no strong interactions involving three
or more variables.

In the following we summarize the conclusions that can be drawn from Figures 5-6-5-16. The
most notable conclusions are emphasized in bold italics.

e Overall, we find that the atmospheric parameters related to the Clubb cloud model, clubb_cl,
clubb_c8, gamma_coeff and cldrf dpl (see Table 3-4) are the most significant for the QOIs
considered. This result is consistent with results obtained in earlier sensitivity studies,
namely [58] and [76].

e We also find that the clubb_cl atmospheric parameter frequently shows up in the com-
bined effects with other parameters.

e The sea ice and ocean parameters have little influence on the SST, TS, CLDLOW, PRECSL,
FLNS and SH parameters.

e The sea ice parameters standardgm_tracer_kappa and cvmix_kpp_criticalbulkrichardsonnumber
have the most influence on the sea level pressure QOIs (BH, AL, SH).

e In general, the total effects mimic the Sobol indices, with a few minor exceptions (e.g., the
BH QOI in spring).

e The R? values are high (> 0.8) for most of the QOls, indicating that we have enough accuracy
to accurately draw qualitative conclusions about parameters with large sensitivities. More
data is needed to order all variables reliably.

e For certain QOlIs, e.g., SIE, SIV, TS, CLDLOW, PRECSL, FLNS, BH, AL, and SH, there
are large differences in the most influential parameters across seasons. Some of these make
sense intuitively, whereas others do not. For example, one can see from Figure 5-7 that the
sea ice parameters ksno is important only in the winter and spring for the SIV QOI. This
makes sense: this parameter represents the snow conductivity, which is relevant only when
the sea ice is frozen. Interestingly, these trends are reversed for the SIE QOI, despite this
QOI being highly correlated with SIV. Additional analysis is needed to understand these
apparent contradictions.

o Our GSA reveals that there are interactions between a number of parameters that span
different E3SM components, e.g., atmosphere-ocean, ocean-sea ice, atmosphere-sea ice.
Only a full coupled climate model ESM study is capable of revealing such parameter
interactions.
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5.4. Results from Medium-Low (ne11) Resolution (MLR)

Our next objective is to repeat the study described Section 5.3 but at the medium-low resolution
of the E3SM v1. This resolution corresponds to an nell or 2.7° grid resolution. For this study,
we selected a subset of the ne4d sets of parameter values (see Appendix A), namely the subset
of parameter values that led simulations at the ne4 resolution that made it to at least year 75.
As before, a pre-industrial control forcing was used for these runs. Also, as with the ne4 study,
a “spin-up” was performed prior to setting off our ensemble of perturbed runs, so as to ensure
the initial climate state is more-or-less in equilibrium. The details of this spin-up are described
earlier in Section 3.3. We remark that the ULR and MLR spin-ups gave rise to slightly different
spun-up states (see Figure 3-11 vs. Figure 3-12), as discussed earlier. Specifically, one can see
by inspecting these figures that the surface temperature for the nell spin-up is too low relative to
the E3SM DECK 1 degree reference solution, whereas the opposite trend is observed for the ne4
spin-up. Similarly, the Arctic sea ice extent is too high for the nell spin-up run, whereas it is too
low for the ned run. Similar trends are seen for our baseline ne4 and nell runs, which use the
same parameters used in each of the spin-ups (Figures 5-17 and 5-17). Like the ne4 runs, the nell
runs were performed on the Skybridge high-capacity cluster at Sandia, but this time utilizing 384
processors, or 68 nodes, of the machine. The nell simulations were run to year 75 (ngsa-yrs = 75)
, and the relevant QOIs (Table 5-2) were calculated by performing an average over the last 25 years
(nGsA-spinup = 50, nGsA-avg = 75), both annually and seasonally, like for the ne4 case.

Of the 140 perturbed ensemble simulations launched at the nell resolution, including the base-
line simulation, only 16 completed to year 75. The successful runs corresponds to runs with in-
dices {90,181,108,117,65,22,144,124,154,141,47,44,123,167,180,0} where the index O cor-
responds to the baseline run. The parameters for each of these runs can be found in Appendix
A.

The majority of the nell runs died with one of two errors:

(a) a segmentation fault in the radiation transport scheme within the E3SM Atmosphere Model
(EAM);

(b) an MPI_ABORT error within MPAS-Ocean occurring due to the presence of NaNs among the
MPAS-Ocean states.

Numerical experiments informed by conversations with EAM and MPAS-Ocean developers!? re-
vealed that these errors can be circumvented for at least some of the runs by reducing various
physics timesteps within the two models. Specifically, upon encountering error (a), the general
rule of thumb is to increase the se_nsplit parameter from the default value of 4. Increasing this
parameter by a factor of 2x has the effect of reducing the EAM time-step by a factor of 2. Error (b)
can be circumvented by reducing the following two time-steps in MPAS-Ocean: config_btr_dt
and/or config_dt. For the successful perturbed runs, we used se_nsplit values as high as 32,
config_btr_dt values as lot as 000_01:00:00 and config_dt values as low as 00:30:00. By tun-
ing these three time-step-related parameters, it may be possible to obtain more successful perturbed
runs at the nell resolution. This will be explored in a subsequent journal publication [74].

1Zpersonal correspondence with Oksana Guba, Matt Hoffman and John Wolfe.
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Figures 5-19 and 5-20 show “‘spaghetti plots” for the 16 successful runs that made it to year 75.
Here, the baseline run is distinguished from the perturbed runs with the red markers. As with the
ne runs, significant changes to the QOIs are seen in some of the perturbed runs, including several
cases in which a total loss of Arctic sea ice is observed (SIE, SIV — 0 with time). It is interesting
to compare each QOI for a particular run at the nell resolution with the corresponding QOI for
the same run at the ne4 resolution. In order to do so, one must normalize the QOIs, which can
be done by subtracting out the baseline (Figures 5-17 and 5-17). Figures 5-21 and 5-22 show the
result for a representative run, corresponding to the 65th perturbed set of parameters (Appendix
A). The reader can observe the following from examining these figures:

e Similar trends are seen for the SIE, SIV, TS, BH, AL and SH QOIs at the nel1 resolution as
at the ne4 resolution.

e The SST, QS and FLNS QOIs are substantially lower for the nell resolution run than for
the ne4 resolution run.

e The CLDLOW and PRECSL QOlIs are substantially higher for the ne11 resolution run than
for the ne4 resolution run.

Attempts to understand these biases will be made in a subsequent publication [74].

Next, we present box plots for the eleven QOIs of interest for the nell resolution simulations
(Figures 5-23 and 5-24). Comparing these figures with the analogous figures for the ne4 resolution
runs (Figures 5-3 and 5-4), the following observations are noteworthy:

e We again find that the minimum and maximum sea ice extent and volume occur in the autumn
and spring seasons, respectively.

e Similar trends are seen in the SIE, SIV, SST, TS, QS and PRECSL QOlIs.

e In general, there are fewer outliers for the nell dataset. This could be attributed to there
being fewer ensemble members in this dataset. The quartile ranges are significantly larger
for some QOIs at the nell resolution relative to the ne4 resolution (e.g., SIV), but smaller
for other QOIs (e.g., QS).

e The trends for the FLNS, CLDLOW, BH, AL and SH QOIs are somewhat different at the
nell resolution. For instance, FLNS is highest in the spring and lowest in the summer for
the nell resolution runs, whereas it is the highest in the summer and lowest in the autumn
for the ne4 resolution runs. This QOI appears to be resolution dependent, as discussed in
more detail in Section 5.5.

Additional analyses may be needed to make definitive conclusions from the perturbed ensemble
data.

Finally, we look at the correlation coefficients between the eleven QOIs considered for the nell
runs that made it to year 75 (Tables 5-8 — 5-12), and compare these to their ne4 analogs (Tables 5-3
— 5-7). In general, the correlations between SIE, SIV, SST, TS and QS are more or less the same
for the nell runs as for the ne4 runs. For the other QOIs, there are some fundamental differences,
however. When considering annually-averaged data (Tables 5-8 vs. 5-3), the reader can observe
that there are much stronger correlations between the CLDLOW, PRECSL and FLNS QOIs and
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other QOIs for the ne4 dataset than for the nell dataset. In contrast, there are higher correla-
tions between the sea level pressure QOIs BH and SH for the nell dataset than the ne4 dataset.
Moreover, whereas for the ne4 dataset, the most significant correlations were observed during the
spring season, for the ne11 dataset, the spring season actually saw the fewest number of significant
correlations. Lastly, it is interesting to remark that some of the strong positive correlations in the
ne4 dataset because strong negative correlations in the nell dataset, and vice versa. A concrete
example of this occurrence is the correlation between the PRECSL and SIE QOIs in the spring,
as well as the BH QOI and pretty much any other QOI, also in the spring. It is difficult to say if
these differences are due to resolution alone, given that there are several other differences in the
ned and nell datasets, including different initial conditions and a different number of ensemble
runs. Reconciling these differences and their effect on the QOI correlations will be the subject of
future work.

Table 5-8 Table of correlation coefficients between the eleven QOIs considered (Table
5-2), averaged annually over the last 25 years, for nell runs that made it to year
75. Large positive correlation coefficients (> 0.85) are colored blue. Large negative
correlation coefficients (< —0.85) are colored yellow.

SIE | SIV | SST TS QS CLDLOW | PRECSL | FLNS BH AL SH

SIE 1.0 | 0.88 | —0.97 | —0.98 | —1.0 —0.21 0.02 —0.66 0.88 0.67 0.79

SIV 1.0 | —0.94 | —0.80 | —0.88 0.19 0.38 —0.65 0.71 0.55 0.47
SST 1.0 0.90 0.97 —0.007 —0.28 0.63 -0.82 | —-0.59 | —0.70
TS 1.0 0.98 0.34 0.17 0.68 -092 | -0.69 | —0.85
QS 1.0 0.18 —0.03 0.68 —-0.90 | —-0.67 | —0.80
CLDLOW 1.0 0.81 —-0.11 | —0.18 | —0.20 | —0.42
PRECSL 1.0 —-0.006 | —0.13 | —0.18 | —0.27
FLNS 1.0 —0.83 | —0.25 | —0.62

BH 1.0 0.48 0.87

AL 1.0 0.54

SH 1.0

A GSA study analogous to the one presented in Section 5.3 is beyond the scope of this report, and
will be discussed in a separate publication that is currently in preparation, namely [74]. In addition
to understanding the effect of the grid resolution on the relative parameter and QOI relationships,
we aim to try to uncover to what extent the ULR model is correlated with the MLLR model, towards
performing a multi-fidelity analysis.

5.5. Comparison to Other Work

It is interesting to compare some of our results in Sections 5.3 and 5.4 to results of previous
sensitivity studies involving climate models. We note that no comparison will be truly apples-to-
apples, as no previous study focused on E3SM v1 at the grid resolutions considered here.

We focus the discussion herein to the closest study existing in present-day literature to the present
study, namely the study discussed by Urrego-Blanco et al. in [76]. This study is based on the E3SM
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Table 5-9 Table of correlation coefficients between the eleven QOIs considered (Table
5-2), averaged during the winter season (January—March) over the last 25 years, for
nell runs that made it to year 75. Large positive correlation coefficients (> 0.85) are

colored blue. Large negative correlation coefficients (< —0.85) are colored yellow.

SIE | SIV | SST TS QS CLDLOW | PRECSL | FLNS BH AL SH
SIE 1.0 | 0.84 | —0.90 | —0.98 | —0.99 —0.73 —0.98 —0.67 | 0.92 0.71 0.94
SIV 1.0 | —0.90 | —0.76 | —0.86 —-0.27 —0.75 —0.42 | 0.71 0.54 0.69
SST 1.0 0.82 0.92 0.42 0.80 037 | —0.79 | —0.58 | —0.80
TS 1.0 0.97 0.82 1.0 0.78 | —0.94 | —0.70 | —0.97
QS 1.0 0.69 0.96 0.65 | —0.93 | —0.68 | —0.95
CLDLOW 1.0 0.83 0.82 | —0.73 | —0.54 | —0.81
PRECSL 1.0 0.77 | —0.94 | —0.69 | —0.96
FLNS 1.0 —-0.72 | —0.33 | —0.75
BH 1.0 0.60 0.97
AL 1.0 0.66
SH 1.0
Table 5-10 Table of correlation coefficients between the eleven QOIs considered (Ta-
ble 5-2), averaged during the spring season (April-June) over the last 25 years, for
nell runs that made it to year 75. Large positive correlation coefficients (> 0.85) are
colored blue. Large negative correlation coefficients (< —0.85) are colored yellow.
SIE | SIV SST TS QS CLDLOW | PRECSL | FLNS BH AL SH
SIE 1.0 | 0.83 | —0.94 | —0.98 | —0.99 —-0.21 0.47 0.66 0.44 | —0.29 | —0.76
SIvV 1.0 | —092 | —0.76 | —0.85 0.22 0.77 0.26 0.22 | —0.27 | —0.68
SST 1.0 0.87 0.94 —0.04 -0.72 —-0.48 | —0.36 | 0.33 0.74
TS 1.0 0.98 0.32 —0.33 —0.67 | —0.50 | 0.28 0.69
QS 1.0 0.16 —0.49 —0.60 | —0.48 | 0.28 0.72
CLDLOW 1.0 0.58 —-0.71 | —0.18 | 0.31 0.15
PRECSL 1.0 —-0.10 | 0.07 | —0.12 | —0.36
FLNS 1.0 042 | —045 | —0.65
BH 1.0 —0.40 | —-0.15
AL 1.0 0.30
SH 1.0

v0, which has different climate components than the model considered herein, E3SM v1. Addition-
ally, a different (finer) ne30 or 1° grid resolution is used in the Urrego-Blanco et al. study. Only five
parameters were perturbed in this study: an atmospheric stability parameter C in the POP-CAMS
ocean/atmosphere model, the water vapor threshold for cloud formation parameter cldfrc_rhminl
in CAMS, the micro_mg_dcs parameter in CAMS which controls the auto-conversion of ice crys-
tals to snow, the snow thermal conductivity parameter ksno in CICES, and the rsnw_mlt parameter
in CICES, which controls the maximum snow grain size during sea ice melting. The only parame-
ter that is considered in both the Urrego-Blanco ef al. study and our study is ksno. One can loosely
relate the cldfrc_rhminl parameter in [76] to the four Clubb parameters in our study, as it is also a
cloud parameterization parameter. Note that the QOIs considered in [76] are a subset of the QOIs
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Table 5-11 Table of correlation coefficients between the eleven QOIls considered (Ta-
ble 5-2), averaged during the summer season (July-September) over the last 25 years,
for nell runs that made it to year 75. Large positive correlation coefficients (> 0.85)
are colored blue. Large negative correlation coefficients (< —0.85) are colored yel-

low.
SIE | SIV | SST TS QS CLDLOW | PRECSL | FLNS BH AL SH
SIE 1.0 | 091 | —098 | —0.99 | —1.00 0.93 1.0 —-0.39 | —0.07 | 0.76 | —0.60
SIvV 1.0 | —0.94 | —0.88 | —0.90 0.90 0.89 —0.57 | —=0.07 | 0.71 —0.50
SST 1.0 0.96 0.98 —0.94 —0.97 0.50 0.07 | —0.71 | 0.51
TS 1.0 1.0 —0.93 —1.0 0.34 0.09 | —0.79 | 0.63
QS 1.0 —0.94 —1.0 0.40 0.09 | —0.77 | 0.59
CLDLOW 1.0 0.92 —0.65 | 0.05 0.69 | —041
PRECSL 1.0 —-0.35 | —-0.10 | 0.79 | —0.62
FLNS 1.0 —0.34 | —0.14 | —0.22
BH 1.0 —-0.36 | 0.14
AL 1.0 —0.72
SH 1.0
Table 5-12 Table of correlation coefficients between the eleven QOIls considered (Ta-
ble 5-2), averaged during the autumn season (October-December) over the last 25
years, for nell runs that made it to year 75. Large positive correlation coefficients
(> 0.85) are colored blue. Large negative correlation coefficients (< —0.85) are col-
ored yellow.
SIE | SIV SST TS QS CLDLOW | PRECSL | FLNS BH AL SH
SIE 1.0 | 091 | —098 | —0.97 | —1.0 —-0.92 —0.57 —0.92 | 0.93 0.50 0.80
SIV 1.0 | =094 | —0.81 | —0.90 —-0.74 —-0.32 —-0.78 | 0.80 0.40 0.52
SST 1.0 0.90 0.97 0.84 0.39 0.84 | —0.87 | —0.50 | —0.70
TS 1.0 0.98 0.98 0.74 095 | —095 | —0.51 | —0.88
QS 1.0 0.94 0.59 092 | —0.94 | —0.52 | —0.81
CLDLOW 1.0 0.80 0.89 | —0.90 | —0.55 | —0.93
PRECSL 1.0 0.70 | —0.64 | —0.35 | —0.80
FLNS 1.0 —-0.96 | —0.27 | —0.79
BH 1.0 0.29 0.78
AL 1.0 0.54
SH 1.0

considered in our study (assuming the Sea Ice Area, or IAREA in [76], is highly correlated with
Sea Ice Extent), though they are averaged differently than in our study: in [76], an 80 year spin-up
is considered, of which only the last 30 years of the simulations are used to calculate the QOls.
Lastly, recall that the sensitivity analysis methodology in [76] differs from ours: we perform a true

GSA, compared to the application of the MOAT method [50] in [76].

First, we compare the box plots from our ULR (Figures 5-3 and 5-4) and MLR (Figures 5-23 and
5-24) simulations to those in [76] (Fig. 1, p. 9576). The reader can observe that we see similar
trends in the SIV QOI box plots for both the ULR and MLR runs as those in the Urrego-Blanco
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et al. study. In contrast, the BH QOI box plot appears significantly different from those in [76]
for the ULR simulations: the median value of BH rises from winter to spring and from spring to
summer, dropping finally in the autumn in our ne4 study (Figure 5-3(e)), in contrast to this value
dropping or remaining approximately constant across the four seasons from winter to autumn in
the Urrego-Blanco et al. study . The reader can remark, however, that the nel11 box plots for this
QOI (Figure 5-24(e)) show a trend that is much more in line with the trend observed in [76]. It is
conceivable that the ne4 results are fundamentally different due to this resolution not being capable
of representing the relevant physical phenomena affecting the BH QOI. A somewhat similar trend
is observed from the CLDLOW QOI box plots. In our ne4 study, the median value of CLDLOW
decreases from winter to spring and from spring to summer, increasing again in autumn (Figure
5-4(a)). The opposite trend is observed in [76]. While our nell box plot for this QOI does not
mimic exactly the trends reported in Urrego-Blanco ef al.. the reader can observe that the relevant
box plots are much more similar between these two studies, with similar relative median values
for CLDLOW in all seasons except the autumn season. Again, a reasonable conjecture is that
ne4 study leads to different trends due to the underlying discretization being too coarse to resolve
all the relevant physical phenomena. It is important to recognize, however, that there are other
differences between the two studies besides resolution: they are based on different version of the
E3SM (v1 vs. v0) and different sensitivity analysis methodologies (MOAT vs. GSA).

Turning our attention now to the total effects (Figures 2 and 9 in [76]), it proves to be more difficult
to reconcile the results of the present ne4 study and that of Urrego-Blanco ef al. A few compar-
isons can be made nonetheless. Both studies reveal that the SIV QOI is most influenced by the
widest range of parameters spanning the three climate components considered. Both studies also
suggest that the ksno parameter affects the FLNS QOI to a significant degree in the winter season.
In addition, both studies demonstrate that the cloud microphysics parameterization parameter(s)
appear to be the one(s) affecting most of the QOIs across all four seasons. Importantly, this result
is consistent with the discussion by Qian ef al. in [58], where a similar conclusion is reached by
performing a sensitivity analysis of the stand-alone atmosphere model in E3SM v1.

Another interesting exercise is to compare the cross-correlations between the various QOIs (Tables
5-4 — 5-7 and Tables 5-9 — 5-12) with the so-called “emerging relationships” uncovered in [76]
through the set of ensemble runs performed therein. The analysis of Urrego-Blanco et al. leads to
the following conclusions:

e there is a positive correlation between FLNS and Arctic sea ice area in the melting season
(modulated by clouds), while the opposite correlation is found in the freezing season (domi-
nated by sea ice);

e there is a significant positive correlation between Arctic sea ice area and BH during the
autumn season, a significant negative correlation during the summer season, and negligible
correlations during the winter and spring seasons (since ice coverage in the central Arctic is
almost at its maximum through most of these seasons)

The present results lead to somewhat different conclusions, especially at the coarser ne4 resolu-
tion. While we find moderate negative correlations between FLNS and SIE during the autumn and
winter (freezing) seasons, our ne4 study actually suggests that FLNS and SIE are strongly nega-
tively correlated in the melting (spring, summer) seasons, which is contrary to the result in [76].
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It is interesting to remark that our nell resolution results are more consistent with those in [76]:
a moderate positive correlation is seen in the spring (melting season). A similar trend is observed
for the BH QOI. Unlike the work of Urrego-Blanco et al. our ne4 results show that there is almost
no correlation between BH and SIE in the autumn, and that the highest correlation between these
QOIs occurs in the spring. As with FLNS, the BH-SIE correlations for the nell runs do share
some similarities with those in [76]: one can see that both sets of results reveal a strong positive
correlation between these QOIs in the fall. The discrepancies between the ne4 and Urrego-Blanco
et al. correlations may be attributed to the large differences in grid resolution. Further data/analysis
would be needed to corroborate this hypothesis, however.

5.6. Significance

As mentioned earlier, the study described herein is, to the authors’ knowledge, the first global
sensitivity analysis involving the fully-coupled E3SM Earth system model, and the first sensitivity
study involving version 1 of the fully-coupled E3SM. In addition to providing invaluable insight
into the relative importance of various E3SM v1 parameters on a number of Arctic-focussed QOls,
the results of the present study can be used also to inform subsequent simulations and spin-ups on
the ned and nell resolution grids. Specifically, the results of this study can be used to determine
which parameter to tune and to what extent to achieve a desired equilibrium configuration (i.e.,
to increase/decrease the SST, SIV, etc. to get them to better agree with available observational
data). Further studies, including a GSA study using the nell set of ensemble simulations, will be
presented in a follow-up publication, [74].

6. ENRICHMENT ANALYSIS FOR SIMULATION ERROR STATUS

As discussed in Section 5.3, slightly more than half of our 212 perturbed runs did not make it to
100 years and these runs failed with several different types of errors. We performed an analysis
to see if the parameters of the experiment were correlated with whether the simulation completed
successfully. To test for correlations in this set of experiments, we perform enrichment analysis
[23]. We see if any particular section of variables is enriched for a particular error state or lack of
errors. We do this by using the Fisher Exact Test [20].

For these experiments, we used the global sensitivity analysis parameters listed in Table 5-1.

We binned the simulation parameters into a number of bins for labeling purposes. We experimented
with using 2 bins and 4 bins to divide each of the parameter values. We then labeled each simulation
with a group, or cluster, ID, dependent on the value of its parameters on a per-parameter basis. For
instance, if a simulation used a value for ksno that was in the lower half of the ksno range, it would
be given a ksno cluster label of 0. If a simulation used a value for ksno that was in the upper half of
the range, it would be given a ksno cluster label of 1. With 4 bins, the per-parameter cluster labels
were chosen from the set {0,1,2,3}.

The error statuses are as follows:

49



e OK : No error occurred

e SEG : SIGSEGYV, segmentation fault occurred

e SHR : Unknown error submitted to shr_abort_abort. Stack trace terminated abnormally.
e NEG : negative layer thickness. timestep or remap time too large

e CCM : ccm kohlerc - no real(r8) solution found (quartic)

e MPI : MPI_ABORT

In some cases, all the error statuses are coalesced into one class. In this case the error states are as
follows:

e OK : No error occurred

e ERR : An error occurred during the simulation

Given the structure of the parameter binning and error labels, there are 4 different experimental
combinations.

(a) Parameters are split into lower and upper halves, and error types are treated independently;
(b) Parameters are split into quartiles, and error types are treated independently;

(c) Parameters are split into lower and upper halves, and error types are coalesced;

(d) Parameters are split into quartiles, and error types are coalesced.

The experiments in combination A have 10 variables, split into halves, yielding 20 parameter la-
bels. Simulation error statuses being treated independently (6 outcomes) yields a total of 120
parameter-bin/error pairings. This increases to 240 in combination B. The other experiments coa-
lesce the errors (2 outcomes), yielding only 40 pairings in experimental combination C, and 80 in
experimental combination D.

The Fisher Exact test uses these parameter-bin/error pairings to determine whether a particular
pairing is over-represented given the distributions by analyzing the resultant contingency tables.
For instance, it might analyze whether an MPI error is represented in each half of the ksno pa-
rameter values more than it is should be given the distribution of OK simulations in each half.
Because, in this instance, there are other types of errors, it would have to test MPI errors versus
the other simulation error statuses as well and determine an aggregate p-value. However, because
there are so many tests being performed, one has to adjust the raw p-values to reduce the false dis-
covery rate. The Benjamini-Yekutieli [8] correction is used to adjust the false discovery rate under
arbitrary independence assumptions. Pairings with corrected p-values <= .05 are listed below:

As shown in Table 6-1 the analysis found that two parameters have value ranges in the perturbed
distribution that are associated with failures:gamma_coeff and clubb_c8. Both are from cloud
parameterizations in the atmosphere model. Results show there is a connection between clubb_c8
and the segmentation fault error when the parameter value is in the upper half of the distribution.
For the gamma_coeff parameter there is fairly clear pattern indicating that values in the lower half
of the distribution more often result in errors, while values in the upper half of the distribution

50



Simulation Parameter Error Status Range Unadjusted P-Value  Corrected P-Value

clubb_c8 SEG upper half 1.89E-05 7.03E-04
gamma_coeff OK upper half 6.19E-04 1.15E-02
gamma_coeff SEG lower half 5.78E-04 1.15E-02
gamma_coeff ERR (coalesced) lower half 6.19E-04 2.58E-03
gamma_coeff OK (coalesced) upper half 6.19E-04 2.58E-03
gamma_coeff ERR (coalesced) first quarter 3.14E-04 6.82E-03
gamma_coeff OK (coalesced) fourth quarter 2.7E-03 2.93E-02

Table 6-1 Parameter-bin error pairing for pairings with corrected p-values less than
0.05.

more often run to completion. This type of analysis can provide insight into stable parameter
ranges for use in future studies. Specifically, we intend to apply an enrichment analysis approach
to investigate the numerous failures we encountered for our nel1l resolution perturbed simulations
(Section 5.4).

7- CONCLUSION

The Arctic is changing rapidly and feedbacks may be accelerating the changes. In this project we
focused on analyzing Arctic sea ice in the context of the coupled Earth system. Accurate seasonal
predictions of sea ice minimum extent and long-term estimates of timing for a seasonally ice-free
Arctic depend on a better understanding of the factors influencing sea ice dynamics and variation.
This includes loss due to greenhouse gas forcing and the superimposed internal variability of the
complex Earth system.

We investigated the most influential features in accurate predictions of September Arctic sea ice
extent using machine learning models trained separately on observational data and on simulation
data from five E3SM historical ensembles. Monthly averaged data from June, July, and August
for sea ice extent (SIE), sea ice volume (SIV), surface air temperature (TS), surface pressure (PS),
cloud fraction (CLT), specific humidity (HSS), surface downward long wave flux (FLWS), sea
surface temperature (SST), and meridional and zonal winds (UWIND, VWIND) were used to
train a random forest regression model. Gini importance measures were computed for each input
feature with the testing data. We found that SIE, SIV, TS, SSH and FLWS had importance values
greater than a random input for each dataset, but the magnitude of the importance value difference
between simulations and observations. When training with June data SIV is most important for all
five historical ensemble simulations, but SIE is most important data-model feature when training
with August data. Further analysis of how feature importance changes with forecast length could
provide insights into multiyear, seasonal, and subseasonal predictability.

We have additionally performed a global sensitivity analysis (GSA) using a fully coupled ultra-
low resolution configuration E3SM. To our knowledge, this is the first global sensitivity analysis
involving the fully-coupled E3SM Earth system model. We have found that parameter variations
show significant impact on the Arctic climate state and atmospheric parameters related to cloud pa-
rameterizations are the most significant. We also find significant interactions between parameters
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of different components of E3SM. The results of this study provide invaluable insight into the rel-
ative importance of various parameters from the sea ice, atmosphere and ocean components of the
E3SM (including cross-component parameter interactions) on various Arctic-focused quantities of
interest (QOIs). Additionally, our GSA results can inform targeted studies at higher resolutions, as
well as help guide model spin-ups at various resolutions.
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Figure 4-1 Comparison between E3SM simulations and NCEP observational data
used in the data-driven model for (a) September sea ice extent, (b) June sea ice vol-
ume, (c) June Arctic surface air temperature, (d) June Arctic sea surface temperature,
(e) June Arctic surface pressure, (f) June Arctic specific humidity, (g) June Arctic sur-
face longwave flux, (h) June Arctic total cloud fraction.
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tions generated by 385 models. The R2, anomaly correlation coefficient (ACC), and
mean absolute error (MAE) is displayed towards the top. The blue line crossing each
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Figure 5-1 “Spaghetti plots” of first six QOls from Table 5-2 for ne4 runs that made it
to year 100. The baseline run is distinguished from the others by the red markers.
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Figure 5-2 “Spaghetti plots” of last five QOls from Table 5-2 for ne4 runs that made it
to year 100. The baseline run is distinguished from the others by the red markers
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57



0.9

0.8

0.7

0.6

CLD

0.5
0.4
0.3

0.2

1.015

1.01

I 1.005
=)

0.995

Low Cloud Coverage Averaged Over 60-

90N, 100 Years

« Smm8w Precipitation Averaged Over 60-90N, 100 Years

Figure 5-4 Box plots of last five QOls for perturbed ne4 runs of 100 years, averaged

over the last 50 years.

58

10+
L 1 i
E 9 | | N
|
- | 4 8 !
T [ !
! : T |
R | | ] 7t !
! — |
1 6 o L
k - I
2 st |
o I
L 1 i 4l |
1 T
1 |
. o 1 3 | ;
I
2 %
- - |
| e J
R i
. L ] " 4 3 L
Winter Spring Summer Autumn Winter Spring Summer Autumn
(a) CLDLOW (b) PRECSL
«10Sea Level Pressure Over Beaufort High, 100 Years «10%ea Level Pressure Over Aleutian Low, 100 Years
= 1.028 +
s | 4 +
s — sl 3
| ‘ ——s
| : - | : |
: 1.024 E g
I —_— L Lo22f E
|
| : - 1 —:—
——" I
| E 102} !
R | =
L —_—
I 1.018 i y
==
] 1 1.016 |
. i
Winter Spring Summer Autumn Winter Spring Summer Autumn
(c) BH (d) AL
+«10Sea Level Pressure Over Siberian High, 100 Years
+
1.03 -
=T
1.028 | :
S ;
Lok i [=—
= =3
1.022
T
v 102
T
1.018 | !
1.014 I A%_
1.012 + 0
1.01} . ¥ )
Winter Spring Summer Autumn
(e) SH




%107 SIE as a function of Month - 100 Years

—

(a) SIE

x10% SIE as a function of Month - 100 Years
T . = T

7-/ o —\ -

Month

(b) SIV

Figure 5-5 “Spaghetti plots” of Arctic sea ice extent and Arctic sea ice volume for ne4
runs that made it to 100 years as a function of the month. The maximum/minimum
Arctic sea ice extent occur in general April/October, respectively, and the maxi-
mum/mininmum Arctic sea ice volume occur in general in May/October, respectively.
The baseline run is distinguished from the others by the red markers.

59



Main Effects

Main Effects

2

Main Effects

&

Main Effects

Main Effects

SIE : R? = 1.00e + 00
Total Effects

nomom o om A A ow B 2

(a) Annual

SIE : R? =8.75¢ — 01
Total Effects

0.2

0.1

-

0.0

R T T

(b) Winter

SIE : R? =8.55¢ — 01
Total Effects

5 %% 2T B W 20

(c) Spring
SIE: R? =9.87¢ — 01
Total Effects

A oz ou B % o B AW A

(d) Summer

SIE : R? = 9.43¢ — 01
Total Effects

(c) Autumn

Sobol Indices

fit-bulkcrich
Zio ¢ salinest.piston-vel

other

Sobol Indices

Sobol Indices

(=)

Sobol Indices

salin-rest-piston-vel

Sobol Indices

21 salin-rest-piston-vel

other
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Figure 5-8 GSA results for ne4 resolution: main effects, total effects and Sobol indices
for Sea Surface Temperature Averaged Over 60-90° (SST) QOI calculated annually and

by season
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Figure 5-9 GSA results for ne4 resolution: main effects, total effects and Sobol indices
for Surface Temperature Averaged Over 60-90° (TS) QOI calculated annually and by

season
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Figure 5-10 GSA results for ne4 resolution: main effects, total effects and Sobol in-
dices for Specific Humidity Averaged Over 60-90° (QS) QOI calculated annually and

by season
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Figure 5-11 GSA results for ne4 resolution: main effects, total effects and Sobol in-
dices for Low Cloud Coverage Averaged Over 60-90° (CLDLOW) QOI calculated an-
nually and by season
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Figure 5-12 GSA results for ne4 resolution: main effects, total effects and Sobol in-
dices for Snow Precipitation Averaged Over 60-90° (PRECSL) QOI calculated annually

and by season
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Figure 5-13 GSA results for
dices for Net Longwave Ice
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Figure 5-14 GSA results for ne4 resolution: main effects, total effects and Sobol in-
dices for Sea Level Pressure Over Beaufort High (BH) QOI calculated annually and by

season
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Figure 5-15 GSA results for ne4 resolution: main effects, total effects and Sobol in-
dices for Sea Level Pressure Over Aleutian Low (AL) QOI calculated annually and by

season
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Figure 5-16 GSA results for ne4 resolution: main effects, total effects and Sobol in-

dices for Sea Level Pressure Over Siberian High (SH) QOI calculated annually and by
season
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Figure 5-17 “Spaghetti plots” of first six QOls from Table 5-2 for ne4 and ne11 baseline
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Figure 5-23 Box plots of first six QOls for perturbed nell runs of 75 years, averaged

over the last 25 years.
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Figure A-1 Parameter values and number of simulation years for ultra-low resolution

E3SM sensitivity analysis, part 1.
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Figure A-2 Parameter values and number of simulation years for ultra-low resolution

E3SM sensitivity analysis, part 2.
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Figure A-3 Parameter values and number of simulation years for ultra-low resolution

E3SM sensitivity analysis, part 3.

88



68

v Jed ‘sisAjeue Auanisuas NSE3

uoIIN|OSa1 MOJ-B}IN 10} S1BSA UON_INWIS JO JAqUWINU pUB SaNjeA Jajsweled -y 2inbid

Run ksno lambda_pond dragio dpl 8 gamma tracer_kappa crit_bulk_rich salin_rest_piston_vel | Years
166 2.3097021393477900E-01 | 8.5918722621324200E-05 | 2.8673141832416800E-02 5.8624331001192300E-02 |3.1170030171051600E+00| 2.8759751808829600E+00 2.1878909366205300E-01 | 1.1846923800185300E+03 | 3.6153879314661000E-01 | 1.9746008488815200E-06 100
167 | 4.6957145687192700E-01 | 6.4620050140125000E-05 | 1.5458322317712000E-01 | 2.8011130653321700E-02_| 2.0703870477154900E+00| 4.8147380519658300E+00 | 3.8113948153331900E-01 | 1.7816455096006400E+03 | 6.3090423326939300E-01 | 1.0013672136468800E-06 81
168 | 3.9758860971778600E-01 | 3.7093246956833100E-05 | 7.2755345802847300E-02 | 2.5300970133394000E-02_| 4.8697726614773300E+00| 2.6045140717178600E+00 | 1.2614369578650500E-01 | 1.0361135998740800E+03 | 8.4251646716147700E-01 | 1.6493755385745300E-06 100
169 | 2.1910558622330400E-01 | 7.4031943944477100E-05 | 6.5223229970270700E-02 | 6.7165224459022200E-02_| 1.1355121741071300E+00| 5.2833925974555300E+00 | 4.4369322899729000E-01 | 1.1732993949204700E+03 | 9.0793189220130400E-01 | 1.4845494863344300E-06 45
170 | 4.0454968996346000E-01 | 5.3026470462853700E-05 | 5.1160007674805800E-02 | 7.6544163133949000E-02 | 3.5772070921957500E+00| 4.4507333724759500E+00 | 4.2950146095827200E-01 | 7.8497378043830400E+02 | 8.8189250063151100E-01 | 1.8182324280031000E-06 100
171 4.0243432838469700E-01 | 1.1410468972318100E-04 | 8.1856409292016100E-02 7.6033179555088200E-02 | 4.5343591300770600E+00| 3.9077162584289900E+00 | 4.0861849253997200E-01 | 1.2280828244984100E+03 5.2403776217252000E-01 | 1.2770436450839000E-06 100
172 | 4.8311363300308600E-01 | 8.0270624232693900E-05 | 3.4691835517715600E-02 | 4.6805336829274800E-02_| 3.9769496405497200E+00| 7.3803434250876300E+00 | 4.5696228034794300E-01 | 1.7730379885062600E+03 | 4.3101015295833400E-01 | 1.9800192665541500E-06 100
173 | 5.4209397509694100E-01 | 1.7136588009078800E-05 | 1.2655814353032000E-01 | 6.4893565103411600E-02_| 2.1191565683111500E+00| 6.3934298511594500E+00 | 4.3980720769614000E-01 | 6.4287974154576700E+02 | 2.1650080718100100E-01 | 1.9099822349147800E-06 100
174__| 2.6606387747451700E-01 | 4.1814432949831800E-05 | 1.5323517586751800E-01 | 4.71742752008140006-02_| 2.5793736223131400E+00| 3.4426793381571800E+00 | 4.0160513697192100E-01 | 8.3833136390894700E+02 | 2.6270392406731800E-01 | 1.6274254855699800E-06 48
175 | 5.8337478581815900E-01 | 5.7630156429822900E-05 | 1.4780465785148600E-01 | 4.5672231446951600E-02 | 3.7661726679652900E+00| 2.2971734129823700E+00 | 3.2976461434736800E-01 | 1.5062004178762400E+03 | 9.3028910160064700E-01 | 2.8353837650502100E-06 77
176 | 4.3024115630000000E-01 | 5.4933665130000000E-05 | 3.5848797890000000E-02 | 9.3816934280000000E-02_| 2.4131250010000000E+00| 5.0940834770000000E+00 | 4.7415892430000000E-01 | 1.6985495070000000E+03 | 6.8040586690000000E-01 | 1.4765137310000000E-06 100
177 | 4.3024115627631500E-01 | 5.4933665130397500E-05 | 3.5848797889985100E-02 | 9.3816934283822800E-02_| 2.4131250008940700E+00| 5.0940834768116500E+00 | 4.7415892425024500E-01 | 1.6985495072789500E+03 | 6.8040586691349700E-01 | 1.4765137306647400E-06 124
178 | 5.80738572124392006-01 | 4.9169662301393700E-07 | 1.5057331461282400E-01 | 7.8606865797191900E-02_| 1.7508352156728500E+00| 2.4580919868312800E+00 | 1.3400604082271500E-01 | 1.2120364042930300E+03 | 8.7801726050674900E-01 | 2.2760220885742500E-06 90
179 | 4.6386653883382700E-01 | 5.5077636406779400E-05 | 1.5701840515937700E-01 | 8.2591047976166000E-02_| 4.8853558637201800E+00| 7.8103538318537200E+00 | 2.7669578511267900E-01 | 1.6400398724712400E+03 | 6.9865107219666200E-01 | 1.2883235960733100E-06 0
180 | 4.7210121694952300E-01 | 8.1092099322454900E-05 | 5.5838200872251800E-02 | 9.2337098568677900E-02 | 1.5553323710337300E+00| 2.6279838057234900E+00 | 4.8141612475737900E-01 | 1.3564006749540600E+03 | 2.4342843331396600E-01 | 2.4776736483909200E-06 9%
181 | 4.2545746183022900E-01 | 1.6041218761489600E-05 | 2.0921002048114300E-02 | 6.3276691399514700E-02 | 2.7943333107978100E+00| 5.4301098803989600E+00 | 4.1281257709488300E-01 | 6.4238348929211500E+02 | 2.4120276495814300E-01 | 2.4551838757935900E-06 104
182 3.8668197216466100E-01 | 8.3016157804396000E-05 | 1.1346446903771700E-01 | 4.1621464472264100E-02 | 1.1662989249453000E+00| 7.2500295182690000E+00 2.9686608109623200E-01 | 9.3369241906330000E+02 3.2408646270632800E-01 | 2.3642228602897400E-06 12
183 | 2.16135114524514006-01 | 9.8615156163144200E-05 | 1.2840410348949900E-01 | 5.5938940905034500E-02_| 3.2990078916773200E+00|_3.7029740926809600E+00 | 1. 1500-01 | 1.0113452285528200E+03 | 6.3808121588081100E-01 | 2.9395464960485700E-06 22
184 | 3.9660719875246300E-01 | 1.98749695498215006-05 | 1. 00E-01 | 3.37862328998745006-02_| 1.1368090696632900E+00| 6.5109318234026400E+00 | 4.0150422854349000E-01 | 9.8116346178576400E+02 | 2.3031776603311300E-01 | 1.3525951949646700E-06 92
185 | 4.2156834695488200E-01 | 3.2360018055582100E-05 | 7.6485668576648500E-02 | 2.4366636108607100E-02_| 4.7830387949943500E+00| 5.0922933621332000E+00 | 4.2165861949324600E-01 | 1.4164850866422100E+03 | 6.2070359904319100E-01 | 2.5640503712697000E-06 124
186 | 2.8125199116766400E-01 | 8.0723584557567500E-05 | 9.7414418866531900E-02 | 3.4343082606792400E-02_| 3.0951264081522800E+00| 5.8176152552478000E+00 | 3.1712761772796500E-01 | 1.5383168594911700E+03 | 2.3844751212745900E-01 | 1.6783291711472000E-06 124
187 2.6701483782380800E-01 | 1.0930139663077100E-04 | 5.2717778324568600E-02 6.8268035557121000E-02 | 1.6177696762606500E+00| 5.8110593929886800E+00 1.6257366808131300E-01 | 1.3658326162956700E+03 | 9.9062094576656800E-01 | 2.1077120811911300E-06 45
188 | 4.0709141800180100E-01 | 7.9412578531717100E-05 | 1.9298652173439000E-02 | 3.9769106190651700E-02_| 3.4265314377844300E+00| 2.0364707601256700E+00 | 2.6189279444515700E-01 | 7.8612850997507000E+02 | 7.6711918208748100E-01 | 2.0261873462004600E-06 124
189 | 2.7930576717481000E-01 | 2.6612583611362400E-05 | 1.3675947158518300E-01 | 3.6656787823885700E-02_| 3.6829276271164400E+00| 3.6101269368082300E+00 | 3.0536233661696300E-01 | 7.2949467 600E+02 | 8.3187941312789900E-01 | 2.961 700E-06 124
190 | 5.5425502704456500E-01 | 8.7846752292809100E-05 | 3.4704879315290600E-02 | 4.9377944264560900E-02_| 1.6545083411037900E+00|_3.7160324663855100E+00 | 3.9795602178201100E-01 | 1.4375814769417000E+03 | 3.6375286504626300E-01 | 2.9652282607974500E-06 50
191 | 4.4676194097846700E-01 | 9.7404168270992300E-05 | 1.4649182849768500E-01 | 3.3827331792563200E-02 | 4.9288343898952000E+00| 6.8241178747266500E+00 | 2.6133273812010900E-01 | 8.5093277245760000E+02 | 5.6302730478346400E-01 | 1.4998270273441400E-06 4
192 | 5.4519106503576000E-01 | 4.7776859830216700E-05 | 1.6562955687381300E-02 | 9.5061130858957800E-02 | 2.3036936791613700E+00| 5.1276736604049800E+00 | 2.4560039732605200E-01 | 1.4844233572483100E+03 | 9.6342615857720400E-01 | 1.4572883828310300E-06 20
193 3.3502435693517300E-01 | 6.1507583185631100E-06 | 1.1847176701836300E-01 5.6944061163812900E-02 | 3.8723055757582200E+00| 3.2820977014489500E+00 3.53971 JOE-01 | 1.0924849050119500E+03 3.3091719206422600E-01 | 2.9425168870016900E-06 100
194 | 3.2488430198282000E-01 | 2.1980731699632400E-05 | 4.3904890527296800E-02 | 8.8654081560671300E-02_| 4.63628387730569006+00 _5.8144402559846600E+00 | 1.4592532441020000E-01 32635885477100E+02 | 7.3364266026765100E-01 | 9. 0E-07 12
195 | 5.0135618867352600E-01 | 5.4252531280157000E-05 | 5.4206730794254700E-02 | 2.8151483573019500E-02_| 3.5220405133441100E+00| 7.8738156948238600E+00 | 2.7066962802782700E-01 | 1.7240723744966100E+03 | 6.1792059075087300E-01 | 1.4629281039582600E-06 99
196 | 2.0877750320360100E-01 | 6.1235203764765100E-05 | 1.4441980510535700E-01 | 5.8699708990752700E-02 | 2.2181620784103900E+00| 2.0940087200142400E+00 | 2.0635248422622700E-01 | 1.5767546975053800E+03 | 7.4069267958402600E-01 | 1.9827974660089200E-06 29
197 | 5.7774155810475300E-01 | 9.1932614301925900E-05 | 8.4275252111442400E-02 | 5.6869984101504100E-02 | 4.9089318346232200E+00| 2.2284284839406600E+00 | 2.0111035788431800E-01 | 1.5753912345506300E+03 | 7.1364767029881500E-01 | 1.0904725428903500E-06 11
198 2.8359233113005800E-01 | 7.0057953907469600E-05 | 7.6466690256726000E-02 2.5622593462467200E-02 | 3.1580107854679200E+00| 7.5559925762936500E+00 3.4792152345180500E-01 | 1.6807260305620700E+03 | 9.5524735450744600E-01 | 2.4182661495637100E-06 99
199 | 4.6920622978359500E-01 | 4.4857012685755200E-05 | 1.1922911231122000E-01 | 2.65218512341380006-02 | 2.5459908070042700E+00| 4.9269468062557300E+00 | 1.4601968154311200E-01 | 1.3177915728651000E+03 | 3.667083 00E-01 | 2.2433 200E-06 15
200 | 2.0811064047738900E-01 | 1.0353819351543900E-04 | 5.1704062618780900E-02 | 9.8655551411211500E-02_| 3.9795090835541500E+00| 7.2594064748846000E+00 | 2.2565816892311000E-01 | 9.2233489416539700E+02 | 6.1361650079488700E-01 | 2.1194784320658100E-06 17
201 | 5.3753933263942600E-01 | 7.1234231982181200E-05 | 1.3346450488413700E-01 | 6.8129013013094700E-02_| 2.5423807436600300E+00| 3.7073212270624900E+00 | 3.0014913436025400€-01 | 1.7282224050723000E+03 | 7.6445423439145100E-01 | 1.4631763682235000E-06 99
202 | 5.8534607887268100E-01 | 8.7952785589015000E-05 | 2.6902397310873500E-02 | 3.3548750877380400E-02_| 4.9153002062812400E+00| 2.1150141619145900E+00 | 3.6914381282404100E-01 | 1.0650357029400800E+03 | 7.7598501015454500E-01 | 2.1828724647639300E-06 99
203 | 3.1803072197362800E-01 | 2.8924508619664800E-05 | 7.8393721670517700E-02 | 2.7733316700905600E-02_| 4.4197262283414600E+00| 2.7396102175116500E+00 | 1.0342284440994300E-01 | 1.5427170921117100E+03 | 2.1877051834017000E-01 | 2.6624482376966600E-06 51
204 5.3072773376479700E-01 | 2.2426083195240000E-05 | 9.3183891644422000E-02 | 4.2431769631803000E-02 |2.7129595056176200E+00( 4.7056231070309900E+00 2.2131! 364497700E-01 | 8.4124727714806800E+02 | 8.928. JO0E-01 | 1.5748624511528800E-06 93
205 | 3.8764130072668200E-01 | 4.4802329307481800E-05 | 8.1668824615236400E-02 | 5.6539704594761100E-02_| 4.3296311143785700E+00| 2.5818043751642100E+00 | 4.7017719680443400-01 | 1.6321622882969700E+03 | 4.5555404126644100E-01 | 1.8593697197735300E-06 45
206__| 3.2273210650309900E-01 | 2.4742907554127500E-05 | 1.4682813750668400E-01 | 7.9186131991446000E-02_| 4.9274726845324000E+00| 6.6904517109505800E+00 | 4.8831715174019300E-01 | 1.1096941891126300E+03 | 7.4371043369174000E-01 | 2.5517158748349200E-06 99
207 | 5.8220937438309200E-01 | 9.8178240764685700E-05 | 1.1952305628755100E-01 | 9.3698543477803500E-02 | 4.1876467978581800E+00| 6.7679161508567600E+00 | 2.4201723113656100E-01 | 8.4773066584020900E+02 | 4.1374580264091500E-01 | 2.9636001033010000E-06 99
208 | 5.9019658425822900E-01 | 9.0606356833656300E-06 | 2.9980375650804500E-02 | 6.3308590874075900E-02 | 4.2288536652922600E+00| 6.7900547799654300E+00 | 2.4313720110803800E-01 | 1.2114521551877300E+03 | 2.0943768396973600E-01 | 2.0904808715684300E-06 99
209 2.3060326287522900E-01 | 6.291527. 00E-05 | 7.1038437622925300E-02 5.3711416460573700E-02 [1.8428187286481300E+00| 5.0384597606025600E+00 3.3277851399034300E-01 | 1.0363324566744300E+03 3.0114526748657200E-01 | 2. 600E-06 54
210 | 4.7697060629725500E-01 | 7. )7856100-05_| 1.1850704327649400E-01 | 2.9320715926587600E-02_| 1.4293884811922900E+00| 5.1815455812029500E+00 | 4.18884187191725006-01 | 6.2465425729751600E+02 | 3.5317517146468200E-01 | 7.7663806101772900E-07 99
211 | 5.8802345572039500E-01 | 3.7071680545499400E-05 | 1.5010384803088400E-01 | 4.9766200818121400E-02 | 2.4407204119488600E+00| 6.5228374535217900E+00 | 1.6314430413767700E-01 | 1.0411037547513800E+03 | 8.8943237140774700E-01 | 2.8858304652618200E-06 17
212__| 5.1762989368289700E-01 | 7.1121313539822000E-05 | 1.4899923010054000E-01 | 7.3202092424035100E-02_| 2.8569129556417500E+00| 2.8669439889490600E+00 | 3.6393598178401600E-01 | 1.5418789906427300E+03 | 3.0436043329536900E-01 | 9.1746837005484800E-07 66
baseline | 3.0000000000000000E-01 | 1.1574074000000000E-06 | 5.3600000000000000E-03 | 4.5000000000000000E-02_| 1.3350000000000000E+00] _4.3000000000000000E+00_|_3.2000000000000000E-01_| 1.8000000000000000E+03 | 2.5000000000000000E-01 | 1.5850000000000000E-06 125




APPENDIX B. INSTRUCTIONS FOR BUILDING AND SUBMITTING
ULTRA-LOW SENSITIVITY SIMULATIONS ON SKYBRIDGE

In this section we provide instructions for running perturbed simulations from the ULR sensitivity
analyses using the modified E3SM branch.
1. Clone E3SM fork.

git clone --recursive git@github.com:/karapeterson/E3SM.git
cd E3SM

2. Checkout the branch

git checkout add_namelist_params

3. Update the submodules.

git submodule update

4. Remove the existing version of MPAS-source.

cd components
rm -rf mpas-source

5. Clone branch of MPAS-source.

git clone git@github.com:/karapeterson/MPAS-Model.git mpas-source

6. Checkout MPAS-source branch:

cd mpas-source
git checkout add_namelist_params

7. Move to top E3SM directory and check the submodules.

@d « s faf

git submodule status

Results should be:

1la3be630bbd8£8ddc2e8020731a62ad0489c4430 components/clm/src/external_models/fates (sci.l1.0.0_api.l1.0.0-283-gla3be63
38e0b0461cel0da7de809b752bacc70860ae8bbd components/clm/src/external_models/mpp (v0.0.1-74-g38e0b04)
f2cbe748addb922c3df55835ae75d7204be9ffda components/clm/src/external_models/sbetr (v.10-44-gf2cbe74)
+51489af3dcf68a8766cf2d8a0dp82d241453££51 components/mpas-source (v6.0-17-g51489af)
758cb47c83c84eb94575cebb81bf353£975£9d2d externals/scorpio (scorpio-v1.0.1)
1e538b56fa7cfa209c119e866a95669875eb200d externals/scorpio_classic (scorpio-classic-v1.0.4)

8. Create a Branch Run. From the E3SM/cime/scripts directory. For ne4 run:

./create_newcase --res ne4_oQU240 --compset A_WCYCL1850 --project FY180068
—--case /nscratch/$USER/acme_scratch/cases/master.A_WCYCL1850.ned_oQU240.sensitivity_1 --walltime 48:00:00 --pecount 96

For nell run:

./create_newcase --res nell_oQU240 --compset A_WCYCL1850 --project FY180068
--case /$SCRATCH_TYPE/SUSER/acme_scratch_nell/cases/master.A_WCYCL1850.nell_oQU240.sensitivity_$case_num
--walltime 48:00:00 --pecount 384

9. Move to the case directory. For ne4 run:
cd /nscratch/$USER/acme_scratch/cases/master.A_WCYCL1850.ne4_oQU240.sensitivity_1

For nell run:
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14.

15.

cd /nscratch/$USER/acme_scratch_nell/cases/master.A_WCYCL1850.ned4_oQU240.sensitivity_1
Run case setup.

./case.setup

Modify env_run.xml. For ne4 run:

STOP_OPTION=nyears

STOP_N=25

RESUBMIT=3

RESUBMIT_SETS_CONTINUE_RUN=TRUE

RUN_TYPE=branch

RUN_REFDIR=/gscratch/arctic_tipping_point_results/ELR_E3SM_output_stash
/master.A_WCYCL1850.ne4_oQU240.branch.tune.Golaz2019/run/

RUN_REFCASE=master.A_WCYCL1850.ne4_oQU240.branch.tune.Golaz2019

RUN_REFDATE=0676-01-01

RUNDIR=/nscratch/$USER/acme_scratch/sandiatoss3/$CASE/run

For nel1 run:

STOP_OPTION=nyears

STOP_N=25

RESUBMIT=3

RESUBMIT_SETS_CONTINUE_RUN=TRUE

RUN_TYPE=branch
RUN_REFDIR=/nscratch/arctic_tipping_points_results/nell_spin_up_restart_rpointer_files/
RUN_REFCASE=master.A_WCYCL1850.nell_oQU240.Golaz_Tuning_May31_2020_pecount_480
RUN_REFDATE=0201-01-01

RUNDIR=/nscratch/$USER/acme_scratch_nell/sandiatoss3/$CASE/run

The above setup is for a 100 year run, submitted in 25 year chunks.
Create symbolic links to restart files and copy rpointer files into run directory. For ne4 run:

cd /nscratch/$USER/acme_scratch/sandiatoss3/master.A_WCYCL1850.ned4_oQU240.sensitivity_1/run/
1n -s /gscratch/arctic_tipping_point_results/ELR_E3SM output_stash
/master.A_WCYCL1850.ne4_oQU240.branch.tune.Golaz2019/run/*676*.nc
cp /gscratch/arctic_tipping_point_results/ELR_E3SM_output_stash
/master.A_WCYCL1850.ne4_oQU240.branch.tune.Golaz2019/run/rpointer*

Fornell run

cd /nscratch/$USER/acme_scratch/sandiatoss3/master.A_WCYCL1850.ned4_oQU240.sensitivity_1/run/
cp /ascldap/users/ikalash/E3SM_Kara_scratches_nell/rpointer_files/*
1n -s /nscratch/arctic_tipping points_results/nell_spin_up_restart_rpointer files/*201*nc .

Move back to case directory. For ne4 run:

cd /nscratch/$USER/acme_scratch/cases/master.A_WCYCL1850.ne4_oQU240.sensitivity_1

For nell run:

\begin{verbatim}

cd /nscratch/$USER/acme_scratch_nell/cases/master.A_WCYCL1850.ne4_oQU240.sensitivity_1

Add user namelists (user_nl_cam, user_nl_mpaso, user_nl_mpascice) from DAKOTA sample output to case directory
Build and submit in case directory

./case.build
./case.submit
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APPENDIX C. OUTCOMES AND IMPACTS

C.1. Publications

J. Nichol, M. Peterson, K. Peterson, G. Fricke, M. Moses, Using Machine Learning to Compare
Features of Simulated and Observed Arctic Sea Ice Extent, in preparation.

I. Terza, E. Roesler, A. Powell, K. Peterson, J. Jakeman, Global Sensitivity Analysis of Ultra-low
resolution E3SM, in preparation.

C.2. Presentations

J. Nichol, Machine Learning to Compare Arctic Simulations with Observed Data, ESCO 2020, June
2020, (online). Won award for best student presentation.

A. Powell, Using Ultra-Low Resolution E3SM Simulations to Predict Sea Ice 4AS Free Summers,
and to Elucidate the Role of Arctic Sea Ice in Polar Amplification, ESCO 2020, June 2020 (online)

M. Peterson, Predicting Arctic sea ice concentration with data-driven models, ICIAM, Valencia,
Spain, July 2019.

K. Peterson, Sea Ice Modeling and Arctic Change, UNM Women in Computing Seminar, March
2019.

D. Bull, National security implications from tipping events centered in Arctic waters, 2018 Inter-
national Symposium: Climate Change Effects on the World’s Oceans, 4-8 June 2018, Washington
DC.

D. Bull, Methodologies to Optimize Changing National Security Preparedness Demands Arising with
Increasing Arctic Access, DoD Arctic S&T Synchronization Workshop, 16-18 May 2018, CRREL.

C.3. Posters

J. Nichol, Comparing Simulated and Observed Data with Random Forest Feature Importance, CoDA,
February 2020. 3rd Place in student poster competition.

J. Nichol, Using Machine Learning to Compare Simulated and Observational Sea Ice Extent Data,
AGU Fall Meeting, December 2019.

K. Peterson, Arctic Sea Ice Internal Variability in E3SM and Its Response to Anthropogenic Forcing,
AGU Fall Meeting, December 2019.

A. Powell, Exploring the Use of Ultra-Low Resolution E3SM Simulations to Predict Sea Ice 4AS
Free Summers, and to Elucidate the Role of Arctic Sea Ice in Polar Amplification, AGU Fall Meeting,
December 2019

M. Peterson, Predicting Minimum Arctic Sea Ice Extent, Sandia Machine Learning R&D Workshop,
September 2019
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