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CLUBBX's prognostic momentum flux formulation
includes several tunable parameters
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CLUBBX's prognostic momentum flux formulation
includes several tunable parameters
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CLUBBX's prognostic momentum flux formulation
includes several tunable parameters
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Return-to-isotropy adjustment
term
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CLUBBX's prognostic momentum flux formulation
includes several tunable parameters

ou'w' ou'w  10pw?2u’ —0T
= —w o Cuu shr 2——
ot a“_’ 0z p 0z (O adiufr
(1—C'7)u'w' a?j | (1—07)9%)811,/(9;—?611/11]/_

Term representing other
dissipating processes
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CLUBBX's prognostic momentum flux formulation
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 Allows for upgradient fluxes
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CLUBBX's prognostic momentum flux formulation
includes several tunable parameters
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 Allows for upgradient fluxes
* G4 Cz and C, 4, are all tunable parameters in CLUBB

 The 7 term in the return-to-isotropy adjustment can also
be tuned using the new regime-specific formulation
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We target several notable mean state biases In
CAMG-CLUBBX
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We target several notable mean state biases In
CAM6-CLUBBX 10-year simulations with

Baseline Annual Surface Stress Bias baseline CLUBBX
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We target several notable mean state biases In
CAM6-CLUBBX 10-year simulations with

Baseline Annual Surface Stress Bias baseline CLUBBX
parameter settings
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We target several notable mean state biases In
CAM6-CLUBBX 10-year simulations with

Baseline Annual Surface Stress Bias baseline CLUBBX
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We target several notable mean state biases In
CAMo6-CLUBBX

10-year simulations with

Baseline Annual Surface Stress Bias baseline CLUBBX
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Negative baseline SWCF bias due
to high bias in low cloud fraction
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How can CLUBBX be adjusted to address some of
these mean state biases?
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these mean state biases?
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« Analyze the difference in model output between runs

Kyle M. Nardi CESM Workshop-June 2023 = kmn182@psu.edu " , PennState //




How can CLUBBX be adjusted to address some of
these mean state biases?

‘ Problem: CLUBB contains many tunable parameters that could be adjusted ‘

Question: How can we efficiently screen numerous input parameters to
identify those that merit additional analysis?

Solution: The Morris One at a Time (MOAT) method

« Start with a set of tunable input parameters

* Run model multiple times with unique combinations of parameter values
* From one run to the next, change the value of only one input parameter
« Analyze the difference in model output between runs

* Repeat for 10 different initial combinations of input parameter values /
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We use short-term, initialized hindcasts to explore
parameter sensitivities using MOAT
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We use short-term, initialized hindcasts to explore
parameter sensitivities using MOAT

* 1° horizontal resolution, 58 vertical levels run over 72 hours
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We use short-term, initialized hindcasts to explore
parameter sensitivities using MOAT

* 19 horizontal resolution, 58 vertical levels run over 72 hours
* PBL turbulence parameterized using CLUBBX
* Atmosphere (ERAS), ocean/ice (NOAAOQI), land (ERADS) initialized

using Betacast (hiips://github.com/zarzycki/betacast)
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We use short-term, initialized hindcasts to explore
parameter sensitivities using MOAT

* 19 horizontal resolution, 58 vertical levels run over 72 hours

* PBL turbulence parameterized using CLUBBX

* Atmosphere (ERAS), ocean/ice (NOAAOQI), land (ERADS) initialized
using Betacast (hiips://github.com/zarzycki/betacast)

« Each unique CAMG configuration run for four initialization dates
(00Z 01 March/June/September/December 2020)
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We use short-term, initialized hindcasts to explore
parameter sensitivities using MOAT

* 1° horizontal resolution, 58 vertical levels run over 72 hours

PBL turbulence parameterized using CLUBBX

Atmosphere (ERAS), ocean/ice (NOAAOI), land (ERAS) initialized
using Betacast (hitps://github.com/zarzycki/betacast)

Each unique CAMG6 configuration run for four initialization dates
(00Z 01 March/June/September/December 2020)

Output from each config averaged over the four initialization dates
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We use short-term, initialized hindcasts to explore
parameter sensitivities using MOAT

* 1° horizontal resolution, 58 vertical levels run over 72 hours

* PBL turbulence parameterized using CLUBBX

* Atmosphere (ERAS), ocean/ice (NOAAOQI), land (ERADS) initialized
using Betacast (hitps://github.com/zarzycki/betacast)

« Each unique CAMG configuration run for four initialization dates
(00Z 01 March/June/September/December 2020)

« QOutput from each config averaged over the four initialization dates

* Sensitivities calculated at t=72 hours (Qian et al. 2018, JGR-A)
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MOAT identifies several input parameters in the
momentum flux budget that influence surface stress
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MOAT identifies several input parameters in the
momentum flux budget that influence surface stress

" Ranking mm3_mjsd_20
southern ocean

C_invrs_tau_sfc
C_invrs_tau_shear
. Greatest Response

C_invrs_tau_N2
C_invrs_tau_N2_xp2

C_invrs_tau_N2_wp2

gamma_coef
gamma_coefb 17 1
clubb_C11

clubb_C8

clubb_beta

mire.ma_scs15[15]15[1715[1616[14]16[16[16]15
micro_mg_vtrmi_factor \ 4 15 14 15 15 15 15

Input Parameter

Least Response

micro_mg_autocon_lwp_exp AL 5 4 3 7 6 3
micro_mg_accre_enhan_fact 5 6 3 5 6
x x - - - < L £ < - I3
22 Bl E SN TR G
I =T o
wn —
Output Metric

Kyle M. Nardi ~ CESM Workshop-June 2023 [ 1 kmn182@psu.edu !a PennState




MOAT identifies several input parameters in the
momentum flux budget that influence surface stress

u”* Ranking mm3_mjsd_20
southern ocean

C_invrs_tau_sfc
C_invrs_tau_shear
. Greatest Response

C_invrs_tau_N2
C_invrs_tau_N2_xp2
C_invrs_tau_N2_wp2

gamma_coef

clubb_C8

Input Parameter

== Least Response

micro_mg_autocon_lwp_exp 4 5 4 3 3

micro_mg_accre_enhan_fact 5 6 3 5 6
%Y X | = = < N € e B [
dﬂi\%\i&w“ s 3
I T o
n |

Output Metric

Kyle M. Nardi ~ CESM Workshop-June 2023 [ kmn182@psu.edu !a PennState




MOAT identifies several input parameters in the
momentum flux budget that influence surface stress

u”* Ranking mm3_mjsd_20
southern ocean

C_invrs_tau_sfc

C_invrs_tau_shear

Greatest Response C6 / /

C_invrs_tau_N2
C_invrs_tau_N2_xp2
C_invrs_tau_N2_wp2

gamma_coef

clubb_C8

Input Parameter

== Least Response

micro_mg_autocon_lwp_exp 4 5 4 3 3

micro_mg_accre_enhan_fact 5 6 3 5 6
%Y X | = = < N € e B [
dﬂi\%\i&w“ s 3
I T o
n |

Output Metric

Kyle M. Nardi ~ CESM Workshop-June 2023 [ kmn182@psu.edu !a PennState




MOAT identifies several input parameters in the
momentum flux budget that influence surface stress

" Ranking mm3_mjsd_20
southern ocean

C_invrs_tau_sfc

C_invrs_tau_shear C
Greatest Response 6

C_invrs_tau_N2 P / ,
C_invrs_tau_N2_xp2

C_invrs_tau_N2_wp2

gamma_coef
gamma_coefb 7
clubb_C11

clubb_C8

clubb_beta

clubb_up2:sfc__coef 7 7 - STn n 8“
| micro_mg_dcs ‘ ( 1 —_— O’U,’u, _Sh’)") .
Least Response a Z

Input Parameter

micro_mg_autocon_lwp_exp 4

micro_mg_accre_enhan_fact 5

SHFLX
LHFLX

Output Metric

Kyle M. Nardi ~ CESM Workshop-June 2023 [ kmn182@psu.edu !a PennState



Input Parameter

MOAT identifies several input parameters in the
momentum flux budget that influence surface stress
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Input Parameter
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MOAT identifies several input parameters in the
momentum flux budget that influence surface stress
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We can track the impact of increasing one of these
terms (Cjnurs tau shear) through the CLUBBX equations
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We can track the impact of increasing one of these
terms (Cjnurs tau shear) through the CLUBBX equations
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We can track the impact of increasing one of these
terms (Cjnurs tau shear) through the CLUBBX equations
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We can track the impact of increasing one of these
terms (Cjnurs tau shear) through the CLUBBX equations
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We can track the impact of increasing one of these
terms (Cjnurs tau shear) through the CLUBBX equations
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Increasing parameter increases eddy
dissipation and reduces the eddy
turnover timescale/turbulent length scale
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We can track the impact of increasing one of these
terms (Cjnurs tau shear) through the CLUBBX equations

tau_zm mjsd_20 upwp_pr1 mjsd_20

2000 southern_ocean — 2000 southern ocean
efore

1600 1600

CY6 ;
c —U W
T

1200

Height (m)

800

400 400

4499592 211.2957 377.6322 543.9687 710.3052 %.O 0.0011 0.0023 00034 0.0046
tau_zm

upwp_pr1

Increasing parameter increases eddy
dissipation and reduces the eddy
turnover timescale/turbulent length scale

Kyle M. Nardi ~ CESM Workshop-June 2023 [ kmn182@psu.edu !a PennState



We can track the impact of increasing one of these
terms (Cjnurs tau shear) through the CLUBBX equations
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turnover timescale/turbulent length scale increasing the return-to-isotropy term
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We can track the impact of increasing one of these
terms (Cjnurs tau shear) through the CLUBBX equations
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We can track the impact of increasing one of these
terms (Cjnurs tau shear) through the CLUBBX equations
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We can track the impact of increasing one of these
terms (Cjnurs tau shear) through the CLUBBX equations
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Increasing parameter increases eddy
dissipation and reduces the eddy
turnover timescale/turbulent length scale

Increasing parameter increases the
inverse of the eddy timescale, thus
increasing the return-to-isotropy term

Kyle M. Nardi

CESM Workshop-June 2023

Increasing the magnitude of the return-
to-isotropy term reduces the time
tendency of vertical momentum flux
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We can track the impact of increasing one of these
terms (Cjnurs tau shear) through the CLUBBX equations
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Increasing parameter increases eddy
dissipation and reduces the eddy
turnover timescale/turbulent length scale

Increasing parameter increases the
inverse of the eddy timescale, thus
increasing the return-to-isotropy term
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Increasing the magnitude of the return-
to-isotropy term reduces the time
tendency of vertical momentum flux
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Reducing the magnitude of vertical
momentum flux reduces the mixing of
stronger winds down to the surface




With reduced near-surface wind speeds, surface wind
stress Is reduced
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With reduced near-surface wind speeds, surface wind
stress Is reduced

Difference in UBOT
Before and After Increasing C_invrs_tau_shear
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With reduced near-surface wind speeds, surface wind
stress Is reduced

Difference in UBOT
Before and After Increasing C_invrs_tau_shear

e — e
—_— :

Difference in globally-
averaged near-surface
wind between “before”
and “after” configs

Diff = -0.31409
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With reduced near-surface wind speeds, surface wind
stress Is reduced
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With reduced near-surface wind speeds, surface wind
stress Is reduced
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With reduced near-surface wind speeds, surface wind
stress Is reduced
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With reduced near-surface wind speeds, surface wind
stress Is reduced

Difference in TAU
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With reduced near-surface wind speeds, surface wind
stress Is reduced

Difference in TAU
Before and After Increasing C _invrs_tau_shear

Difference in globally-
averaged surface stress
between “before” and
“after” configs
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With reduced near-surface wind speeds, surface wind
stress Is reduced
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With reduced near-surface wind speeds, surface wind
stress Is reduced
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Ongoing Work: we can repeat the sensitivity analysis
for combined globally-averaged metrics
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Ongoing Work: we can repeat the sensitivity analysis
for combined globally-averaged metrics
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Ongoing Work: we can repeat the sensitivity analysis
for combined globally-averaged metrics
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Ongoing Work: we can repeat the sensitivity analysis
for combined globally-averaged metrics
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Additional Questions?
kmn182@psu.edu
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YW @kylemnardiwx

Kyle M. Nardi ~ CESM Workshop-June 2023 [ 1kmn182@psu.edu !a PennState



Additional Questions?
= kmn182@psu.edu

Ma|n Ta keaways www.kylemnardiwx.com

@kylemnardiwx

* We can use a sensitivity analysis to highlight input parameters in
CLUBB that influence regional biases in fields like SWCF
(Tropical Pacific) and surface wind stress (Southern Ocean)
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@kylemnardiwx

* We can use a sensitivity analysis to highlight input parameters in
CLUBB that influence regional biases in fields like SWCF
(Tropical Pacific) and surface wind stress (Southern Ocean)

* The impacts of perturbing these input parameters are related

changes in budgets of turbulent fluxes like heat/moisture flux and
momentum flux
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* We can use a sensitivity analysis to highlight input parameters in
CLUBB that influence regional biases in fields like SWCF
(Tropical Pacific) and surface wind stress (Southern Ocean)

* The impacts of perturbing these input parameters are related
changes in budgets of turbulent fluxes like heat/moisture flux and
momentum flux

* Future work: Apply the results of the sensitivity analysis for
short-term hindcasts to longer-term simulations
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YW @kylemnardiwx

* We can use a sensitivity analysis to highlight input parameters in
CLUBB that influence regional biases in fields like SWCF
(Tropical Pacific) and surface wind stress (Southern Ocean)

* The impacts of perturbing these input parameters are related
changes in budgets of turbulent fluxes like heat/moisture flux and
momentum flux

* Future work: Apply the results of the sensitivity analysis for
short-term hindcasts to longer-term simulations

 Can we perturb a handful of input parameters in a 10-year,
free-running simulation and reduce certain regional biases?
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* We can use a sensitivity analysis to highlight input parameters in
CLUBB that influence regional biases in fields like SWCF
(Tropical Pacific) and surface wind stress (Southern Ocean)

* The impacts of perturbing these input parameters are related
changes in budgets of turbulent fluxes like heat/moisture flux and
momentum flux

* Future work: Apply the results of the sensitivity analysis for
short-term hindcasts to longer-term simulations

 Can we perturb a handful of input parameters in a 10-year,
free-running simulation and reduce certain regional biases?

Kyle M. Nardi ~ CESM Workshop-June 2023 [ 1kmn182@psu.edu !a PennState



Extra Slides




CLUBBX's formulation of inverse eddy turnover time
scale depends on environmental conditions
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CLUBBX's formulation of inverse eddy turnover time
scale depends on environmental conditions

1 « Vertical turbulent length scale is the product of the
L — T€ 2 eddy turnover time scale and the square root of TKE
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CLUBBX's formulation of inverse eddy turnover time
scale depends on environmental conditions

1 « Vertical turbulent length scale is the product of the
L — T€ 2 eddy turnover time scale and the square root of TKE

Where the eddy time scale is the sum of dissipating processes...
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CLUBBX's formulation of inverse eddy turnover time
scale depends on environmental conditions

1 « Vertical turbulent length scale is the product of the
L — T€ 2 eddy turnover time scale and the square root of TKE

Where the eddy time scale is the sum of dissipating processes...
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CLUBBX's formulation of inverse eddy turnover time
scale depends on environmental conditions

1 « Vertical turbulent length scale is the product of the
L — T€ 2 eddy turnover time scale and the square root of TKE

Where the eddy time scale is the sum of dissipating processes...

' 1 ou\’ [0\’
— _ A/ N2
Cv.fsfc 1 d) _|_Cshear (82) + (62) _I_CNQ N

Background eddy dissipation
at all levels
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CLUBBX's formulation of inverse eddy turnover time
scale depends on environmental conditions

1 « Vertical turbulent length scale is the product of the
L — T€ 2 eddy turnover time scale and the square root of TKE

Where the eddy time scale is the sum of dissipating processes...

Eddy dissipation due to
surface effects
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CLUBBX's formulation of inverse eddy turnover time
scale depends on environmental conditions

1 « Vertical turbulent length scale is the product of the
L — T€ 2 eddy turnover time scale and the square root of TKE

Where the eddy time scale is the sum of dissipating processes...

1 1 u* 1
o :C nd CS c
T bhgnd T Cafe (2 — zspe + d)

Eddy dissipation in
sheared flow
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CLUBBX's formulation of inverse eddy turnover time
scale depends on environmental conditions

1 « Vertical turbulent length scale is the product of the
L — T€ 2 eddy turnover time scale and the square root of TKE

Where the eddy time scale is the sum of dissipating processes...

1 1 u 1 ou\’ [0v\°
- — C nd CS c CS ear a A
T bkg doz+ ek (2 — Zsfc+d)+ " \/((9,2) i ((9,2)

Eddy dissipation in
stable environment ,
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CLUBBX's formulation of inverse eddy turnover time
scale depends on environmental conditions

1 « Vertical turbulent length scale is the product of the
L — T€ 2 eddy turnover time scale and the square root of TKE

Where the eddy time scale is the sum of dissipating processes...

L Ot Cap Lo TN (D7) 4 oy /2
- — bk’gnda sfe o d) shear 0> 0> N2

(2 — Zspc +

 The coefficients attached to each term on the RHS are tunable
within CLUBBX
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CLUBBX's formulation of inverse eddy turnover time
scale depends on environmental conditions

1 « Vertical turbulent length scale is the product of the
L — T€ 2 eddy turnover time scale and the square root of TKE

Where the eddy time scale is the sum of dissipating processes...

L Ot Cap Lo TN (D7) 4 oy /2
- — bkgnda sfe o d) shear 0> 0> N2

(2 — Zspc +

The coefficients attached to each term on the RHS are tunable
within CLUBBX

This allows the dissipation of turbulent eddies to be tailored to a
specific atmospheric regime (e.g., stable boundary layer)
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We can track the impact of increasing one of these
terms (Cpzwp2) through the CLUBBX equations
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We can track the impact of increasing one of these
terms (Cpzwp2) through the CLUBBX equations
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We can track the impact of increasing one of these
terms (Cpzwp2) through the CLUBBX equations
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We can track the impact of increasing one of these
terms (Cpzwp2) through the CLUBBX equations
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We can track the impact of increasing one of these
terms (Cpzwp2) through the CLUBBX equations

WP2_CLUBB mjsd_20

2000 enso

1600

Shading represents the
25th-75t percentiles of the
output at each level

800

400
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We can track the impact of increasing one of these
terms (Cpzwp2) through the CLUBBX equations

WP2_CLUBB mjsd_20
enso

2000

1600

800

400

0%004 0.0438 0.0872 0.1305 0.1739
WP2_CLUBB

Increasing Cpnz w2 dampens the vertical
velocity variance where stable
stratification exists, thus reducing wp2
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We can track the impact of increasing one of these
terms (Cpzwp2) through the CLUBBX equations

WP2_CLUBB mjsd_20 WPTHLP_CLUBB mjsd_20
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Increasing Cpnz w2 dampens the vertical
velocity variance where stable
stratification exists, thus reducing wp2
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We can track the impact of increasing one of these
terms (Cpzwp2) through the CLUBBX equations

WP2_CLUBB mjsd_20 WPTHLP_CLUBB mjsd_20

2000 enso 2000 enso

—— Before ——— Before
—— After —— After

1600 1600

1200 1200

€ E
g g
800 800
400 400
0%004 0.0438 0.0872 0.1305 0.1739 -1&9188 -4.5975 1.7238 8.045 14.3663
WP2_CLUBB WPTHLP_CLUBB
Increasing Cpnz w2 dampens the vertical Increasing Cy 2 decreases the
velocity variance where stable downward transport of higher 6, air from
stratification exists, thus reducing wp2 above (increased stability)
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We can track the impact of increasing one of these
terms (Cpzwp2) through the CLUBBX equations

WP2_CLUBB mjsd_20 WPTHLP_CLUBB mjsd_20 WPRTP_CLUBB mjsd_20
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-
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Increasing Cpnz w2 dampens the vertical
velocity variance where stable
stratification exists, thus reducing wp2

Increasing Cy 2 decreases the
downward transport of higher 6, air from
above (increased stability)
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We can track the impact of increasing one of these
terms (Cpzwp2) through the CLUBBX equations

WP2_CLUBB mjsd_20 WPTHLP_CLUBB mjsd_20 WPRTP_CLUBB mjsd_20
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WpP2_CLUBB WPTHLP_CLUBB WPRTP_CLUBB
Increasing Cp; wp2 dampens the vertical Increasing Cy v, decreases the Above about 800 m, there’s a decrease
velocity variance where stable downward transport of higher 8, air from in the magnitude of downward transport
stratification exists, thus reducing wp2 above (increased stability) of drier air from above
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We can track the impact of increasing one of these
terms (Cpzwp2) through the CLUBBX equations

WP2_CLUBB mjsd_20 WPTHLP_CLUBB mjsd_20 WPRTP_CLUBB mjsd_20 CLDLIQ mjsd_20
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WPRTP_CLUBB CLDLIQ

WP2_CLUBB WPTHLP_CLUBB
— —

Above about 800 m, there’s a decrease
in the magnitude of downward transport
of drier air from above

Increasing Cp; wp2 dampens the vertical
velocity variance where stable
stratification exists, thus reducing wp2

Increasing Cy v, decreases the
downward transport of higher 8, air from
above (increased stability)
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We can track the impact of increasing one of these
terms (Cpzwp2) through the CLUBBX equations

WP2_CLUBB mjsd_20

WPTHLP_CLUBB mijsd_20

WPRTP_CLUBB mjsd_20

CLDLIQ mjsd_20
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_

Increasing Cp; wp2 dampens the vertical
velocity variance where stable
stratification exists, thus reducing wp2

Increasing Cy v, decreases the
downward transport of higher 8, air from
above (increased stability)

Kyle M. Nardi

CESM Workshop-June 2023

Above about 800 m, there’s a decrease
in the magnitude of downward transport
of drier air from above

kmn182@psu.edu "‘f’,j PennState

With reduced downward transport of
drier air and increased stability, cloud
liquid water content increases




With an increase in cloud liquid water content in the
PBL, there's an appreciable increase in low cloud
fraction
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With an increase in cloud liquid water content in the
PBL, there's an appreciable increase in low cloud
fraction

Difference in CLDLOW
Before and After Increasing C_invrs _tau N2 wp?2
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After Avg. = 0.6922 Before Avg. = 0.57557 Diff = 0.11663
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With an increase in cloud liquid water content in the
PBL, there's an appreciable increase in low cloud
fraction

Difference in CLDLOW
Before and After Increasing C_invrs _tau N2 wp?2
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Difference in globally-

averaged low cloud
between “before” and
“after” configs

After Avg. = 0.6922 Before Avg. = 0.57557

Diff = 0.11663
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With an increase in cloud liquid water content in the
PBL, there's an appreciable increase in low cloud
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With an increase in cloud liquid water content in the
PBL, there's an appreciable increase in low cloud
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With an increase in low cloud fraction, there's a
considerable decrease in SWCF (increased
magnitude)
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With an increase in low cloud fraction, there’s a
considerable decrease in SWCF (increased
magnitude)

Difference in SWCF
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With an increase in low cloud fraction, there’s a
considerable decrease in SWCF (increased
magnitude)

Difference in SWCF

Difference in globally-
averaged SWCF
between “before” and

“after” configs
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With an increase in low cloud fraction, there’s a
considerable decrease in SWCF (increased
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With an increase in low cloud fraction, there’s a
considerable decrease in SWCF (increased
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Several input parameters stand out as broadly
influential for TC structure
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Several input parameters stand out as broadly
influential for TC structure

C,., <nr term that offsets the turbulent production of u’w’ by updrafts

Increasing this term is expected to reduce the magnitude of u'w’

(1 — Cuu_shr)wq@

0z
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Several input parameters stand out as broadly
influential for TC structure

C,., <nr term that offsets the turbulent production of u’w’ by updrafts

Increasing this term is expected to reduce the magnitude of u'w’

ou
1_Cuu shr 12—
( hr JU 0z

Csfc: weighting term for turbulent eddy dissipation near surface
Increasing this term reduces the vertical turbulent length scale L
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Several input parameters stand out as broadly
influential for TC structure

C,., <nr term that offsets the turbulent production of u’w’ by updrafts
Increasing this term is expected to reduce the magnitude of u'w’

ou
1_Cuu shr 12—
( hr JU 0z

Csfc: weighting term for turbulent eddy dissipation near surface
Increasing this term reduces the vertical turbulent length scale L

Cs

U 1
"k (z — zsfe + d)
Cshea,: weighting term for eddy dissipation from wind shear
Increasing this term also reduces the vertical turbulent length scale L

ou\° (07’
Cshear\/(%) +<&)
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