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Benefit of a dual-timescale perspective

ESPC-D Model physics development for v2 has focused on the Deterministic system,
which is designed for once-per-day forecasts out to 16 days. Atmospheric validation of
the system has a dual time-scale perspective, in which both S2S- and NWP time-scale
performance are emphasized. It is expected that attention given to weather prediction will
benefit the longer time-scales as well.

Benefit of resolution uniformity between ESPC-D and ESPC-E

For v1, we had a higher NAVGEM horizontal resolution for ESPC-D (T681) compared with
ESPC-E (T359). This proved unsuccessful due to difficulties adequately addressing
performance implications in the time available.

For v2, the NAVGEM configuration is the same in ESPC-D and ESPC-E, which has
precluded the difficulties experienced with v1.
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NAVGEM physics development for Navy ESPC has followed an iterative 2-step process. combining
extended range integrations and uncoupled data assimilative (DA) NWP forecasts - This has been
helpful in addressing demands placed by the emphasis on dual-timescale validation testing.
particularly for the ESPC-D system.

1) MJO case study coupled hindcasts — with verification against satellite rainfall and OLR
retrieval data, as well as atmospheric reanalysis and NCODA SST data. Also, reqular
checks of global-mean values of atmospheric state variables, physics tendencies, cloud
cover and radiative fluxes. This work has been largely focused on just one test case from
the DYNAMO period, with a start date of 1 Nov 2011.

2) NWRP uncoupled NAVGEM DA cycling and 5-day forecasts — with evaluation using
standard NWRP skill metrics.

Both steps include physics adjustments to address identified issues. Repeat (1) and (2)
as necessary, since small changes made in step 2 can have a significant impact on the
MJO.
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Early Navy ESPC tests using operational NAVGEM showed limited MJO skill

Rainfall (5N — 5S) Hovmoller Plots (Time/Longitude)

T359L50 NAVGEM, 1/12 degree HYCOM / CICE

NAVGEM 1.1 NAVGEM 1.2 NAVGEM 1.3
Air-sea coupling in Nov 30
Navy ESPC was not
enough to resolve
MJO skill
deficiencies that
had been identified
in uncoupled
NAVGEM hindcasts.

Date




U.S.NAVAL Key MJO Diagnostic - Net Moistening / Rainfall
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1. ECMWF-YoTC and TRMM
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Ridout, J.A., 2023: A modified Kain-Fritsch convection scheme for extended range prediction. Wea.
Forecasting, 38, 1041-1062. - includes:

Ridout et al. (2005) modififications to the Kain-Fritsch (1990) scheme:

= Closure formulation based mainly on an assumed “cloud-base quasi-balance”, which was supported by
cloud-resolving simulations with COAMPS.

= Cloud source level selection following Peng et al. (2004 ), also supported by COAMPS simulations, and
implemented into the Emanuel convection scheme at NRL.

More recent changes., beginning in 2014:

= Turbulence-triggered convection mode coupled with plumes from the NAVGEM EDMF scheme

(Suselj, et al. 2013), incorporating the mixed-layer Richardson number-based trigger of Ridout and
Reynolds (1998).

= Updraft entrainment similar to Peng et al. (2004).

= Cloud top condition to enhance sensitivity to parcel buoyancy / entrainment of dry air.
= Explicit sensitivity of updraft entrainment to vertical motion.

= Downdraft scheme based on Kain (2004).

This work benefited considerably from MJO diagnostic efforts by M. Flatau, M. Janiga, C. Reynolds,
and also MJO intercomparison studies of Klingaman et al. (2015) and Jiang et al. (2015)
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(from Klingaman et al. (2015))

The Navy ESPC deficiency with respect to the net
moistening diagnostic of Klingaman et al. 2015 was
rectified with the MKF convection scheme. Results
shown for our DYNAMO test case hindcast, looking
at 2-d, 5-d and 20-d hindcast periods.
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(2015)) and bottom) MKF scheme in Navy ESPC 2-d, 5-d and 20-d hindcasts from 1 Nov. 2011.
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Convective cloud top height — column water vapor relationship in Navy ESPC broadly consistent
with satellite observations in the Indo-Pacific region (Ridout - Wea Forecasting 2023)

Joint Probability Density Function (pdf) of cloud top height and column water vapor

Navy ESPC Hindcast (T359L50 NAVGEM)
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Physics development for Navy ESPC led to improved equatorial
rainfall propagation and variability in our DYNAMO test case

Rainfall (5N — 5S) (Time/Longitude)

Early MKF ver.  v2 prototype TRMM

Jan1
Results shown
here with T359L50
NAVGEM
(approximate

37-km horizontal 30
resolution). 27
Dec1 24
Development for 21
T681L143 NAVGEM 18
for Navy ESPC v2 15
required further 12
minor adjustments. 9
6
3
Nov 1 3 H 0

40E 140E  40E mmiday

T359L50 NAVGEM, 1/12 degree HYCOM / CICE
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NAVGEM physics development for Navy ESPC has followed an iterative 2-step process. combining
extended range integrations and uncoupled data assimilative (DA) NWP forecasts - This has been
helpful in addressing demands placed by the emphasis on dual-timescale validation testing.
particularly for the ESPC-D system.

1) MJO case study coupled hindcasts — with verification against satellite rainfall and OLR
retrieval data, as well as atmospheric reanalysis and NCODA SST data. Also, reqular
checks of global-mean values of atmospheric state variables, physics tendencies, cloud
cover and radiative fluxes. This work has been largely focused on just one test case from
the DYNAMO period, with a start date of 1 Nov 2011.

2) NWP uncoupled NAVGEM DA cycling and 5-day forecasts — with evaluation using
standard NWRP skill metrics.

Both steps include physics adjustments to address identified issues. Repeat (1) and (2)
as necessary, since small changes made in step 2 can have a significant impact on the
MJO.

"
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NAVGEM 2.1 vs “NAVGEM 2.2” (Navy ESPC v2 NAVGEM) - Neutral NWP Skill

Scorecard re)sults for a Summer period (1 Jun — 30 Sep +/- shows win/loss for
2021) and a Fall/Winter period (1 Oct 2021 — 29 Jan 2022) NAVGEM 2.2 configuration
No points were awarded in the standard TC track error analysis (not shown) Summer Fall/Winter
Neutral NWP SCOI"ecard fOf' Reference Level Region Lead time Variable Level type] Metric Weight Score Score

. e Fixed Buoy None Northern Hemisphere 96 Wind Speed surface Mean Error 2 0 0
NAVGEM 22 reﬂeCtS SlgnlflCant Fixed Buoy None Tropics 96 Wind Speed surface Mean Error 2 0 0
NAVGEM Coupled phyS|CS Manual Sfc Land None Northern Hemisphere 96 Air Temperature surface Mean Error 1 0 0
improvements since Navy ESPC Radiosondes 100 Global 96 Geopotential Height pressure RMS Error 1 +1 +1
V1 Radiosondes 250 Global 96 Air Temperature pressure RMS Error 1 0 0
' Radiosondes 250 Global 96 Wind pressure Vector RMS Error 1 0 0
Radiosondes 500 Global 96 Geopotential Height pressure RMS Error 1 0 0
Attaining par|ty in this respect Radiosondes 700 Global 96 Relative Humidity pressure Mean Error 1 0 0
. . Radiosondes 850 Global 96 Air Temperature pressure Mean Error 1 0 0
with Operaltlonal lunCOUpled Radiosondes 850 Global 96 Air Temperature pressure RMS Error 1 0 0
NAVGEM IS a mIIeStone for us, Radiosondes 850 Global 96 Wind pressure Vector RMS Error 1 0 0
reﬂecting the impact of Step 2 of Self Analysis 200 Northern Hemisphere 96 Wind pressure|  Vector RMS Error 1 0 0
our error reduction process Self Analysis 200 Southern Hemisphere 96 Wind pressure Vector RMS Error 1 0 0
: Self Analysis 200 Tropics 96 Wind pressure Vector RMS Error 1 0 0
Self Analysis 500 Northern Hemisphere 120 Geopotential Height pressure| Anomaly Correlation 2 0 0
Metrics considered include fixed Self Analysis 500 Southern Hemisphere 120 Geopotential Height pressure| Anomaly Correlation 1 0 0
. Self Analysis 500 Northern Hemisphere 120 Geopotential Height pressure RMS Error 2 0 0
buoy mean Wlnd SpeedS, Self Analysis 500 Southern Hemisphere 120 Geopotential Height pressure RMS Error 1 0 0
radiosonde mean and RMS Self Analysis 850 Northern Hemisphere 96 Wind pressure Vector RMS Error 1 0 0
errors, Se|f_ana|ysis anoma|y Self Analysis 850 Southern Hemisphere 96 Wind pressure Vector RMS Error 1 0 0
. Self Analysis 850 Tropics 96 Wind pressure Vector RMS Error 2 2 0
Correlatlon and RMS errors, and Self Analysis 1000 Northern Hemisphere 120 Geopotential Height pressure| Anomaly Correlation 1 0 0
TC traCk errors. Self Analysis 1000 Southern Hemisphere 120 Geopotential Height pressure| Anomaly Correlation 1 0 0
Total -1 | +1
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1Jun 2021- 29 Jan 2022 Day-5 10-m wind speed mean error with respect to ERA5 Reanalysis

Twice-daily forecasts
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Step 1) MJO case study coupled hindcasts

a) Step (1) targets improved S2S time-scale skill. The DYNAMO case has helped guide
development efforts, while providing a useful yardstick of progress. An additional case study
would be beneficial.

b) More S2S time-scale three-dimensional field verifications would be helpful.

c) Results sensitive to small changes in the physics — hence the need to iterate the two steps.

Step 2) NWP uncoupled testing

a) Step (2) assists with improvements in regards to early time-scale errors.

b) We include tests over more than a single season.

c) Importance of scorecard metrics and weighting — where should emphasis be placed?
d) Expected to help with S2S skill as well.

Once tests and adjustments are completed for the various model components — we finally get to see
how things look with the complete updated Navy ESPC system in an extended coupled forecast validation
test — for Navy ESPC-D v2, this consisted of a one-year reanalysis and one 16-day forecast per week.



Navy ESPC-D v2 Validation Test - NAVGEM NWP Results
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Validation test NWP Scorecard for Navy ESPC-D v2 vs NAVGEM 2.0 Ops is somewhat better than in
our uncoupled test of NAVGEM 2.2 vs NAVGEM 2.1 (current Ops version)
+/- shows win/loss for

Navy ESPC-D v2 vs NAVGEM 2.0 Ops (forecasts once/week from 9/6/2020 — 8/29/2021) Navy ESPC-D v2

+5 on the scorecard for Reference Level Region Lead time Variable Level type Metric Weight Score
Fixed Buoy None Northern Hemisphere 96 Wind Speed surface Mean Error 2 0
NaVY ESPC'D V2 Vs Fixed Buoy None Tropics 96 Wind Speed surface Mean Error 2 +2
NAVGEM 20 ops Manual Sfc Land None Northern Hemisphere 96 Air Temperature surface Mean Error 1 0
Radiosondes 100 Global 96 Geopotential Height pressure RMS Error 1 0
. . . Radiosondes 250 Global 96 Air Temperature pressure RMS Error 1 0
Slgnlflcant Improvement Radiosondes 250 Global 96 Wind pressure Vector RMS Error 1 0
Compared With the -5 Radiosondes 500 Global 96 Geopotential Height pressure RMS Error 1 +1
score Of Navy ESPC-D V1 :aj?osonjes ;(SJS g:oEa: 2: R:Ia_’;ive Humtidity pressure mean Error i 01
. adiosondes oba ir Temperature pressure ean Error +
agalnSt NAVGEM V1 41 Radiosondes 850 Global 96 Air Temperature pressure RMS Error 1 +1
Ops in its validation test Radiosondes 850 Global 96 Wind pressure Vector RMS Error 1 0
Self Analysis 200 Northern Hemisphere 96 Wind pressure Vector RMS Error 1 0
Self Analysis 200 Southern Hemisphere 96 Wind pressure Vector RMS Error 1 0
Self Analysis 200 Tropics 96 Wind pressure Vector RMS Error 1 0
Self Analysis 500 Northern Hemisphere 120 Geopotential Height pressure| Anomaly Correlation 2 0
Self Analysis 500 Southern Hemisphere 120 Geopotential Height pressure| Anomaly Correlation 1 0
Self Analysis 500 Northern Hemisphere 120 Geopotential Height pressure RMS Error 2 0
Self Analysis 500 Southern Hemisphere 120 Geopotential Height pressure RMS Error 1 0
Self Analysis 850 Northern Hemisphere 96 Wind pressure Vector RMS Error 1 0
Self Analysis 850 Southern Hemisphere 96 Wind pressure Vector RMS Error 1 0
Self Analysis 850 Tropics 96 Wind pressure Vector RMS Error 2 0
Self Analysis 1000 Northern Hemisphere 120 Geopotential Height pressure| Anomaly Correlation 1 0
Self Analysis 1000 Southern Hemisphere 120 Geopotential Height pressure| Anomaly Correlation 1 0
TC Report SLP Global 96 Trop. Cyclone Track Error 2 0
Total +5




U.S.NAVAL Navy ESPC-D v2 Validation Test — MJO Skill
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Real-Time Multivariate MJO (RMM) deterministic bivariate anomaly correlation and RMSE for Navy
ESPC-D v2 and ESPC-E v1, along with three models from the S2S database (Vitart et al. 2017)

MM Detarministic Rivar. Anom. Cor

1 1 1 1 I

Navy ESPC-D v2 shows improved skill over Navy ESPC-E v1 at
all lead times, though the differences here are not statistically
significant. UKMO performance stands out as superior in
these results.

Navy ESPC-Dv2
Navy ESPC-Evl
0.2 | persistence =~ @ mmmm——————
Climatology @ = === = =

Correlation
o
'

0.0 | ecmwr —_— 'r“_,"r_"—"T"r"_—_:,::h Plotted values for the ensembles (all of the models except
s - 0 12 15 Navy ESPC-D v2) are averages of values computed for the

! ! individual ensemble members.

18 - RMM Deterministic Bivar. RMSE

RMM deterministic bivariate (top) anomaly correlation and (bottom) RMSE for the ESPC-D v2
and the operational ESPC-E v1, ECMWF, UKMO, and NCEP ensembles. Deterministic skill for
the operational ESPC-E v1, EMCWF, and UKMO ensembles is calculated by averaging the
skill of each ensemble member. The 95% uncertainty for ESPC-D v2 (gray shading) is
determined from a 1000-member bootstrap resampling.

RMSE

Tau (Days)
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Standara veviatons

RMM Phases

Real-Time Multivariate MJO (RMM) index amplitude and phase bias for Navy ESPC-D v2 and
ESPC-E v1 (Ops), along with three models from the S2S database (Vitart et al. 2017)

0.40 - 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 /I
RMM Amplitude Bias Amplitude bias for Navy ESPC-D v2 and for Navy ESPC-E v1
0.20 (Navy ESPC Ops) are small compared to the other models for
the first 9 days, but then begin to grow.
0.00
020 1 - Phase bias for Navy ESPC-D v2 tends to be somewhat greater
than for Navy ESPC-E v1. Like NCEP, the phase error tends to
I nn EpCOpe be negative, in contrast to ECMWF and UKMO.
0 3 6 ECMWF -
R S I Biases for the ensembles (all of the models except Navy
~ - RMM Phase Bias - ESPC-D v2) are averages of values computed for the individual
&3 -y = - ensemble members.
0.0~ e S — —
Vw___/ \/\ RMM amplitude (top) and phase (bottom) bias for the ESPC-D v2 and the operational
-0.4 4 - ESPC-E v1, ECMWF, UKMO, and NCEP ensembles. For the ensembles, bias is evaluated
| ; for each individual ensemble member and then averaged. RMM amplitude bias is the bias
-0.8 r in the distance from the origin (standard deviations) and phase bias is the bias in RMM
i T T T T T T T T T T T T T T T t phases at an amplitude of 1 standard deviation. The 95% uncertainty for ESPC-D v2 (gray
0 3 6 9 12 15 shading) is determined from a 1000-member bootstrap resampling.

Tau (Days)
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Upcoming Navy ESPC Versions

V2.1 - This will be the final Navy ESPC version with NAVGEM as the
atmospheric model component. It will have the same ~19-km horizontal resolution
as in v2.0. The model physics in v2.1 will include updates to improve among other
things OLR/rainfall comparisons with CERES and TRMM observations.

V3.0 - This version will be a major update, in which the NEPTUNE forecast model
will replace NAVGEM as the atmospheric model in Navy ESPC. By virtue of being a
nonhydrostatic model, and having superior scaling properties, NEPTUNE will bring
the capability for global storm-resolving forecasting to Navy operations. NEPTUNE
is configured to use the Common Community Physics Package (CCPP), which will
enable easy access for testing impacts of physics variations on model errors.



U.S.NAVAL Navy ESPC v2.1 NAVGEM Physics Preparations
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The final NAVGEM implementation in Navy ESPC will have the same ~19-km horizontal resolution as
in v2.0. The model physics in v2.1 will include updates to improve among other things OLR/rainfall
comparisons with CERES and TRMM observations, as shown here for our DYNAMO test case.

v2.1 prototype includes Cumulative mean OLR vs Rainfall 310 W/m? - OLR
precipitation production
rate adjustments in the Navy ESPCV2 Navy ESPC v2.1 prototype  CERES

H 260 Jan 1
cloud physncfs scheme TRMM/CERES .
and convective cloud Navy ESPCv2 -
fraction modifications to 250

ESPC V2.1 prototype

be more consistent with

the convection scheme.
240

Still under development,
but should be completed
within a few months.

230

Cumulative mean OLR (W/m?)

220

210

0 20 40 60 80 100
Rainfall(mm/day)

Now 1 310 -OLR

40E 140E (W i)
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U.S. NAVAL NAVGEM Uncoupled NWP — Day-5 OLR vs CERES
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Day-5 NAVGEM OLR evaluation with respect to CERES satellite retrieval
NAVGEM 2.1 CERES NAVGEM 2.2

Improved OLR with
NAVGEM 2.2 in the
equatorial band over the
oceans. OLR is not part
of our NAVGEM
uncoupled scorecard,
but this result reflects
the emphasis on the
tropics (and particularly

180
168
156
144
| 132
120
108
96
84
72
60

the MJO) in the Step 1 -

physics development | o2

for Navy ESPC. 0
310 - OLR
(Wm?)

Forecast day-5 mean of the quantity 310 — OLR (W m?) for NAVGEM 2.1 and Navy ESPC v2 NAVGEM
configuration runs, along with the corresponding values based on CERES satellite retrieved OLR. Results
are shown for three two-month periods (June — July 2021, Sep — Oct 2021, and Dec 2021 — Jan 2022).



U.S.NAVA,_ Navy ESPC-D v2 Validation Test - NAVGEM NWP Results (cont)
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Temperature bias (k) as compared to 10-m wind speed bias (m/s) Global Tropical Storm Track Error (NM)
global radiosonde network at tau=0 h against fixed buoys for ESPC-D NAVGEM
(black) through tau= 120 h (cyan) NH ow — oms
450
) ESPC NAVGEM ey
o 350
" I 2| ESPC-D NAVGE Z 300 I
5 w 4 i 2) 10-m NH Wind Speed S 250 - .
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U.S.NAVAL MKF Convection — Cloud top heights
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Convective cloud top height — column water vapor relationship in Navy ESPC found to be broadly
consistent with satellite observations in the Indo-Pacific region (Ridout - Wea Forecasting 2023)

Joint Probability Density Function (pdf) of cloud top height and column water vapor MJO phase-dependence of mean

Navy ESPC Hindcast (T359L50 NAVGEM) convective cloud top height
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UEgEﬁXéL NWP and NAVGEM Subgrid Vertical Eddy Diffusion -

Implication for Air-Sea Coupling Strategy

LABORATORY

NWP - Vertical Eddy Diffusion

Vertical eddy diffusion is implemented in NAVGEM in a fully implicit computation along with the surface
fluxes, requiring solution of a tridiagonal system. NWP tests had shown that a fully-implicit solution
provides benefits to forecast skill, and we have endeavored to retain this formulation in Navy ESPC.

Implication for Surface fluxes in Navy ESPC

The NAVGEM surface fluxes come out of the fully implicit solution with the vertical eddy diffusion,
involving three-dimensional fields every NAVGEM time-step. In Navy ESPC, this should ideally be done
on the high-resolution HYCOM grid. To avoid excessive computational and memory requirements, we
decided to simply compute the surface fluxes in the component models — and to help limit
non-conservation, the Kara et al. (2005) implementation of the COARE 3.0 scheme used in HYCOM
was ported to NAVGEM.
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U.S.NAVAL Rainfall Propagation — 20-Year Runs
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TRMM Rainfall Wave Spectrum Adapted from Jiang et al. 2015
15°S to 15°N, 60°E-180°
Nov — April 1998-2012
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UEgEﬁX’é" Key MJO Process-oriented Net Moistening Diagnostic

From Klingaman et al. (2015)

LABORATORY

NAVGEM 20-day hindcasts with prescribed SSTs (Klingaman et al. 2015) and early Navy ESPC tests were
unable to reproduce the relationship between net moistening profiles and rainfall rate observed in a ECMWF
YOTC period analysis. Model intercomparison results suggested this was a key diagnostic for MJO skill.

This deficiency was rectified in Navy ESPC tests with the MKF scheme in which a modified cloud top
condition was implemented.
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Vertical cross-sections of net moistening rate as it varied with preciptation rate (horizontal axis) for a region bounded by 10N -10S and 60E —
180E for a) ECMWEF YOTC period analysis (see Klingaman et al. (2015)) and b) MKF scheme in a Navy ESPC 20-day hindcast from 1 Nov. 2011.



