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Objectives [

 Partl
e Current status of the nudging FDDA capabilities in WRF-ARW, and
status of the end-to-end FDDA system.
» Test results of WRF nudging FDDA in a multiscale FDDA

framework with several case studies.
» Comparisons using NO FDDA, obs FDDA, analysis FDDA and multiscale

FDDA
» Comparison between MM5 and WRF

e Partll
» Ongoing work with hybrid nudging-ensemble Kalman filter (EnKF).
(Lili Lei’s Ph.D research, advisor Dave Stauffer)

 Future Plans
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 Regime-dependent vertical influence functions for surface
observations (e.g. obs _nudgezfullrl t, obs nudgezramprl t).

e Switch to exclude obs nudging from within the PBL (e.g.
obs_no_pbl nudge t).

e Option to reduce time window (obs_sfcfact) and radius of
Influence for surface observations (obs_sfcfacr).

o Parameter to adjust nudging strength based on terrain
difference between the obs site and grid point where the
Innovation is applied (obs_dpsmx).

* Improved diagnostic prints.
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e CAPTEX-83 Case

48-h model simulation, 36-km/12-km/4-km domains,
32 vertical layers with the first half layer at ~30 m

Starting: 1200 UTC, 18 Sept. 1983

Ending: 1200 UTC, 20 Sept. 1983

(IC/LBC/FDDA inputs based on MM5 RAWINS)

Physics: MYJ PBL, KF CPS (on 36- and 12-km grids),
Dudhia SW and RRTM LW, etc

—
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Experimental Design for Multi-scale FDDA PENNS%TE

. CAPTEX-83 (36/12/4-km grids) v
AN 5B B = B = m mEAn

Exp. name 36-km 4-km
Analysis Analysis Analysis
Nudging Nudging Nudging
NOFDDA NO NO NO
OFDDA NO NO NO
GFDDA/S YES YES NO
MFDDA/S YES YES NO




CAPTEX-83 (36/12/4-km grids)
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3D and Surface Analysis Nudging Obs Nudging
36-km 12-km 4-km 36-km 12-km 4-km
G (1/sec) 3*104 1*10 N/A 4*104 4*104 4*104
3D Wind field 3D Nudging | 3D Nudging N/A Nudging all Nudging all Nudging all
all layers all layers layers layers layers
, 3D Nudging | 3D Nudging Nudging Nudging Nudging
3D Mass field above PBL above PBL N/A above PBL above PBL above PBL
Sfe wind field Used within | Used within | Used within | Used within | Used within | Used within
PBL PBL PBL PBL PBL PBL
Used within | Used within | Used within
Sfc mass field| PBL PBL PBL Not used Not used Not used
RINXY (km) N/A N/A N/A 150" 100" 100"
TWINDO (hr) N/A N/A N/A 2" 2" 2"

* 0.67 factor for surface, 2.0 factor at 500 hPa and above

—

** 0.5 factor for surface
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MAE of WRF-Simulated Surface Layer
Fields Averaged Over 48-h Time Period

PENNSTAT
[_Z kv,

MAE of Surface-Layer Vector Wind Difference

MAE of Surface-Layer Wind Direction
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MAE of WRF-Simulated Fields AverageaENNSIATE

Over 48-h Time Period And All Model
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MAE of Vector Wind Difference

MAE of Wind Direction
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:PSU West Coast Simulations @
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Exp. Name

BASELINEZ2_PX
or BASELINE3

GFDDAZ2?
OFDDAZ2?
MFDDA2

MFDDA_SFC?2
MFDDA_SFC2_no

soil

36 km

Analysis
Nudging

NO
YES (3D)
NO
YES (3D)
YES

(3D+Sfc+Soil)

YES (3D+Sfc)

OBS
Nudging

NO
NO
YES
YES

YES

YES

12 km

Analysis
Nudging

NO
YES (3D)
NO
YES (3D)
YES

(3D+Sfc+Soil)

YES (3D+Sfc)

Experimental Design

OBS
Nudging

NO
NO
YES
YES

YES

YES

Analysis
Nudging

NO
NO
NO
NO

NO

NO

PENNSTATE
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4 km

OBS Nudging

NO
NO
YES
YES

YES

YES

—
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Relative Humidity (¥}
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Hind Direction {deg}

3=hourly Surface RH HAE scores 1272 12/16/26868 -- 127 12/21/0680

Domain 1 BASELINE3 1 Domain 2 HFDDA2 m=mm

Donain 1 GFODA2 Dowain 2 MFDDA_SFC2 mm

Donain 1 OFDDA2 == Donain 2 WFDDA_SFC2_nosoil messm

Domain 1 HFDDA2 = Domain 3 BASELINE3

Domain 1 HFDDA_SFC2 o Domain 3 GFDDA2 —1

Donain 1 HFDDA_SFC2_nosoil mmmm Donain 3 OFDDA2 ==

Donain 2 BASELINE3 —— Donain 3 HFDDA2 ===

Donain 2 GFDDA2 —— Donain 3 WFDDA_SFC2 mmm

Donain 2 OFDDA2 === Donain 3 WFDDA.SFC2_nosoil meem

3=hourly Surface Hind Dir HAE scores 12Z 12/16/2000 -- 127 12/21/2800

58 [:).

45
48
35
38

Donain 1 BASELINE3

Domain 1 GFDDA2

Donain 1 OFDDAZ2

Donain 1 HWFDDAZ

Donain 1 HFDDA_SFC2

Donain 1 WFDDA_SFC2_nosoil
Domain 2 BASELINE3

Donain 2 GFDDA2

Donain 2 OFDDAZ2

NI DTN

Donain 2 HFDDA2

Donain 2 HFDDA_SFC2

Donain 2 WFDDA_SFC2_nosoil
Domain 3 BASELINE3

Donain 3 GFDDA2

Donain 3 OFDDAZ2

Donain 3 HWFDDAZ

Donain 3 HFDDA_SFC2
Donain 3 WFDDA_SFC2_nosoil

HENI0I

Hind Speed {n/s}

Tenperature (K}

2.5

2.5

1.5

3=hourly Surface Temp HAE scores 127 12/16/2088 =-- 127 12/21/2680

T

Domain 1 BASELINE3

Donain 1 GFDDA2

Donain 1 OFDDAZ2

Donain 1 HFDDA2

Donain 1 HFDDA_SFC2

Donain 1 HFDDA_SFC2_nosoil
Donain 2 BASELIME3

Donain 2 GFDDA2

Donain 2 OFDDA2

NI DT

Domain 2 HFDDA2

Donain 2 HFDDA_SFC2

Donain 2 WFDDA_SFC2_nosoil
Donain 3 BASELINE3

Donain 3 GFDDA2

Domain 3 OFDDA2

Donain 3 HFDDAZ2

Donain 3 HFDDA_SFC2
Donain 3 HFDDA_SFC2_nosoil

HETI0I

3=hourly Surface Hind Speed HAE scores 127 12/16/72600 -- 127 12/21/2808

Domain 1 HFDDA_SFC2_noszoil

Speed

Donain 1 BASELINE3
Donain 1 GFDDA2
Donain 1 OFDDA2
Donain 1 HFDDA2

Donain 1 HFDDA_SFC2

Donain 2 BASELINE3
Donain 2 GFDDA2
Donain 2 OFDDA2

LTI L DL

Donain 2 HFDDA2

Donain 2 HFDDA_SFC2

Donain 2 WFDDA_SFC2_nosoil
Donain 3 BRASELINE3

Donain 3 GFDDA2

Donain 3 OFDDAZ

Donain 3 HFDDA2

Donain 3 HFDDA_SFC2

Donain 3 HFDDA_SFC2_nosoil
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Relative Hunidity (¥}

Hind Direction {(deg}
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12=hourly Upper=Air RH HAE scores 127 12/16/2888 -- 127 12/21/0600

- RH

Domain 1 BASELINE3

Donain 1 GFDDA2

Donain 1 OFDDAZ

Donain 1 HFDDA2

Domain 1 HFDDA_SFC2

Donain 1 WFDDA_SFC2_nosoil
Domain 2 BASELINE3

Donain 2 GFDDA2
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Donain 2 WFDDA.SFC2_nosoil

Donain 2 HFDDR2
Domain 2 HFDDA_SFC2

Donain 3 BASELINE3
Donain 3 GFDDRA2
Donain 3 OFDDA2
Donain 3 HFDDAZ2

Donain 3 HFDDA_SFC2

HIm

12=hourly Upper=Air Hind Dir HAE scores 127 12/16/2888 -- 127 12/21/2600

Dir

Donain 1 BASELINE3

Domain 1 GFDOA2

Donain 1 OFDOA2

Donain 1 HFODOA2

Donain 1 HFDDA_SFC2

Donain 1 HFDDA_SFC2_nosoil
Donain 2 BASELINE3

Donain 2 GFDOA2

Donain 2 OFDDA2

T

Domain 2 WFDDA2

Donain 2 HFDDA_SFC2

Donain 2 WFDDA_SFC2_nosoil
Donain 3 BASELINEZ

Domain 3 GFDDAZ2

Domain 3 OFDDAZ2

Domain 3 WFDDA2

Donain 3 HFDDA_SFC2

Donain 3 HFDDA_SFC2_nosoil

HITITI

Hind Speed {n/s}

Tenperature (K}

12-hourly Upper-Air Tenp HAE scores 127 1271672088 -- 127 12/21/2688

Donain 1 HFDDA_SFC2_nosoil
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Donain 1 GFDDA2
Donain 1 OFDDA2
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I LT

T

Donain 2 HFDDA2

Donain 2 HFDDA_SFC2

Donain 2 HFDDA_SFC2_nosoil
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Donain 3 OFDDA2
Domain 3 HFDDA2
Donain 3 HFDDA_SFC2

—
|
|
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12=hourly Upper-Air Mind Speed WAE scores 127 1371672080 -- 127 12/21/20080

Dowain 1 WFDDA_SFC2_nosoil

Donain 1 BASELINES
Dowain 1 GFODAZ
Donain 1 OFDDA2
Dowain 1 HFODDAZ

Donain 1 HFODA_SFC2

Donain 2 BASELINES
Dowain 2 GFODDAZ
Donain 2 OFDDRA2

L LT

Speed

Donain 2 HFDDA2

Donain 2 HFDDA_SFC2

Donain 2 HFDDA_SFC2_nosoil
Donain 3 BASELINE3

Donain 3 GFDDA2

Donain 3 OFDDA2

Donain 3 HFDDA2

Donain 3 HFDDA_SFC2

Donain 3 HFDDA_SFC2_nosoil

Him
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WRF vs MM5 @

TN
Obs nudging on all three grids

MMSNOFDDA: MMS5 without FDDA

MM5FDDA: MM5 with Obs nudging only

NOFDDA: WRF without FDDA

OFDDA: WRF with Obs nudging only

OFDDAD: WRF with Obs nudging only, with improved vertical

spreading for regime 4 as in surface analysis nudging

Note: Both MM5 and WRF use identical configurations, same
Inputs, same physics, same obs nudging parameters (e.g. same
SFCFACT, SFCFACR, and same vertical spreading except
OFDDAD)

—
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Vertical Weighting
Examples in WRF Obs
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m------lll

Default for reglmes 1 and 2

Column # 1 2 3 4 5 6 7 8| Column#
Ramp Layer 0| -5000 50 0 50 50| -5000| -5000 | obs_nudgezrampr*
Full Layer -5000 0| -5000 50 0 50 50| -4950 | obs_nudgezfullr
zi+50 Z;:+50
Z;-50 2;-50
100 100
50 \ 50
0 0
Weighting 1 110 1 110 1 1 1 1| Weighting

0

. A
Original WRF default (all regimes) MM5 default (but lowest 3 layers and only wind; all regimes
—
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MAE of WRF- and MM5-Simulated Surface Layer =3

Fields Averaged Over 48-h Time Period ¥

MAE of Surface-Layer Vector Wind Difference MAE of Surface-Layer Wind Direction

uMMOFDDA = MNOFDDA

B WNOFDDA BWNOFDDA

B MOFDDA = MOFDDA

' WOFDDA mWOFDDA
B WOFDDAD B WOFDDAD

MAE of Surface-Layer Temperature MAE of Surface-Layer Water Vapor Mixing Ratio
30 18
1.6
1.4
= MNOFDDA | 1.2 = MNOFDDA
BWNOFDDA | 1.0 B WNOFDDA
» MOFDDA 0.8 » MOFDDA
w WOFDDA 0.6 w WOFDDA
sworopap | 4 ® WOFDDAD
0.2
0.0

36-km 12-km 4-km 36-km 12-km 4-km
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_ MAE of WRF- and MM5-Simulated Fields Averaged =

Over 48-h Time Period And All Model Layers 4

MAE of Vector Wind Difference MAE of Wind Direction

= MNOFDDA = MNOFDDA

BWNOFDDA BWNOFDDA

= MOFDDA = MOFDDA

mWOFDDA mWOFDDA

B WOFDDAD B WOFDDAD

MAE of Temperature MAE of Water Vapor Mixing Ratio
3.0 1.8
1.6
2.5
1.4
2.0 = MNOFDDA | 1.2 = MNOFDDA

1.5

1.0

0.5

EWNOFDDA | 10 u WNOFDDA
= MOFDDA 0.8 | u MOFDDA
m WOFDDA 06 m WOFDDA
mworppAaD | U4 B WOFDDAD
0.2 |
00 -

36-km 12-km 4-km 36-km 12-km 4-km

0.0
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WRE Multiscalé FDDA v

anaIyS|s nudging only and obs-nudging only
significantly reduce model error.

Analysis nudging (with surface analysis nudging)
shows closer fit to obs on the coarser 36-km grid, and
obs nudging better fits the obs on the 12-km grid, as
expected due to weaker analysis nudging strength.

Multiscale FDDA (combined analysis and obs nudging)
with surface analysis nudging has the best
performance.

PX soil nudging is done independently from the PSU
surface analysis nudging, except for the on/off switch
(user caution is needed when changing the surface
analysis nudging coefficients).

—
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WRF VS MM5 obs nudging

e B I e R R R EERE]
. Surface (wind only, no mass fields nudged):

« MM5 and WRF have similar error reduction due to
use of obs nudging.

« MM5 (with and without FDDA) has slightly smaller
error in surface-layer VWD field. WRF with FDDA
has slightly smaller error in surface-layer wind
direction on 12- and 4-km grids.

« The new default vertical spreading option for regime
4 in surface wind nudging in WRF appears to further
iImprove both surface wind stats.

—
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& \WRF VS MMS5 obs nudging v

o I I I SRR
o Upper Air:

« MM5 has smaller error in mass field (both with and
without FDDA).

 MM5 and WRF have similar error reduction due to
use of obs nudging.

21
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« WRFIC/LBC:

NCEP/NCAR Global Reanalysis Products enhanced by observations via
OBSGRID

« 3DVAR is used to perturb the IC and LBC.

« Ensemble sizeis 24. Currently only IC and LBC perturbations are applied.
Different model physics will be used to create additional ensemble
members.

o Three-hourly WMO surface observations and twelve-hourly rawinsondes
are used for assimilation and fit-to-observations statistics.

« The observation error variances of wind and temperature are adapted
from 3DVAR. The observation error variance of relative humidity is set to
10% of the saturated specific humidity.

UNCLASSIFIED 2
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WRF /SCIPUFF Experiments v

Exp. name | Exp. description
NOFDDA Assimilate no observations
NOEnKF Assimilate no observations in ensemble
EnKE Assimilate observations by ensemble adjustment Kalman filter
(EAKF)
Assimilate observations by traditional observation nudging with
FDDA ) N
nudging coefficients of 4*104s1
Hybrid Assimilate observations by hybrid EnKF (in progress)
Hybrid?2 Same as Hybrid except doubling of hybrid nudging coefficients

—
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Nudging: / \ %—f=---+G-Ws-Wt-(?°—i)

|

tobs time
EnKF: ‘ X, = %+ K(X°~%,)
tobs tir?ne
- : d X
Hybrid EnKF: : (KW, (X=X
y / \dt +f(Kw,) (X°-%)
tobs time
« The hybrid nudging coefficients:
d—X: : +G-WS-W,-(?(O—?()
dt
1
Gw, = ‘K
W ZW,AI
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MAE Wind Speed Profile

MAE Wind Direction Profile

MEAN ABS ERROR OF WIND SPEED (M/S)
ROFILE FOR DOMAIN= 12 km

P MEAN ABS EREOR OF WIND DIRECTION (DEG)
DATE/TIME RANGE= 18 SEP 1983, 1200Z—20 SEP 1983, 1200Z AND SUBDOMAIN= 1 12 km

PROFILE FOR DOMAIN=

MODEL HOUR RANGE=

0.0

48.0 h

MODEL HOUR RANGE— 0.0 48.0 h

DATE/TIME RANGE= 18 SEP 1983, 1200Z—20 SEP 1983, 1200Z AND SUBDOMAIN=

—l—114515.63 T é :51 4&! T LT 1 T T T T
411110.93 32 g —14515.63
-19299.84 i - 11110.93
8286.03 L -929090.84
-{7387.63 8288.03
6574.69 8 -7387.63
-{5832.44 B574.69
15148.60 26 -15832.44
-4513.96 45148.60
43978.86 24 —4513.96
3528.45 43976.88
+3099.17 22 B 3528.45
I -{ 2688.99 43099.1%7
= +2296.15 o °® -2688.99
& -=011.98 = 42296.15
- 41827.18 =L -2011.98
= -1645.93 3 41827.18
=] 41468.08 = e -1645.93
= -{1293.49 g 41468.08
4{1122.03 1 -1203.49
-{953.59 41122.03
4 788.056 12 -9853.59
-665.73 -4788.05
1585.04 10 - B665.73
-505.01 4585.04
425 65 8 -505.01
-{346.92 H425.65
H276.61 6 -346.92
+214.53 1276.61
4152.85 4 4214.53
-91.56 4152.85
1 = 1 1 1 1 1 30.85 2 J91.56
1.8 1.8 2.8 2.5 3.8 3.% 4.8 4.5 . a8 _ 530,65
MEAN ABS ERROR (M/S] & 8 i@ 12 14 16 18 =@ 22 24 26 28 e
(MEAN) L MEAN ABS ERROR (DEG)
2.1902 1.3758 1.3188 1.6783 1.4340 c (MEAN)
2=NOEnEF 3=FDDA 4=EAKF G=Hybrid 6=Hybrid 16,7401 B.B74E 11.1786 117047 09.7916
2=NOEnKF 3=FDDA A=EAKF S=Bybrid @=Hybrid,
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MAE Temperature Profile MAE Mixing Ratio Profile

MEAN ABS ERROR OF TEMP (C)

; PROFILE FOR DOMAIN= 12 km ; MEAN ABS ERROR OF MIXR gGéKG)
DATE/TIME RANGE= 18 SEP 1983, 1200Z-20 SEP 1983 1200Z AND SUBDOMAIN= 1 PROFILE FOR DOMAIN= m
MODEL I—mL‘R RANGE= 0.0 48.0 h DATE/TIME RANGE= 18 SEP 1983, 1200Z—-20 SEP 1983, 1200Z AND SUBDOMAIN= 1
—r L'A N —,————— MODEL HOUR RANGE= 0.0 46.0 h
32 bl [ o -14515.63 | 1 ll T L I T 1
3 —==2-111110.93 3zl —14515.63
% - ?f%}-f’" -9209.84 |5 11110.93
3 ?fﬁ(: - 8288.03 kL 8 9299.84
8 H -7387.63 3 48288.03
- f 16574.89 28 - - 7387.63
L 5832.44 3 18574.69
: 15148.80 26 5832.44
-14513.96 3 415148.60
{3978.88 24 [ —4513.96
3528.45 3 43978.88
43099.17 22 - -3528.45
a - 2688.99 3 43099.17
3] 4{2296.15 g -2688.99
&1 -2011.98 = 3 42296.15
a {1827.18 B 18- %2011.98
] -1645.93 = F 41827.18
g 41488.08 = -11645.93
' -1293.49 g + 41468.08
11122.03 BERCE -1293.49
-953.59 + 4112203
+{788.05 12 - —953.59
- 665.73 - 4788.05
1585.04 8- - 665.73
-505.01 3 1585.04
{425.85 8l —505.01
—-346.92 + 4425.65
1276.61 o —-3486.92
—214.53 3 H276.61
{15285 4 -214.53
—-91.58 + 4152.85
: B 1 | 1 1 1 1 1 | | 1 30685 2 - —491.586
B 1.8 1.5 2.8 2.2 3.P 3.5 4.0 4.5 2.9 5.5 6.8 6.5 7.9 /. B.8 8.5 | 30.65
MEAN ABS ERROR (C) : . 4
{MEAN) — MEAN ABS ERROR (G/KG)
2.0957 1.6651 1.8731 1.8874 2 (MEAN)
2-NOERKF  9-FDD A=EAKF S=Hybrid \=Hyb: ICLASSIFI 0.8608 0.0661 0.6011

2=NOEnKF 4=EAKF BG=Hybrid
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« The EnKF, hybrid EnKF and FDDA experiments produce better analyses

than the corresponding NOFDDA and NOEnKF simulations based on fit
statistics.

« FDDA produces better analyses than the EnKF, especially for assimilation
of surface observations partially due to the fact that EnKF is not using all
surface obs used in FDDA.

« The hypothesis here is that the hybrid EnKF combining the advantages of
both nudging (continuous small corrections) and EnKF (flow-dependent
error covariances) will produce a better WRF dynamic analysis than either
nudging or EnKF applied separately.

UNCLASSIFIED
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