Impact of Boundary Layer Parameterization on HWRF Forecasts of Hurricane Rapid Intensification

1,2 1
INTRODUCTION Jun Zhang'< and Robert Rogers CASE STUDY
INOAA/AOML Hurricane Research Division
2University of Miami/CIMAS i
» One of the most challenging and important aspects of tropical cyclone prediction Is rapid y Vortex Ti |t
Intensification (RI). Our recent work has examined the impact of planetary boundary layer (PBL)
. . . . . : <V,> [m s™'], t=48-53, highKm <V,> [m s7'], t=48-53, lowKm
parameterization on HWRF forecasts of hurricane track, intensity, and structure. We found that CASE STUDY 100 g rorm center displacement fromTkmto8km | - : 12, 40
c 5 5 5 5 c c . —— highKm a
lowering vertical eddy diffusivity (Km) in agreement with observations led to substantial _ sol {4/ | lowkm w )
. . . . = 3
Improvements in track and intensity forecasts (Zhang et al. 2015). We found also that the storm HWRFE Forecasts of Hurricane Earl (2010) = g0 (| / | .
structure is improved with improved PBL physics compared to observations. A conceptual model é 40 | “ 3 -"!'_ rr - | 30
that summarizes the axisymmetric structural differences of the two sets of HWRF forecasts before 2 o ) I i 'étii\ A ‘ A ub'.'l.“"‘ ] |
and after physics improvements (Fig. 1). HWRF forecast of Hurricane Earl (2010) initialized at 12 UTC on August 27 , <K, >[m?s™], a=1 (highkm) L [m? s7'], @=0.5 (lowKm) . o A Deoscs S aooad o s 3 3 \RS5 B 125
60 PBL11 « Q %0 12 24 36 48 60 72 84 96 108 120 £
@ ez E , E , 300 bifurcation - ° |2
E. 40 ) = p S
< = 5 200 360 <
: £ W G o IO ) 4 15
Z Weak / (a): PBL11 (large K ) 7 : (b): PBL12 (small K ) > 207 : 100 _aror AIY | 4|
! I 0 | . | | . . J (a) 0 0 0 = _ " A A s _ = 10
updraft I | . : 0O 12 24 36 48| 60 72 84 96 108 120 0 o0 100 150 200 0 50 100 150 200 £ 180 A 7 [X % 253 i 4, "t‘ X o S 2505
I | _ _ Radius [km] Radius [km] E 13 ) | X A ) "!F"" “f 0 %%, ’t"‘»f : 9 h-" . - 2
I I | | | bllfurclatlor? | | | | | | | = 90| [ ' SRRV Wik e | 5
! I . 60 - PBL11 ] 600 * HWRF: =1 (highKm), z=450 m (© E 600 * HWRF: =0.5 (lowKm), z=450 m (d)— |
', [] __E PBL12 — 500} ¥ obs: Jun Zhang et al. (2011) s 500 | ® obs: Jun Zhang et al. (2011) | 0 > o6 o8 20 00 5I0 160 150 ——2—00 00 50 1(‘)0 15'0 200 0
Deep bounda h I = .l | 0 400l | "o ool | 0 12 24 36 48 60 72 | |
- 2 ~
’l p "y 'l % E a0l gl | EE 200 | | Forecast Time [h] from 12 Z on August 27, 2010 distance from the center [km] distance from the center [km]
I | Shallow boundary S 20 - <" 200 o < 2007 & . . . . . .
| : : f 00 o= 2'4 3'6 4'8 6'0 ?12 8I4 9|6 o8 120 00 20 40 50 00 20 20 60 fOI’ecaSt t|me fOI’ h|gth and IOWKm fOI‘ecaStS Of Hurricane Eal‘l (2010) Here tangentlal W|nd Speed (Vt) averaged durlng t:48_53 h for hlgth
N I : 0 | | | | | | | - S — and the storm center is defined as the location of the minimum horizontal (2010)
Weak IanQW _ (c) 14} [~ —HWRF: a=1 (highkm), =130 km | - 1.4} [~ ~HWRF: a=0.5 (lowKkm), r=130km | " - wind Speed .
‘, I Strong Inﬂow “,@. WM E' 121 obs: erng and Drennan (2012) E. 12+ obs: Zhang and Drennan (2012) -
: I £ -10 2 1 S~ 2 A
' | | ' U o) pamr : 200 o2 ¥ j » The vortex tilt becomes much smaller in lowKm forecast than highKm forecast before the intensity bifurcation point.
H : . : g . = . _ - . .
PBL12 0.2/ - 1 0.2/ o= 1 . : : : : :
0 057 =150 km =300km T 05 r=150 km =300km T 30 el N B Y S O e el > The hurricane vortex in the lowKm forecast is much broader and deeper than that in the highKm forecast, making the
0 12 24 36 48 60 72 84 96 108 120 . ofc
Figure 1. A schematic diagram summarizing the different structures in the PBL11 (a) and PBL12 (b) composites. The Forecast Time [h] K [m?s) K_[m?s) vortex in the lowKm forecast more resilient to shear.
thickness and length of the arrow is correlated with the strength of inflow, outflow or updraft. The boundary layer height
(h) is represented by the green line. _ _ _ _ o
Figure 5 Time series of (a) the storm intensity in terms of the Figure 6: Comparison of vertical eddy diffusivity (K,,) between
mammu:jn surface V:””_d Zpeed'd(b&/”)‘ax”g‘zr? azimuthally model simulations and observations. The height-radius plot of
» Further analyses of the HWRF forecasts of two Rl storms (Tables 1 and 2) indicated that improved averaged tangential wind speed (Vt), and (¢) minimum azimuthally averaged K. (<K >) for the two set of HWRF B d | h |
’ : . N - azimuthally averaged radial wind speed, from two HWRF : - oundary-layer T erma StrUCtu re
PBL physics also improved the overall performance of HWRF’s ability for Rl prediction (Fig. 2, 4 J peet, forecasts are shown in (a) and (b). Observational data are from y-lay
_ _ _ _ _ forecasts of Hurricane Earl (2010) initialized at 12 Z on August Zhang et al. (2011) as well as Zhang and Drennan (2012)
Zhang et al. 2017). Composite analyses of axisymmetric structure at the Rl onset are shown in Fig. 3 27, 2010 with highKm and lowKm boundary layer physics ' ' 0_[K], t=54-59 h, z=1 km, highKm 0 _[K], t=54-59 h, z=1 km, lowKm PrP—
. . . . . . . . . ’ ) © © _ _ 370 9, [K], t=54-59h, highKm : . t=54-59h,
and Fig. 4. This result is consistent with previous observational and theoretical studies P ‘ [ 6 ‘ : 7 [, 154950, Towktm -
emphasizing the important role of the efficiency of diabatic heating from deep convection in _ 2| 3; 4R\ I
hurricane intensification (e.g., Hack and Schubert 1986; Nolan et al. 2007; Vigh and Schubert 2009; : = o 0 b -} i 5 5 | 36
Rogers et al. 2013; 2015; 2016). Deep Convection =3 PRSI i
: : SN sl AT scilivam 4t i
_ _ _ — _ | | Convective burst defined as MRS . SRKRw, I ~ :

» To further evaluate the role of Km on RI processes, a case study approach is used to investigate the £ 150 Burst location relative to RMW - highKm - those locations where the 54321012345 54321012345 M3 §3 B 1355
asymmetric vortex-scale, convective-scale and boundary-layer structures and their interaction with % - %= Mean burst radius maximum vertical velocity > 3 6. [K], t=54-58 h, z=100 m, highKm 0. [K], £=54-59 h, =100 m, lowKm E’ g |
the environmental shear. The evolution of vortex tilt and the boundary layer thermal structure is © m s, S =, "~ SMERE " < I“O |
compared to theoretical study of Riemer et al. (2010). To compare with the hurricane spin-up theory = S N . @ Y ! 3

. . . 2 . . = 1 ’F I'j fj! mr N 1|1 1 : ,’, ;’/ .'/ \'\\\ \\ \'. \ 360
of Smith et al. (2009) and Montgomery and Smith (2014), angular momentum budget is conducted. P > The majority of the : o (@) ) ) ok l‘} Y . | y
> L | d from this study will be fed back to HWRF devel for i t of oth : convective  bursts  are i ~riEee i - R d
n n rom I u Wi e l1e daCK 10 evelopers 1or improvement ol other a .60 . 72 84 96 108 120 PR M AP PN ==, | . . , ,
€sSONs learne 0 S S y P P i bifurcation located within the RMW for 4 e, 4 e I345 0, - o o oo ; ” o o s
aSpeCtS of the model. g 150 IBurst Ioc?ti n relatilve to RMV‘ll-Iomel the lowKm forecaSt, while 5-4-3 '2r'/1 |-‘\?|V|:N2 345 -5-4-3 -zr-,f1|-‘\?|\/|1fv2 345 M3 distance from the storm center [km] distance from the storm center [km]
5 - - Mean urst radius ® they are outside the RMW Shear direction
8 100 e i for the highKm forecast Figure 12: Horizontal view of the equivalent potential temperature (6,) Figure 13: plot of azimuthally averaged equivalent potential
£ after the bifurcation point at the heights of 1 km (left panels) and 100 m (right panels) averaged _te_m_per_ature 6,) averz_alged during the period from 54 to 59 h from the
g 5o |, | £ int ity f ¢ Thi during the period from 54 to 59 h from the initial time. The upper and initial time from the highKm (a) and lowKm f(b) forecasts,
CO M POS ITE STU DY R R ¥ o A stm o VWSsai o™ xS of Intensity torecast. 1his lower panels are from the highKm and lowKm forecasts, respectively respectively.
e }g X x *d b'e
5 . Tty d | | | | | | result is consistent with | _ | _
Z i 24 36 18 50 - 84 9% 08 120 Earl observations reported » The boundary layer entropy (8e) is much smaller in the highKm forecast than in the lowKm forecast.
RI V f t. Forecast Time [h] by Rogers et al. (2015). » The boundary layer thermal structural difference is tied to the difference in the vortex tilt. This is result is consistent
erirication Figure 7: Time evolution of the mean radius of convective bursts and the radius of maximum with Riemer et al. (2010).
wind speed (RMW) at 2 km for the highKm (a) and lowKm (b) forecasts of Hurricane Earl (2010).
Table 1: Summary of storm information and HWRF forecasts. 1 100 50 30 2.0 1.3 1.0
Low Km co0 Burst count, t=48-53h, highKm 00 Burst count, t=48-53h, lowKm A N g u I al M omen t um B u d g et
i 0.8 ' I | |
Number of cycles  Starting time of Starting time of : : : : :
St uf - t.y i If.gtl | " II gtl | 08 I 07 A°° = 400 - I % a00 Figure 14: Radius-height plots of the terms in the azimuthally-
orm hame ot simuiations SEREIE S EEESHSIES 3 3 averaged absolute angular momentum (<M>) budget for simulations
5 300 S 300 o L o _ . . _
Earl 40 2010/08/25/18Z  2010/09/04/12Z = i g g g DMt (m2 s2], highKm : g DM (m? s2], lowKm : W|tr_1 the hlgth (left panels_) and Iprm_forecast (rlght panels)
= 06 L . S 200 2 500 — o] @ 1o ®) (1) during a period before the bifurcation point of the intensity forecast
§ . : g E 10 ‘ 10 ch (48-53 h). These budget terms include the local rate of change of
—_— n .
Karl 15 2010/09/14/18Z 2010/09/18/06Z =] 0 0s 100 100 = g 0 g 0 o I‘;"/l g€ (<M>) (a and b), the total mean advection (c and d), the sum of the
= i ] o o -g 4 4 eddy transport of (<M>) (e and f), and the friction term, F, (g and h).
&g 04 | 0 1 2 3 0 1 2 3 < 2 2 The black line represents the radius of maximum azimuthally-
O 0.3 - - : :
Observed O 0s ” Inertial stability [5'1], t=48-53h,highKm ” Inertial stability [s™1], t=48-53h,lowKm % 10°3 00 50 100 150 o 00 50 100 150 ° averaged tangential wind speed.
Yes No i 02 . 10 - <V >0<M>/dr - <w>9<M>/9z, [m2 5'2], highKm - <V > 9<M>/0r - <w>3<M>/0z, [m2 5'2], lowKm (1) (2)
| igh Km @ 10 14 14 o f AL o d AL o f AL
lowKm Yes Hit 16 False Alarm 8 e e E = —1p| © 200 1] @ 200 (2) d{M) _ vV alM) | d{M)
- | 0 = = ° £ 10 10 at Vel ey W52
No Miss 2 : = 5 5 6 — 8 0 8 OMean | .- (3) “'II (4)
Q o S 6 6 advection oM oM
0 ‘PP B B RS B 4 4 E 4 4 Vr - M — 1 Fr
Observed 0 0.2 0.4S F‘O.B 0.8 1 ) 5 g 200 g S 200 ar az
i : :
Yes No (1-False Alarm Rate R 0 0 0 50 100 150 0 50 100 150 > Convergence of angular momentum (i.e., radial
. , - <V ' ON'IOr> - <w'dN' 9z, [m? s72], highK - <V 'OM/Ir> - <w'dM'/dz, [m? 574, lowK ' ' i
ILEEL e it Felbz ki Figure 2: Rl verification using the categorical r/ RMW r/ RMW "2 :e) worlesm s L9 "‘200 I :ﬂ WoRioz, Im 6 1, lowRm 200 (3) advectl_on of mean M) in the boundary.layer s much
No Miss 14 — performance diagram for the lowKm and h|gth E':]Ig 13 ’ |al‘ger IN the IOWKm fOrecaSt than that IN the h|gth
groups. Note that a perfect forecast lies in the upper _ _ . . . . = g ! 3 Eddy forecast.
fiaht of the di h o’ : Figure 8: plot of number of convective bursts as a function of radius normalized by RMW at 2 km for highKm (a) and lowKm (b) = 0 0 transport
: : ght of the diagram when the probability of detection ) ) _ . ' : . : : o © 6 : : : :
Table 2. Contingency table of RI forecasts for lowKm and highKm. (POD) and success ratio (SR) approach unity during the period between 48 and 53 h of forecast time; and azimuthally averaged inertial stability averaged during the period T 4 4 > The vertical mean advection of M is also larger in the
' between 48 and 53 h of forecast time as a function of radius normalized by RMW at 2 km for highKm (c) and lowKm (d). < g 200 3 200 lowKm forecast than that in the highKm forecast
0 50 100 150 0 50 100 150
5 F [m2 s, highKm 5 F[m? 2], lowkm > The e(_jdlr adg/ectlot?] ofbM a(zjts tolspln ?owg ttrr\]elvorliex
. . . 200 especia apove e pounaar ayer 10r no OWKMm
Inner-core Composites burst location, t=48-53h, highKm Burst location, t=48-53h, lowKm Figure 9: Horizontal z12f © 200 ol M (4) ang - h?ém o ronmets y lay
- . 10 10 :
p = 3 - T =1_ 3 VIew _Of the t_)urst = g 0 8 JFrictional J
- 7 S (a) location during the . 5 6 ; dissipation ~ » This result is consistent with theoretical and
- T b . . . . .
1110 *s™] (highKm) , 1110 3s™] (lowKm) , 1110 °s™] (lowKm - highKm) 4000 __divergence [10 "] (highkm) > 21 7 - T = N 27 ggrfzogf?g:\évce:;[ ﬁ?naén < 2 200 2 200 numerical studies on hurricane Spin-up (Smlth et al.
14 | 14| 14 | (e | . 0 ) 0 _— ) : : : :
) o ) ) g oo - | M o N for highKm (2) and 0 50 100 150 0 50 100 150 2009; 2017; Montgomery and Smith 2014; Zhang and
=10] ol ol | ™., = 2000 | M., N lowKm (b) forecasts. distance from the center [km] distance from the center [km] Marks 2015; Smith and Montgomery 2016).
? gl 1 sl gl ; 1%:1500_ | . E Thg red arrow
5 . ol ol 5 - Or indicates the shear
2 02 < 1000 : 0.2 Q di )
4l 4l 4] irection. The green
21 21 2| 04 2007 N B s 17 arrow indicates the tilt
; ; 4 “ShEnl 0 SuE ] S direction. The distance SUMMARY AND FUTURE WORK
0051152253 0051152253 0051152253 0 : 1.5 2 2.5 3 % ol to storm center is
w [m s™'] (highKm) w [m s™'] (lowKm) w [m s™'] (lowKm - highKm) divergence [10 %s™'] (lowKm) w nor.mallzed by the. : : : : : : :
2 i@ 0.4 - - 4 i T 0.1 oy | ' ' - y | | | 3 | | | | radius of the maximum » This study demonstrates how the observation-based model physics improvement in HWRF model led to improvement in
12| ozl | 12| 1 . 2500 o ‘("é{':’\‘ﬂ‘i‘/\f)peed at 2 km hurricane intensity change forecasts.
10} 10| 10| | i 7 02 : .. ' : : : : : : : : :
S 4l i 8| ; o | |, f | W-E distance normalizied by RMW W-E distance normalizied by RMW > Model diagnostics on the axisymmetric and asymmetric hurricane inner-core structure helps explain why the improved
® 6 6 6 | | g | W, the model physics made better forecasts.
41 -0.2 4r 1-0.2 4 ' -0.05
3 2 | 3 » The lager number of bursts are collocated with higher values of inertial stability in the lowKm forecast than > e resultz arrehcon5|stent Wcllth_prlc_el\\//\llcl):zqu_observatlor_lal, ineoreties] enel numerice! siueles on i processezs, suggesiing ine
' -0. ' -0.4 —_— -0.1 : : -0.6 . . c - .
0051152253 0051152253 0051152253 225 3 In the highKm forecast, consistent with observations (Rogers et al. 2013; 2015). TEGES MOTE. SEIes Uit IS encouraging.
S S R - - T . - - > Structural metrics developed in our study will help identify model errors related to other aspects of the model physics in
» The convective burst azimuthal distribution is more symmetric in the lowKm forecast than in the highKm hurricane model
erlgdU\r/eriiiczll3':'00;?Zl((lnvulgf;?lgmavegr?gz?;rge;flslnitflobrlllgr r(/I’RK/lva\)/ea[n%aﬂgiIS)ht Figure 4 Plots of azimuthally averaged forecast. More bursts are fqund in_the upshear side 'the Iome forecast | compared with the highKm drricane modets.
The left panels are ¥Or Higth gnd the middle panels are for lowKm T%e' divergence as a function of r/RMW and forecast. This result is consistent with recent observational studies of Hurricanes Earl (Stevenson et al. » Future work will follow a similar approach as in this study to improve other aspects of the operational hurricane models
right panels show the difference between the highKm and lowKm height for the highKm (a) and lowKm (b) 2014; Rogers et al. 2015) and Edouard (2014, Rogers et al. 2016) before and during RI, suggesting that the including model initialization, data assimilation and other aspects of the model physics such as horizontal diffusion,
composites. composites. axisymmetrization of deep convection is tied to the hurricane intensification. microphysics, etc.




