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Abstract: Satellite-tracked in situ surface drifters, providing measurements of near-surface ocean quantities, have become increasingly prevalent in the global ocean observation system. However, the position data from these instruments are typically not leveraged in operational ocean data assimilation (DA) systems. In this work, the impact of an augmented-state Lagrangian data assimilation (LaDA) method using the
Local Ensemble Kalman Transform Filter is investigated within a realistic regional DA system. Direct positioning data of surface drifters released by the Consortium for Advanced Research on Transport of Hydrocarbon in the Environment during the summer 2012 Grand Lagrangian Deployment experiment are assimilated using a Gulf of Mexico (GoM) configuration of the Modular Ocean Model version 6 of the Geophysical
Fluid Dynamics Laboratory. Multiple cases are tested using both 1/4° eddy-permitting and 1/12° eddy-resolving model resolutions: (1) a free running model simulation, (2) a conventional assimilation of temperature and salinity profile observations, (3) an assimilation of profiles and Lagrangian surface drifter positions, and (4) an assimilation of the profiles and derived Eulerian velocities. LaDA generally produces more
accurate estimates of all fields compared to the assimilation of derived Eulerian velocities, with estimates of surface currents notably improving, when transitioning to 1/12° model resolution. Further experiments applying a vertical localization while assimilating surface drifter positions improves the estimates of temperature and salinity below the mixed layer depth. Cases including the surface drifter positions in the DA
show better Lagrangian predictability than the conventional DA. Additionally, LaDA produces the most accurate estimates of sea surface velocities and improves analysis of the ocean state responding to hurricane conditions when hurricane Isaac (2012) impacted the GoM. These results, which can be applicable to other tropical oceans, open new avenues for estimating ocean initial conditions to improve tropical cyclone
forecasting.

Motivation Hurricane lIsaac (2012) Data Assimilation (DA) and Experiments

o P e eoine) Observations for surface drifter: In the summer of 2012, the Consortium for Advanced Research on Transport of Hydrocarbon in the Environment (CARTHE) carried out the Grand

Lagrangian Deployment (GLAD) experiments by deploying 297 CODE-type surface drifters, tracked using SPOT GPS units and centered at a depth of one meter. These drifters, without
temperature or salinity sensors, were launched over several days starting 20 July and drifted with surface ocean currents until 22 October 2012. In this work, the instantaneous drifter
position entries are assimilated using the augmented-state Lagrangian DA (LaDA).

The motivation for assimilating

surface drifter data in ocean data 30N
assimilation (DA) is to address the |
challenge of accurately estimating

ocean velocities, which has been .
difficult due to a lack of direct 25N — /2
measurements for ocean surface |
currents on synoptic scales. Despite
technological advancements in

At 1800 UTC on 21 August,
Isaac formed east of the Lesser
Antilles at 15.2N 53.1W. Isaac
moved toward the northwest
and entered the southeastern
Gulf of Mexico early on 27

ﬁiig;;e’ V\}hlileerclzerll)tzfeaclln;lfoui PR e o Forecast model: We use a regional model with the Gulf of Mexico (GoM) configuration of the Modular Ocean Model, version 6 (MOM®6). The model domain is defined in a region extending
World Ocean Database 2018 (W0D18) 18°-30.5°N and 262°-279.5°E using spherical coordinates. Two primary horizontal resolutions are tested: an eddy-permitting configuration of 1/4° (roughly 24 km) and an eddy-resolving

Observations for temperature and salinity: During the examination period in the Gulf of Mexico (GoM), in situ temperature and salinity profile observations were sourced from the
World Ocean Database 2018 (WOD18). Data entries in WOD18 are subject to quality control checks, and any observations marked with a negative quality control flag were excluded from this
study's analysis to prevent the adverse effects of outlier measurements.

observing ocean currents, such as " 275 rileIat 112(:1? nl{cECn'I?S wn- > Slte.témﬁératgz/sallﬁlty configuration of 1/12° (roughly 8 km). A total of 75 levels defined with z coordinates are used in the vertical with 2—3-m resolution in the top 50 m. The ocean model integration step is chosen

?:;;Egggba:aegaralggeﬁyh arrégl()ll&l[%; itulilzsc}.led (;Wrgirfi;uri c(z:nltrgi s ----------------- Y. ~|= ol ag150 s. Ensemble surface atmospheric forcing is provided by the twentieth century Reanalysis version 3 (20CRv3).

requiredyby models degmands even T — pressure of 965 mb on 29 S A L Ty - DA method: The Local Ensemble Transform Kalman Filter (LETKF; Hunt et al. 2007) and LETKF-LaDA algorithms (reference [2] and [3]) were employed for all data assimilation (DA)

more precise observations. Surface August at o300 UTC as it e & a — = runs, using an ensemble size of 30 members. DA experiments used 6-hour assimilation windows. The horizontal localization radius was set at twice the Rossby radius of deformation for both
® | drifters offer a practical solution by moved northwest and then began to weaken upon moving inland at 1800 - g | | - profile and surface drifter measurements. Each observation had a static estimated error assigned: 2.0°C for temperature, 1.0 psu for salinity, 0.08 for longitude/latitude of surface drifter
o Mo velhie: providing spatially distributed, UTC 29 August. o B s BN position.

simultaneous measurements of the

Experiments: Multiple cases are tested using both 1/4° eddy-permitting and 1/12° eddy-resolving model resolutions: (1) a free model run (baseline); (2) an assimilation of only in situ T/S
(PROF); (3) an assimilation of in situ T/S + surface drifter locations (BOTH); (4) an assimilation of in situ T/S + ‘proxy’ velocity from surface drifters (BOTHvel; not shown in poster, the
results are shown in section 3b of reference [2]); and (5) an assimilation of in situ T/S + surface drifter locations w/ vertical localization (VLOC).

18°N -

ocean's surface velocity field across various scales, significantly enhancing e e e e
the accuracy of DA in capturing smaller scale phenomena.

Analysis on Surface Currents During Hurricane Isaac (1200 UTC 28 Aug. )

Averaged kinetic energy ° I Fast advective flow created
] by Hurricane Isaac (2012)
of the surface flow : GLORYS12V1 . elac . .rs .
- 1200 UTC 28 Aug Assimilation of drifter positions allows for more accurate mesoscale details:
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As Isaac passes through the study focus area on 28 August, the GLORYS12V1 reanalysis reveals a stationary
pair of cyclonic (cold core) and anticyclonic (warm core) eddies, indicated by boxes A and B. The experiment

dates

Cyclonic eddy | Anticyclonic eddy g X ) . s ) X X :
] e ey e . . . . \ . FREE, likewise, shows these stationary eddies but with increased spatial extent and intensity of the cyclonic
. 03 Assimilation of the drifter locations improves the forecast of surface velocity: eddy located near the hurricane center on 28 August (Fig. 3¢)
e 2 097 ‘“ W TR Y = Free run As shown in Fig. 1, the velocity skill score is constantly larger during the entire examination e .. : .
o5 DA with T/S only . A : . : 1 s J Assimilating the temperature and salinity profiles (experiment PROF, Fig. 3h) shows that a large area of
: period when assimilating both drifter positions and profiles (BOTH) than when assimilating - : ) ) . o er Nk :
S TS A 01 oor 08 o0 155 75500 olout 1 Al h locity sKill ¢ : : wow e anticyclonic rotation (negative vorticity) in box B near the center of the hurricane on 28 August becomes
R AR SR e P eesee ) only profiles (PROF). The average ve ocity s 1 score 0 PROF 1s -0.07 dl.le. to 1ts poor : DA w/ drif 1/120 cyclonic and, as in experiment FREE, the strength of the vorticity center increases by about 4 X 107%s-1. In
etter performance after 31 days, while adding the assimilation of surface drifter positions provides FREE____ DA w/o drifters (1/12°) w/ drifters ( ) ,h CLORYS oV i , b J c o b o | -4
SRR BN an average 0.17 velocity skill score. This improvement of BOTH in estimating the velocity over (©) | - | v " contrasl’g i[O the : ﬁ 2 f.l redana.%f 51fs, }f ven hous P tl de ;E%I;‘llfajtll on o Hy@rograp }:C DTOIES alone 1sf
/122 2 4, ~Freerun PROF in the eddy-resolving configuration is more significant than in the eddy-permitting 4= sgfigess ul In improving the fine detail of the vorticity field, alls In maintaining the stationary pair o
S 5 |worse Y DA with T S only system (see Table 1 and Table 2 in reference [2]). This is probably because the 1/12-degree eadies.
01 hug 08 Aug 15 Auo 22 Aug 0L Sen 08 Sen 15 Sep 22 Sep 01 oct forecast model can resolve currents of eddy scale and provide more reasonable ensemble When we additionally assimilate drifter positions (experiment VLOC), not only does the vorticity field have

dates uncertainty in all the fluid states for the DA. The negative velocity skill scores of BOTH and

fine-scale details but also the position and strength of cyclonic eddies are also more consistent with the

Fig 1. Time variation of the forecast skill score measured against free run solution (black PROF at the end of Septemb.er may be caused by the dynamic changg of t.he surface flow after - — sow | | o GLQRY31?V1 regnoalysis th.ap experiment PROF. As Isaac enters the Stuc:ly area (Fig. 3.111), a wide regio.noof
dashed line) for kinetic energy in (a) 1/4-degree system; and (b) 1/12-degree system. Valid ~ Hurricane Isaac. The analysis generated by DA at 1/12 degree possibly introduces Cnergy at Fig 3. Daily surface vorticity at 1/12 degree in the research area from 26 to 30 Aug: (r) GLORYS12V1  anticyclonic (positive) vorticity appears near the box B and near the hurricane center, with a central vorticity
from 1 Aug to 29 Sep 2012. The gray shadows in all panels represent the time region for smaller scales (than the 1/4-degree analysis) that somehow becomes problematic to the reanalysis; (¢) a FREE run; (h) experiment PROF; and (m) experiment VLOC assimilating drifter location exceeding 3.2 X 102 s-1. The intensity of the vorticity center is consistent with that of the center of the
Hurricane Isaac (26—30 Aug 2012). forecast as the hurricane passes over the area. with the vertical localization. GLORYS12V1 data in box B (Fig. 3r).
Assimilation of the drifter locations with vertical localization improves the
forecast of T/S:
Assimilating surface drifter positions in addition to temperature and salinity profiles can Assimilation of drifter positions improves surface variables:
degrade estimates of temperature and salinity below the mix layer depth (MLD) and even some o . o .
levels above the MLD. Therefore, we add a cutoff vertical localization to the assimilation of PROF: DA w/o surface drifters VLOC: DA w/ surface drifters The response of the sea surface flow field is mainly the Ekman response of surface cyleonlc dispersion. Thus,
1/4-degree 1/12-degree drifter positions (denoted as VLOC), which restricts the influence of surface drifter position (1/120) (1/120) _ SST and SSH drop caused by sea surface divergence of Ekman pumping should be mainly located on the right
° Sy B N e observations to remain above the MLD, instead of the entire water column. The cutoff MLD at N eve of side of the hurricane in the North Hemisphere.
- — morve | | B o each time step is determined by using the ensemble mean - hurricane - SST: The VLOC SST response to Isaac is markedly asymmetric (Price 1981), with a clear “cold wake” with a
~~~~~ . \ 1 if Ah < MID " on 28 Aug central SST of 25.50C (Fig. 4b, point A) appearing in the eastern sector of the hurricane track. This cooling
_ 2007 200 2007 § 200 flAh) = { 0. if Ah=MLD " 1s the result of horizontal divergence at the sea surface in the vicinity of point A and upwelling of cool
- /g c c 4 | low SSH subthermocline water. In contrast, horizontal divergence near point B simply upwells warm water from
2 300 1 y 2 300 A 2300 2 300 = ol . . . . . « ’ o
e S 3 3 where Al is the height difference between the forecast ocean fluid states and the surface drifter - cold wake within the deeper thermocline at this location (Fig. 4b) (leaving a “warm wake”). Additionally, the surface
400 400 400 4007 observations. The MLD is the mean MLD of all the forecast ensemble members. We note that 224N (7 o' _ /fq}\ = =l larger U/V cilrren;s fl?rce%:)}l; I(SElach:reSlt SOSf'IPOlfntzB (?;etﬁonStant!iIl tr’glnspor:rlrrllg V\;aszi water rrela?t"évar(ril.drljc}}llls }tlril;.sp(;ft
- BOTH 147 /- soTHIAZ this vertical localization is only applied to the surface drifter position observations, while the 7"/ N AN : SIOWS nieal Point b id cenitra ot 320L), Thus causing the warin water to accumuate a € hurricane
500 1 5001 [,/ — viociae 5001 5001 14 — VLOC 1/12° . .. .. . . . V7 "‘\ N L RO*Y RO heat potentlal to 1ncrease.
| Y A L ! erorunz conventional in situ temperature and salinity profiles still influence the ocean state estimates ~  FAZZ NG\ {74 M\l\ W N U
3 ; T 02 03 oa 05 10\ 15 20 01 02 03 04 05 for the entire water column. 25N = 25N E— - SSH: A difference in SSH is also obvious between the two experiments. A distinct low in SSH (dashed lines)
frmee [cea] S mse s el > meelee oo sow oW sow with a central value of -0.08 m in the southeast quadrant is collocated with the cold wake in the experiment
VLOC performs the Compared to experiments assimilating surface drifter positions and in situ profiles without N ' . ) : . . :
4 : LR : S s : VLOC, as expected from the hydrostatic relationship between pressure and density (Fig. 4b). However, in
best in deep ocean vertical localization (BOTH), the use of vertical localization (VLOC) significantly improves 2525526 265 27 275 26 285 20 205 80 30531 31562 . . .
d salini ) bel he Mixed h 1 . : £ surf bles from diff : 1 h the experiment PROF (Fig. 4a), no cold wake appears on the southeast quadrant, and there is no
Fig 2. Vertical RMSEs averaged through the whole time period (i.e., 60 days or DA cycles temperature and sa 1n}ty estimates below the Mixe .Laye.r Dept (MLD) across all forecast Fig 4. Comparison of surface ocean variables from different experiments on 28 Aug. Colors show SST, corresponding area of low SSH
from 1 Aug to 29 Sep 2012) comparing experiments using vertical localization (VLOC; blue ~ model resolutions. While the 1/4-degree model resolution didn't consistently show lower errors black contours show SSH (m; contour interval is 0.04 m; low values are indicated by the dashed lines), and '
line) and without using vertical localization (BOTH; black dashed line). Assimilation of = with VLOC compared to only assimilating profile observations (PROF) below the MLD, the the vectors indicate the surface current velocity (m s21). Black stars indicate the eye of Hurricane Isaac, . Surface current: the stronger hurricane winds in the eastern sector results in stronger northward-oriented
profiles (PROF; orange line) is shown as a reference. (a) Temperature RMSEs in the 1/4-  1/12-degree model resolution combined with vertically localized LaDA and conventional profile and solid circles A and B indicate the possible locations of cold and warm wakes. (a) experiment PROF at currents. These results are consistent with the surface velocity in the eastern sector in experiment VLOC
8 Y b d 1 d (b d 1 Y P
degree system, (b) salinity RMSEs in the 1/4-degree system, (c) temperature RMSEs in the  assimilation (VLOC) resulted in the lowest root mean square errors (RMSEs) for temperature 1/12-degree resolution, and (b) experiment BOTH at 1/12-degree resolution. being stronger than experiment PROF.
1/12-degree system, and (d) salinity RMSEs in the 1/12-degree system. and salinity below the MLD. However, for temperature and salinity above the MLD, the errors

of VLOC are comparable with PROF.

Conclusions: References:

The DA system aSSImllated the hlStor}cal dataset Wl.th in situ T/S from WOD18 .and surface drifter 1oca’F10nS from GLAD. The Impacts on two types forecast models were assessed: 1) an eddy-permitting 1. Dong, Junjie, Luyu Sun, James A Carton, and Stephen G Penny. “Improvements of Lagrangian Data Assimilation Tested in the Gulf of Mexico.” Monthly Weather Review 151, no. 8 (2023): 1927—-36. https://doi.org/10.1175/
forecast model with 1/4-degree horizontal resolution; and 2) an eddy-resolving forecast model with 1/12-degree horizontal resolution MWR-D-22-0202.1

* BOTHs are capable of improving the synoptic ocean surface U/V for different types of the horizontal resolutions. 2. Sun, Luyu, Stephen G Penny, and Matthew Harrison. “Impacts of the Lagrangian Data Assimilation of Surface Drifters on Estimating Ocean Circulation during the Gulf of Mexico Grand Lagrangian Deployment.” Monthly

- As for the estimation of the synoptic T/S fields, BOTH reduces less RMSE than PROF in fitting the forecast to the in situ T/S observations especially below MLD. Weather Review 150, no. 4 (2022): 949—65. https://doi.org/10.1175/MWR-D-21-0123.1.
- BOTH outperformed the Eulerian approach (BOTHvel) using the “proxy” velocity in estimating not only for surface velocities, but also for T/S as well. 3. Sun, Luyu, and Stephen G Penny. “Lagrangian Data Assimilation of Surface Drifters in a Double-Gyre Ocean Model Using the Local Ensemble Transform Kalman Filter.” Monthly Weather Review 147, no. 12 (2019): 4533—51.
- We proposed a modification to alleviate the bias in forecasting T/S by employing a vertical localization on BOTH that allows for updating the synoptic ocean states only above MLD as assimilating the https://doi.org/10.1175/MWR-D-18-0406.1.

surface drifter measurement.

- This modification has shown significant advancements in forecasting the T/S within both of eddy-permitting and eddy-resolving systems in the first 40th days. In addition, VLOC has significant
improvements in Lagrangian predictability, as compared with PROF. Acknowledgement:

- Assimilation of drifter positions allows for more accurate mesoscale detail of ocean surface current fields, and more accurate changes in the ocean surface current in response to the passage of Hurricane

I This study was supported by NOAA grant NA19NES4320002 (Cooperative Institute for Satellite Earth System Studies -CISESS) at the University of Maryland/ESSIC and the Monsoon-Mission-II Project entitled “Advancements
Saac.

of the Hybrid Global Ocean System (HYBRID-GODAS) for the Monsoon Mission II (IITM/MM_ JI/Univ_Maryland_USA/2018/INT-2/)”.
- Assimilating the drifter positions also improves simulation of the asymmetric (with respect to track) impact of Hurricane Isaac on SST and SSH.
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