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ABSTRACT

Lagrangian particle tracking using three-dimensional (3-D) numerical modelling
approaches has become an important tool in coastal oceanography. In this note, we
describe an approach that can reduce the difference between observed and numer-
ical drifter trajectories in the coastal ocean by including corrections to the water
velocity due to differences between observed winds and the wind field used to
drive the 3-D circulation model and some specific characteristics of the observed
drifters in the algorithm that estimates the numerical trajectory. Quantitative im-
provements are obtained whereby the separation distance between the numerical
and observed drifters is almost halved (in our particular field case from 2.6 km d

to 1.4 km d!).
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1. Introduction

Three-dimensional (3-D) numerical modeling incorporating Lagrangian methods (e.g. particle
tracking) has become an important tool in coastal oceanography (Mariano et al. 2002). Lagrangian
data bring additional insight to circulation fields by providing direct observations of water parcel
(or drifter) movement and transport pathways. Typically, comparisons between observed and mod-
eled trajectories are of short duration, with separation distances between observed and modeled

trajectories of several kilometers per day (Werner et al. 1999; Lynch et al. 2001).

However, Lagrangian description of flows over several weeks may be required to assess larval
transport (Hare et al. 1999; Epifanio and Garvine 2001; Werner et al. 2000), pollutant dispersal
(Spaulding et al. 1994), oil spill containment (Reed et al. 1997; Aamo et al. 1997; Daniel et al.
2003a), and other applications. In these cases, separation distances between predicted and ob-
served values on the order of 100 km may result. These separations may be unacceptably large
if, for example, the larval transport is being used to define marine protected areas. Some of the
differences are due to missing flow components, sub-gridscale motions (i.e., frontal instabilities,
response to sea breezes, etc.) in the modeled ocean circulation, incomplete knowledge of the wind
field and unrealistic treatment of the drifter properties (i.e., drag characteristics). Enhancements
to particle tracking algorithms for specific applications include the modeling of oil characteris-
tics and behavior (Reed et al. 1997; Aamo et al. 1997), the addition of large-scale currents and a
wave model in oil spill predictions (Daniel et al. 2003b), and the inclusion of cargo container drag

characteristics (Daniel et al. 2002).

Our objective is to quantify the sources of error in our numerical particle trajectories and to

provide a possible method to improve the numerical trajectories relative to the observed drifters.
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In this note, we describe an approach that can reduce the difference between observed and mod-
eled drifter trajectories in the coastal ocean by including corrections to the wind field and the
drifters’ slip characteristics in the algorithm that estimates the modeled trajectory. Quantitative
improvements are obtained whereby the separation distance is almost halved (in our particular

field case from 2.6 kmd to 1.4 km d!).

2. Lagrangian Tracking Model

Model drifters were tracked hourly using a time-stepping version of the particle tracking al-
gorithm described by Blanton (1993) for 3-D drogue tracking on a finite element grid with linear
finite elements. A fourth order Runge-Kutta scheme is used to integrate over a specified time
interval and provide the ending drogue location in each time step. This scheme assumes that the
particles being tracked are massless, passive particles in the 3-D flow field. The adjustments are
provided in three separate steps: the first adjusts for the differences between the wind stress used
to drive the 3-D circulation model and local observations, and the second adjusts the model drifter
trajectories for observed slippage. Finally, the linear combination of both observed slippage and

wind stress differences are calculated.

a. Correction due to differences between modeled and observed wind-stress

When the domain being considered is large, the spatial structure of the wind field (e.g., the
wind stress curl) is important and can have a significant effect on currents. In this case, or when
forecasts are attempted, modeled wind fields are generally used to drive ocean circulation models.

While model wind fields have become quite accurate, there are differences between these model
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fields and the observations. The first adjustment in the particle tracking algorithm was made to
account for the difference between the model wind stress used to force the 3-D circulation model
and the observed wind stress on the shelf. Welander (1957) showed that the velocity profile and
flow at a given location can be expressed in terms of both the local wind-stress and the sea surface
slope. Model winds, obtained from the National Centers for Environmental Prediction (NCEP)
Eta Data Assimilation System (EDAS), provide both the local wind-stress and the large-scale
spatial structure needed to calculate the surface slope. While there will be differences between
both local measurements and the spatial structure over the large domain, we are only making
corrections to thdocal wind forcing. To adjust the local wind stress, the EDAS and observed
winds are compared at a single location in the domain, that being the location of the wind gauge.
Thus, we assume that the difference in local measurement is roughly the same between the drifter
location and the buoy where the observed winds are measured. We then use the Ekman transport
relationships (e.g., Csanady 1982) and the wind stress difference at this location to adjust the

model velocities:

\/5 Z Y4 ™ Z T
UEkman pfde |:AT$ cos <d 4) AT, sin (d 4)} (1)
\/§ Z Z 7 Z m
= YZed in(Z - = £z
VUEkman pfde [ATm sin (d 4> + ATy cos (d 4)] 2)
where: d = Ekman depth 0.4%
f
u, = friction velocity = \/f
p
f = Coriolis parameter
At, andAr, = xandycomponents of wind stress difference

T = the observed wind stress, used to calculate d
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In the cases considered here, the velocity difference due to wind stress diffekgpge,(@and
VERman) Was calculated at both the drifter depth (z=-10) and at the surface (z=0), for use in the

slippage adjustment in Section 2b, and added to the model velocities at those depths.

b. Correction due to drifter slippage

Another source of error between the model and observed drifters comes from the drifters
themselves. While the drifters are designed to track water parcels at the drogue depth, they do
not provide a true description of the circulation. Drifters slip from true motion due to several
factors, including: drag on both the tether and drogue induced by shear currents, wind drag on
the surface float, and wave rectification (Geyer 1989). In the same paper, Geyer (1989) estimates
slip velocities based on field experiments from 1.2 ctht® 2.3 cm s! (approximately 1.0 to
2.0 km day!) for holey sock drogues with 20 cm (8 inch) spherical floats.

To incorporate a slippage-velocity into the particle tracking algorithm, we use Geyer’s (1989)
derived relationship between surface velocity and drifter slip velocity due to drag on the surface

float caused by velocity shear in the water column:

_ [Cr Ay
Us - Usurface Cd Ad (3)

where U, r... = the model surface velocity, (GC;) = (0.5, 1.0) are dimensionless constants
reflecting the drag coefficient on the float and drogue, respectively, and [Am?)] are drogue-
specific values of the float and drogue and are calculated from the drifter dimensions provided in
Section 3c. By relating the magnitude@fto the other sources of slip provided in Geyer (1989),

an estimate of the total slip velocity for the observed drifters is given by:

Usiip = 2.75Us (4)
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¢. Combined Correction

The total velocity acting on the numerical drifters is then given by:

Udrifter = UlOm + UBkman + Uslip (5)

where: Uiomm = model velocity at 10m

3. Case Study

A field-scale evaluation of this formulation was implemented in the Southeast U.S. Continental
Shelf (SEUSCS) with observed winds which were obtained from the National Data Buoy Center
(NDBC) buoy located within the Grays Reef National Marine Sanctuary (GRNMS) (Figure 1) and
observed drifters released in GRNMS in October 2000. The observed wind stress was computed

from the wind speed as described in Large and Pond (1981); Blanton et al. (1987).

a. Circulation Model

The circulation model, described in Lynch and Werner (1991) and Lynch et al. (1996) is a
free-surface 3-D finite element time-stepping model of the shallow-water equations with conven-
tional Boussinesq and hydrostatic assumptions. The model domain extends from south of Cape
Canaveral, FL to Cape Fear, NC (Figure 1). The model grid has 21 vertical levels and uses
terrain-following vertical coordinates configured to resolve both surface and bottom boundary
layers. Horizontal grid spacing is variable with the smallest grid spacing of order 1 km near the
coast and is run with a minumum bathymetric depth of 2 m.

The circulation model was forced by both wind stress and tides. The wind field was obtained
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from the National Centers for Environmental Prediction (NCEP) Eta Data Assimilation System
(EDAS). The EDAS atmospheric forcing fields used herein are provided at 32 km resolution and
at 3 h intervals. The 10 m winds are interpolated onto the SEUSCS grid, and are converted to
wind stress using Large and Pond (1981). Tidal boundary conditiong/foN,, Ss, Oy, K, are
included as described in Blanton et al. (2004), also includedsare),and P;. Full 3-D model

output is provided every hour which is used to compute the Lagrangian trajectories.

b. Differences between EDAS and observed winds

The differences in the east-wesl) @nd north-southv) wind stress at the GRNMS buoy are
shown in Figures 2 (a and b). During non-storm periods, the EDAS winds generally compare
favorably with the observed winds. However, during the storm event around 10 October, the
maximum difference between the EDAS and observed winds is greater than 0.15 Pa in the north-
south direction,) and is almost 0.10 Pa in the east-west directiin,{. While the storm event
around 24 October had smaller winds, the maximum differenckrinis the same as earlier and

for a longer time period.

c. Lagrangian Data

In October 2000, three ARGOS drifters were released in the SEUSC in the vicinity of GRNMS
off the coast of Georgia (see Figure 1). Table 1 provides the drifter number, time and position of
first recording for each of the drifters used in this comparison. The table also provides the total
number of days the observed drifters were tracked on the SEUSCS. The drifters were WOCE SVP

holey sock drifters drogued at a depth of 10 m. The drogues were 6 m long and 1 m in diameter
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with spherical floats either 34 cm (13.5 inches) or 40.6 cm (16 inches) in diameter. Due to the
size and depth of the drogues, any drifters moving into water shallower than 15 m are assumed
to drag the bottom. The data used here are the error-checked raw data as reported by ARGOS
(not interpolated to regular time intervals) with an estimated error 000 m. The patrticles

are tracked in the 3D flow fields computed in Edwards et al. (accepted) with starting times and
locations corresponding to the first satellite record from the observed drifters. The trajectories
were integrated for approximately one month, and the model drifters were kept at 10 m depth to
match the mid-depth of the drogues released in the field. Model trajectories were then sampled at

the reporting times of the observed drifters for analysis and display purposes.

Although there are other drifter deployments described in Edwards et al. (accepted), we have
chosen to use the October deployment because it had one of the worst comparisons between
observed and modeled drifters in the unadjusted particle tracking implementation and the highest
root mean square (rms) error between the EDAS and observed winds at GRNMS in the along-shelf

direction (Edwards et al. accepted). Table 1

The velocity adjustments, Aj,,.,, and Uy;, are shown in Figure 2 ¢ and d. The;}J adjust-
ments are generally larger; thezk),., adjustments track the wind-stress differences shown in
Figure 2 a and b. Velocity measurements are calculated from the drifter position data, interpo-
lated to 3 hr intervals, for all of the observed and numerical drifters. Figure 3 provides the drifter

velocities low-pass filtered to remove the tidal signal. The mean velocities are included in Talfec2 3]

4. Discussion and Summary

Table 2 and Figures 4 and 5 present the model results including a comparison of one of the
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observed drifter paths with the numerical drifter paths (Figure 4, Drifter #30351). The separation

of the drogues over the integration time ranges from 77 km in the unadjusted model to 45 km after
31 days with both corrections. A linear regression (Table 2 and Figure 5) shows an improvement
in the drifter separation rate with a slope of 2.6 km @ the unadjusted model to only 1.4 km'd

in the particle tracks adjusted for both wind and slip. A comparison of the separation rates between
the numerical and observed drifters for all fifteen drifters released in 2000 and 2001 at GRNMS,

shows a separation rate of 2.6 km'dor the unadjusted model versus 2.0 kmt d

In each case, the corrected numerical drifter trajectories provide better agreement with the
observed drifters. Figure 2 provides a comparison of the model velocity adjustments with the
difference in wind stress. Maximum adjustments due to the difference between EDAS and ob-
served wind stress (4),..,) are approximately 4.5 cnt$ in the north-southy) direction while
the maximum adjustments for the drifter slippage; () are approximately 9 cnm$ during the
large wind events around 10 October and 24 October providing an increase in velocity generally
in the same direction as the wind stress. This adjustment is considerably larger than that estimated
by Geyer (1989) and may be due to several factors including: the use of a larger surface buoy
(34 cm and 40.6 cm versus 20 cm), deeper deployment of the drogues (10 m versus 5 m), and a
different tidal regime, wave field and water column shear. Mean velocity adjustmegts, (J
and Uy;,) are also southward on the order of 0.2 cmh and 0.9 cm s! for the wind stress and

drifter slippage adjustments, respectively.

During the first few days of drifter deployment, there is very little separation between the ob-
served and numerical drifters for all experiments. However, during the storm event on 10 October,
the models diverge from the observed drifters. In order to explore the effect of the 10 October

wind event on post-storm drifter trajectories, we reinitialized the comparison to begin after the
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storm and compared the resulting drifter separation over the remaining time (not shown). We did
not obtain a significant improvement in separation rates. A linear regression still shows improve-
ment with the adjustments to the particle tracking algorithm. The unadjusted model does slightly
better with a drifter separation rate of 2.2 km'dwvhile the numerical drifters adjusted for both
wind and slip have a separation rate of 1.7 km.d
The methods presented herein provide a simple adjustment for differences in model Win
ing and observed drifter slippage for holey-sock drogues. It also allows an improved comp
between model and observed drifter trajectories and provides a useful tool for model validation.
This method probably works best in coastal regions where the forcing and response are relatively
deterministic such as where tidal and wind forcings are dominant, with open ocean situations
chaotic (eddy) motions present a difference set of challenges. Further model validation, additional
drifter release dates, and comparison to Eulerian data can be found in Edwards et al. (accepted).
In that year-long Lagrangian study of circulation on the Southeast U.S. continental shelf, we find

that the observed versus model drifter separation distances using the methods described here are

less than 2 km d'.
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Tables

Table 1. First reported drifter time and location for the 3 drifters released near Gray’s Reef National Marine
Sanctuary in October 2000. The last column is the number of days which the observed drifters were tracked

on the SEUSCS.
| Drifter [ Release Time | Latitude | Longitude | Days Tracked|

30351 | Oct 3, 2000 21:07, -80.859 | 31.372 59.62
30372 | Oct 3, 2000 20:58 -80.871| 31.388 59.69
30374 | Oct 3, 2000 20:48 -80.884 | 31.373 23.12

Table 2. Results of particle trajectory corrections including: the average net displacement of the drifters
(km); the mean east-west (u) and north-south (v) velocities(H) she average ending separation distance
between the observed and modeled trajectories (km); a linear regression analysis of the average separation
rate (km d'!) and its # value.

Mean velocity (ms—1)
Model Net displ. (km)| u \ v Ending Sep. (km) Avg. Sep. Rate (kmd') | r?
Unadjusted 64 -0.012 -0.024 77 2.6 0.94
Slip-adjusted 90 -0.014 -0.033 54 1.8 0.91
Wind-adjusted 74 -0.012 -0.028 69 2.3 0.93
Combined 100 -0.015 -0.037 45 1.4 0.89
Observed 144 -0.013 -0.055
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Figure Captions

FIG. 1. The Southeast U.S. continental shelf (North Carolina (NC), South Carolina (SC), Georgia
(GA) and Florida (FL) and the model domain used in this study. The finite element mesh contains
9606 nodes and 18,691 elements. The location of the SABSOON R6 and R2 Towers are shown
with triangles. Gray’s Reef National Marine Sanctuary (GRNMS) is shown with a square and the
Ft. Pulaski and St. Augustine NOS water level stations are shown with diamonds. The 15-, 25-,
50-, 75-, 100-, 500- and 1000-m isobaths are shown.

FIG. 2. a) Theu (east-west) wind stress at GRNMS. b) The samevf@morth-south).Note the
scale difference from a). ¢) Model drifter velocity adjustment for drifter slippage and wind stress
difference in theu (east-west) direction. d) Model drifter velocity adjustment for drifter slippage
and wind stress difference in thi€north-south) direction.

FiG. 3. a) Theu (east-west) and (north-south) low-pass filtered drifter velocities for the 3 ob-
served drifters. Also included are the maaandv velocities for the period shown. b) The same
for the fully adjusted model plus the rms error between the observed and numerical drifters.

FIG. 4. The track of observed drifter 30354 { OBS) is compared to the model drifters using
the unadjusted drogue code (x - MO), the slip-adjusted drogue cod®§), the wind-adjusted
drogue codes( - MW) and the wind-slip adjusted codé&\(- MWS) at each daily location. A large
square and a label (OBS, MO, MS, MW, MWS) annotate the end of the track. The 5-, 10-, 15-,
20-, and 25-m isobaths are shown.

FIG. 5. Distance between model and observed drifters from release. The unadjusted model = X,
the slip model =o, the wind model =« and the wind-slip model #\. The slopes of the linear
regressions are shown.
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East—-west Wind Stress at GRNMS
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FIG. 2. a) Theu (east-west) wind stress at GRNMS. b) The samerfrorth-south).Note the scale differ-
ence from a). ¢) Model drifter velocity adjustment for drifter slippage and wind stress differenceun the
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Low-Pass Filtered Drifter velocity
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FiG. 3. a) Theu (east-west) and (north-south) low-pass filtered drifter velocities for the 3 observed
drifters. Also included are the meanandv velocities for the period shown. b) The same for the fully
adjusted model plus the rms error between the observed and numerical drifters.
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FI1G. 4. The track of observed drifter 30354(0OBS) is compared to the model drifters using the unadjusted
drogue code (x - MO), the slip-adjusted drogue code MS), the wind-adjusted drogue code-(MW)

and the wind-slip adjusted codé\(- MWS) at each daily location. A large square and a label (OBS, MO,
MS, MW, MWS) annotate the end of the track. The 5-, 10-, 15-, 20-, and 25-m isobaths are shown.
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October 2000, Drifter Separation over Time
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FiG. 5. Distance between model and observed drifters from release. The unadjusted model = x, the slip
model =o, the wind model =« and the wind-slip model Z\. The slopes of the linear regressions are
shown.



