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Abstract 

This report contains the results of an assessment of a three dimensional primitive 

equation model simulation of the Gulf of Mexico for the year 1993, using surface drifter 

observations collected as part of the SCULP program. The assessment focuses mainly 

on the surface circulation of the Louisiana-Texas shelf. The model is fully thermo- 

dynamic, and it assimilates both TOPEX and ERS-1 altimetric data. The drifter 

observations were used to assess the model's ability to accurately describe the surface 

circulation on the Louisiana-Texas shelf. Twenty six model drifter trajectories were 

used to make side-by-side comparisons between the model and observations on this 

shelf. The statistical properties of these 26 modeled and observed drifters were also 

compared. 

This assessment shows that the model produces many mesoscale flow structures 

similar to those seen in the observations. Nevertheless, the model generally does not 

well describe specific observed shelf circulation events. Errors in the wind field used 

to force the model are suspected to be an important cause of these discrepancies. 

Apparently, these wind forcing errors masked any underlying problems in the model's 

ability to describe the dynamics on the shelf. 
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1 Introduction 

This report contains the results of our assessment of the skill of an advanced ther- 

modynamic three-dimensional circulation model in describing the surface currents in 

the Gulf of Mexico (GOM). The model that we have assessed is a three-dimensional 

primitive equation model that assimilates altimetric data on a track-by-track basis. 

The simulation period was one year, representing the year 1993. 

Our assessment consists largely of comparisons between the model surface veloc- 

ity field and satellite tracked drifting buoy observations plus some historical circula- 

tion data. We focus primarily on the surface circulation of the Louisiana-Texas (LA- 

TEX) shelf, since most of the available drifter observations are from that region. Sur- 

face drifter trajectories collected as part of the Surface CUrrent Lagrangian Program 

(SCULP) were provided by P. P. Niiler at the Scripps Institution of Oceanography. 

2 Model Description 

The model assessed here is the University of Colorado (CU) model, derived from 

the Princeton ocean model (Blumberg and Mellor, 1987) and applied to the GOM. 

It is a fully thermodynamic three-dimensional primitive equation model. The CU 

model has a new mixed layer formulation developed by L. Kantha, and it assimilates 

both TOPEX and ERS-1 altimetric data on a track-by-track basis using an optimal 

interpolation scheme. 

The model has 1/5 degree resolution in longitude, while latitudinal resolution starts 

at 1/5 degree (between 18° and 28° latitude) and becomes finer moving northward, to 

1/25 degree resolution above 30° latitude. It uses 21 vertical a levels. 

The model was initialized using climatology, and was forced with 6-hourly FNOC 

wind data from a 1.25° grid, interpolated onto the model grid.  Tidal effects are not 
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included. The model has open boundaries at the Yucatan Straits, where monthly 

mean transport, temperature, and salinity are used to prescribe the inflow conditions, 

and at the Florida Straits, with a prescribed outflow derived from recent observations 

there. Inflow from the Mississippi River is constant and is specified at two locations 

(Atchafalaya and Mississippi). The model was run for one year, with wind and runoff 

appropriate for 1993. 

3     Summary of Drifter Observations 

The SCULP drifter program launched a total of 374 drifters between 2 June 1993 

and 21 October 1994. Two hundred of these drifter trajectories were 50 days or more 

in length, and all drifters were launched near the center of the LATEX shelf. Figure 1 

shows the Gulf of Mexico, with the SCULP drifter launch region on the LATEX shelf. 

The bulk of the SCULP drifter observations occurred between October 1993 and Oc- 

tober 1994, as shown in Figure 2. These observations do not have an equal seasonal 

distribution, since most of them occurred either between October 1993 and April 1994 

(winter-early spring) or between July 1994 and October 1994 (summer-early fall). 

While many of the drifter observations were made during 1994, after the end of the 

model simulation period, it was useful to look at all of the drifter trajectories collectively 

at first, to determine what they revealed about the LATEX shelf circulation. To 

better understand possible mechanisms for transport of water off the LATEX shelf, we 

focused only on the 200 trajectories that were of at least 50 days duration. These 200 

"long-lived" drifters were divided into four categories that described their circulation 

pattern relative to the deployment region. Table 1 shows the circulation pattern and 

number of drifters associated with each category. Figure 3 shows a simplified schematic 

description of the four circulation pathways described by these categories. 

Note that the 200 long-lived drifters are distributed approximately equally among 

11 



Figure 1: The Gulf of Mexico - the hatched box represents the launch region for the SCULP 
drifters 
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Figure 2:   Distribution of SCULP drifter observations for trajectories of at least 50 days 
duration 
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Table 1: Categories of SCULP drifters with duration of at least 50 days 

Category    General flow path # Drifters 

1 Southwest along inner shelf 39 
2 Southwest along inner shelf and out into GOM near 25° latitude 49 
3 South or east into open GOM 48 
4 Remained on LATEX shelf 64 

Figure 3:   Simplified representations of four flow paths described by long-lived SCULP 
drifters 
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the four flow path categories. The largest group of drifters are in category 4, the drifters 

that remain on the LATEX shelf ("recirculate") for their entire lifetime. Observation 

of a large number of recirculating drifters supports the concept of a persistent LATEX 

shelf gyre, as discussed by Cochrane and Kelly (1986), but the significant number of 

drifters in categories 1-3 clearly shows that transport off the LATEX shelf is common. 

The category 1 drifters leave the LATEX shelf by continuing south along the Mexi- 

can shelf. Category 2 drifters leave the LATEX shelf near 25° latitude, while category 

3 drifters migrate directly into the deep GOM. Many category 2 and 3 trajectories are 

the result of shelf circulation induced by Loop Current rings in the western GOM. 

4    Assessment Plan 

4.1     Shelf circulation 

The following comparisons will be made to assess the model's abihty to accurately 

describe the surface circulation on the LATEX shelf: 

• Side-by-side drifter comparison - Twenty six SCULP drifter trajectories will be 

compared to trajectories from model drifters (initialized at the same time and 

place), to determine how well the model describes surface flow features apparent 

in the drifter observations. 

• Off-shelf flow characteristics - The 26 model generated drifter trajectories will 

be examined to determine whether they describe the four major flow pathways 

(categories 1-4) apparent in the SCULP drifter data. 

• Statistical comparisons 

— Modeled and observed daily drifter positions will be compared, and position 

errors will be calculated. 

14 



- Lag correlations between each of the perturbation velocity components will 

be calculated and compared for each observed and modeled drifter. 

- Observed and modeled Reynolds stress components will be compared for 

each drifter. 

- For individual drifters, the Lagrangian diffusion tensor will be calculated for 

the first ten days of each drifter record. Diffusion tensors for observed and 

modeled drifters will be compared. 

- Representative Lagrangian diffusion coefficients (for the first ten days of each 

record) will be compared for each observed and modeled drifter. 

- For the last eight weeks of the year, weekly mean model surface velocities on 

the LATEX shelf will be compared to weekly mean velocities derived from 

SCULP drifter trajectories. 

• Shelf event study - Evolving groups of drifter trajectories will be compared with 

the evolving model surface velocity field to determine whether specific flow events 

apparent in the drifter data are described by the model. 

• Comparison with historical data - Mean monthly surface velocities will be an- 

alyzed to determine if the model describes the observed reversal of the coastal 

current during July and August described by Cochrane and Kelly (1986). 

4.2    Deep Gulf circulation 

In the deep Gulf, model surface velocities will be compared with satellite images 

of sea surface height, to determine how well the model describes the mesoscale flow 

features apparent in the imagery. This comparison is simply a check on how well the 

model assimilates the altimeter data. 

15 



5    Results 

5.1    Side-by-side drifter comparison 

Twenty six model-generated drifter trajectories were available for comparison with 

observations. These drifters were initialized at times and locations that correspond 

to the launch of a SCULP drifter, so that a detailed comparison between model and 

observed drifter trajectories is possible. Although the model simulation ended on 1 

January 1994 and many of the observed drifters continued to provide position infor- 

mation well beyond this date, all of the model generated trajectories were at least 44 

days in length, with some as long as 72 days. 

In general, the model generated trajectories exhibited many qualitative properties 

of the observed drifters - they tended to move in the same general direction and with 

comparable velocity scales. Several of the model drifters, however, became widely 

separated from the observed trajectory over time. 

Figure 4 shows four cases of good agreement between the model and observed drifter 

trajectories. The most recent drifter position (on 25 December 1993) is marked with 

a diamond, and five day intervals along each trajectory are marked with an 'X'. The 

drifter number is shown at the upper left in each panel. Note that even in these cases 

which show comparatively good agreement between the observations and the model, 

there are several flow details apparent in the observed trajectories that are not apparent 

in the model. 

Figure 5 shows four examples of poor agreement between the model and observed 

drifters. The trajectories are marked as in Figure 4. Although some of these drifters 

initially follow the observed path, all of them diverge markedly from the observations 

over time, indicating that the model surface velocities are in error. The upper left panel 

in Figure 5 shows a case of particularly poor agreement, since the model trajectory 

16 



^20463 
J 25 Dec 93 

B^     tJF~ 
Bl      v*  ' 

^~ - •N ^ 
_ ^ - ^ 

Br    /[' 

17l ■p    */ 7^ 
Bl     6#;JL 
■    / / / 
■   f / 

,^/^ ■   ' ^B i / /- 
-'; > *-*      v 

B   ' 
-v - <- 

m> ' i-                      , 

m ^ ^Bfl 
BV ^^^^^H^ 
Bk.** ^ B        V ^ r B        B ■fw /• B          Br 

Bk \s •- ^fl           Be 
BL V *-v 

X ««- *~ 
_• 

^20422^ 
1 25 Dec 93 | 

_</ - - — ^ , *    s 

■7 *r ' 
.•*- - x ^ 

^  _/" v- 

■ £'   / 
Hr i HI' * ■Vf   /   r 
■  / / ; 
■  r  ; 
H   * / / ■ ^ 
B / 
^V   I / f 

-',   . **        -** 

■  ^ '*. - <- 
m. ' 1- 

B ^ .^^BBi 
m. 4 Bk^ \ fl        B 
W r N_ B       B ■ \\ /- B                      Er 
■ÄVS .<— .^fl           E 

1     X s 

v. v '" 

■20456 
[ 25 Dec 93 

ET  $p ' 
^ - ^s ^ 

__ __ ^ ^ 

Hr    (      ' ■   I'  1 
A <!>i T 

Wr    ' r 

■    / , 
■   ' ' ■   / / / 1 ' ' B / 
^B j / y- 

B -^  . B | ^        -^ 
■   ' ''a. - <- 
B o '"                                            - 1     : >^B^BB 
■\v B] 
B^N ■       B Bk)\ r „_ B       ■ 
■ W r BBBBMV 
BkNS *~ .^B           B/ Bfcx x •- 

's. *"* 
s 

Äf ^^^1                  Br      * 

BBBBBBBL-! 

^2043^ 
| 25 Dec 93 | 

Hv JUIL»'" ^ - -' 
■T IK  ' 

^* — ■N •*-. 
^* 

BZ ^ ^ 
■    v i 

B   ' B*   ' r 

■     / ; 
■    7  ; 

B ' y / B i 
B ' 
Bv i / f 

■   1' 
->J * **   -^ 

B    ' ''J. - ^%, 
■V i-          „ 

Bfc .^^BBI 
■V1 Bl 

BBk.^ ^ fl        B 
^ r B       ■ 
■ w s B                 Br 
BBW^S ^-, 

.^fl           Er 
^fc_ v v. •- 

s- ~" 
~s 

■■         BHi 

Figure 4: Side-by-side comparison of four SCULP drifters (heavy black line) with model 
generated drifters (thin black line). These four drifters show rather good agreement between 
the observations and the model. 
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Table 2: Categories of model and observed drifters 

Category    # Observed drifters    # Model drifters 

6 
4 
7 
9 

1 2 
2 16 
3 8 
4 0 

moves immediately southeastward, while the observed path is seen to be along-shelf, 

toward the southwest. 

5.2     Off—shelf flow characteristics 

The 26 drifters simulated with the model were categorized by their flow path relative 

to their launch location, using the same categories as shown in Table 1. Only six of 

the 26 model trajectories fell into the same category as the observed drifter (23% 

agreement). The distribution of model and observed drifters in each category is shown 

in Table 2. Note that none of the 26 drifters selected to be simulated by the model 

came from category 4. since the focus of this comparison was on off-shelf transport 

mechanisms. 

Although the agreement between model and observations was poor for this compar- 

ison, it should be noted that model drifters existed for each category, indicating that 

the model is capable of describing all of the flow pathways present in the observations, 

including the three distinct mechanisms of off-shelf transport. The fact that the model 

generated 9 drifters in category 4 ("recirculating" drifters) when none were present in 

the observations suggests that the model is missing some important off-shelf transport 

events. 
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Figure 5: Side-by-side comparison of four SCULP drifters with model generated drifters, 
similar to Figure 4. These four drifters show poor agreement between the observations and 
the model. 
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5.3    Statistical comparisons 

The following sections contain a discussion of the results of the six statistical com- 

parisons that were made for 26 observed and modeled drifter trajectories. The details 

of each statistical comparison, and individual results, are contained in Appendix A. 

5.3.1 Drifter position errors 

As discussed in section 5.1, the observed and modeled drifter trajectories were often 

qualitatively similar, but many of the drifter pairs became widely separated over time. 

The position error plots shown in figures 8-14 show this. Typically, the modeled drifter 

trajectory remains close to the observed trajectory for 10-20 days. After that period, 

position errors increase, often to as much as 200-300 km after about 50 days. 

5.3.2 Velocity correlations 

The velocity lag correlation tensor C»j is defined in Appendix A, section A.2. From 

the time series plots of C,j shown in figures 15-40, it is apparent that the observed 

and modeled drifters exhibit quite different correlation characteristics over the 30- 

day interval shown. It is interesting to note, however, that both the C\\ and C22 

components often have very similar correlation characteristics over lag intervals of 0- 

10 days. The C\i and C21 correlations typically did not agree well, even over small lag 

intervals. 

The lag time where Cij first reaches zero, fjj, is also defined in Appendix A, sec- 

tion A.2. The fn and f22 data in Table 3 show that, while Cn and C22 often show 

good agreement over small lag intervals, there are several cases where the lag time of 

the first zero crossing for these components differs by as much as 8 days or more. 

5.3.3 Reynolds stresses 

The components of the Reynolds stress, R{j, are defined in Appendix A, section A.3. 
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The scatter plots in Figure 41 show that, for most of the modeled drifters, the three 

Rij components differ substantially from the observed values. In addition, since the 

data points are scattered uniformly about the line of perfect agreement, there is no 

clear trend in the R^ errors. 

5.3.4    Lagrangian diffusion tensors 

The Lagrangian diffusion tensor, L\-, is denned in Appendix A, section A.4. Fig- 

ures 42 - 67 show times series of each L\- component. Analysis of these time series 

reveals the following: 

• For 17 out of 26 drifters simulated, the modeled L\x was greater than the observed 

value after 10 days, so that the model typically overestimates L\x. 

• For 21 out of 26 drifters simulated, the modeled L\2 was less than the observed 

value after 10 days, so that the model typically underestimates L\2. 

• For 22 out of 26 drifters simulated, the modeled L\\ was greater than the observed 

value after 10 days, so that the model typically overestimates L\\. 

• For 24 out of 26 drifters simulated, the modeled L\2 was greater than the observed 

value after 10 days, so that the model typically overestimates L\2. 

5.3.5    Lagrangian diffusion coefficients 

The Lagrangian diffusion coefficients, Dih are defined in Appendix A, section A.5. 

The scatter plots in figure 68 show that the modeled D{j did not agree well with the 

observations. Specifically: 

• Though the Du data are quite scattered, the model tends to overestimate Dn. 

• In all but three cases, the model underestimates D12. 

• In all but four cases, the model overestimates D2\. 
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• In all cases but one, the model overestimates Z>22- 

5.3.6    Weekly mean surface velocities 

The results presented in section A.6 show that, near the LATEX shelf break, the 

model does not describe the surface flow accurately. Most of the shelf break velocity 

comparisons shown in Figures 69 - 72 show significant errors in both magnitude and 

direction. 

5.4    Shelf event study 

The SCULP drifter observations during October and November 1993 include two 

dynamical "events" on the LATEX shelf. The first event is a change in surface flow 

direction ("veering") between 28 October and 30 October. On 28 October, the inner 

shelf surface flow is directed to the southwest. Prior to 30 October, ten drifters dis- 

tributed across the shelf show a sharp change in direction, moving to the southeast, 

probably due to a change in surface winds. The second event is the entrainment of 

one SCULP drifter by an anticyclone at the shelf break between 1 November and 7 

November. 

The drifter observations that describe these two shelf events were compared with the 

model surface velocities to determine whether the model accounts for shelf dynamical 

events like these. 

Figure 6 shows the surface current veering event. The model surface velocity field 

is shown at 2-day intervals between 24 October and 30 October. Each panel also 

shows 10-15 SCULP drifter trajectories with the current drifter position marked with 

a diamond. Each drifter trajectory includes 10 days of position history, with 2 day 

position intervals marked with an 'X'. The drifter trajectories in the bottom two panels 

of Figure 6 show the sharp direction change associated with the veering event. The 

model surface velocities between 24 October and 28 October were directed generally 
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Figure 6: Comparison of model surface velocities with drifter trajectories during an observed 
surface current veering between 24 October and 30 October. 

southwestward (first 3 panels of Figure 6), and show the same veering toward the 

southeast in on 30 October (fourth panel of Figure 6). For this event, then, the model 

accurately describes an observed veering in shelf surface currents. 

Figure 7 shows the anticyclone entrainment event. Model surface velocities are 

shown at 2-day intervals between 1 November and 7 November. Again, each panel 

includes 10-15 SCULP drifter trajectories as in Figure 6. The southernmost drifter in 

each panel is the drifter that is being entrained in a clockwise sense by an anticyclone 

located at the shelf break. When the movement of this drifter (generally southeast 

and south) is compared to the model surface velocity field, it is clear that the model 

velocities at the shelf break are in error, since the drifter appears to be moving "against 
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Figure 7: Comparison of model surface velocities with drifter trajectories during an observed 
entrainment by a shelf break anticyclone between 1 November and 7 November. 

the model current". For this event, then, the model does not accurately describe the 

observed mesoscale flow at the shelf break. 

5.5     Comparison with historical data 

Cochrane and Kelly (1986) have postulated that the annual surface circulation on 

the LATEX shelf is dominated by a closed gyre, with nearshore currents generally 

directed to the southwest, and shelf break currents directed to the northeast. They 

observed that the nearshore surface currents are directed southwestward for most of 

the year, but reverse direction to the northeast annually, during July and August. The 

monthly mean model surface currents on the LATEX shelf for July and August 1993 
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accurately describe this observed reversal in coastal current.   These monthly mean 

velocities will not be shown here. 

5.6    Deep Gulf circulation 

To determine whether the model accurately describes the surface mesoscale flow 

in the deep GOM, model sea surface heights were compared with altimetry and with 

the trajectory for one drifter that was entrained in a clockwise sense around an an- 

ticyclone in the deep GOM. Two model runs were compared; the first run assimi- 

lated only TOPEX altimetry data, while the second run assimilated both TOPEX 

and ERS-1 data. When both TOPEX and ERS-1 data were assimilated, the model 

accurately described the presence of a strong anticyclone, in good agreement with the 

drifter trajectory. Additionally, the inclusion of ERS-1 data in the assimilation pro- 

cess greatly improved the accuracy of the anticyclone's position, when compared with 

the drifter trajectory. This comparison suggests that the assimilation of altimetric 

data improves the model's ability to describe the surface mesoscale flow field in the 

deep GOM. Details about this comparison are shown on the World Wide Web at URL 

http://shaman.colorado.edu/~jkchoi/gom.html. 

6     Conclusions 

The comparisons discussed above show that the model is capable of describing 

many of the features of the LATEX shelf surface circulation, but examination of the 

flow details on the shelf reveals many discrepancies with the model. In the deep GOM, 

the assimilation of altimetric data is an important model improvement, and results in 

a more accurate description of the highly variable deep GOM surface mesoscale field. 

Based on the above comparisons, the following conclusions are made: 

• For shelf processes, uncertainties about wind forcing mask any dynamical prob- 
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lems that may exist in model. The comparisons made here illustrate that in- 

terpolating wind data from a 1.25° resolution wind array onto the model grid is 

probably not sufficient to permit accurate description of shelf surface flow. 

• Model drifters appear to have some of the same qualitative properties as the 

observed drifters, but some details of the shelf surface flow apparent in the drifter 

observations are not described by the model. Errors in the model can lead to 

significant divergence between model and observed drifters over periods less than 

50 days. 

• Although collectively the model drifters describe the same off-shelf flow paths 

apparent in the observations, individual drifter comparisons reveal that the model 

drifters often don't follow the same off-shelf path as the observed drifter. 

• The following conclusions can be made regarding the statistics of observed and 

modeled drifters: 

- Although the modeled drifter positions agreed with observations for 10-20 

days, position errors increased to as much as 200-300 km after about 50 days. 

- Although the modeled drifter velocity correlation characteristics were very 

different from those of the observed drifters, the C\\ and Cii correlations 

showed generally good agreement over lag intervals of 0-10 days. 

- Modeled drifter Reynolds stresses differed substantially from the observed 

values, with no trend apparent in the errors. 

- After 10 days, the model overestimated three components of the Lagrangian 

diffusion tensor (L\x, L\x and L\2), and it underestimated the remaining 

component (L\2). 

- After 10 days, the model overestimated three of the Lagrangian diffusion co- 

efficients (Du, Z>2i and D22), and it underestimated the remaining coefficient 
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(X>i2). This is not surprising, in view of the results obtained for £?■. 

— Comparisons of weekly mean surface velocities show errors in both direction 

and magnitude between the model and the drifter observations. 

• The model accurately describes a strong surface current veering event that was 

observed on the shelf. Errors in the model's surface mesoscale field at the shelf 

break prevent the model from accounting for an observed entrainment of one 

drifter by a shelf break anticyclone. 

• The model accurately describes a July-August coastal flow reversal that is ob- 

served in historical data. 

• In the deep Gulf, the assimilation of both TOPEX and ERS-1 altimeter data re- 

sults in a model surface mesoscale flow field that agrees well with one observation 

of a drifter entrained by an anticyclone. The assimilation of multiple altimeter 

data sets (TOPEX and ERS-1) results in improved model accuracy in describing 

deep GOM surface flows. 

7    Recommendations 

The following recommendations are made, based on this model assessment: 

• Before further attempts are made to assess the model's dynamics (particularly on 

the LATEX shelf), higher resolution wind data should be used to force the model. 

It is likely that higher resolution wind forcing will reduce the errors observed in 

the model's surface shelf velocities. 

• Since the majority of the SCULP drifter observations occurred during 1994, it 

would be worthwhile to conduct a model simulation in the GOM for 1994. With 

model surface velocities from 1994, the comparisons discussed above could be 
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made with a larger set of drifter observations that span a greater portion of the 

year, including the spring and early summer. 
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A    Comparison of Observed and Modeled Drifter 
Statistics 

Six different statistical comparisons were made between observed drifter trajectories 

and model results. Five of these were direct comparisons between individual observed 

and modeled drifter trajectories, for the 26 available model drifters. The sixth compar- 

ison (for weekly mean surface velocities) was made between weekly mean model surface 

velocity fields and weekly mean surface velocities derived from groups of SCULP drifter 

observations. 

For the five direct comparisons between observed and modeled drifter trajectories, 

the trajectory data consisted of one drifter position per day. When the observed and 

modeled drifter record lengths were unequal, the comparison was based on the shorter of 

the two record lengths. Drifter velocities were calculated as simple centered differences 

of the daily drifter positions. 

A.l    Drifter position errors 

Figures 8-14 show time series of drifter position errors (in km) for each of the 26 

modeled drifters. Solid lines show east-west errors, and dashed lines show north-south 

errors. All errors are referenced to the observed drifter position, so that positive errors 

indicate the modeled drifter is located to the east or north of the observed position. 
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Figure 8: Position errors for drifters 20383 - 20402. 
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Figure 9: Position errors for drifters 20407 - 20436. 
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A.2    Velocity correlations 

The correlation of the observed and modeled drifter velocity components over time 

were compared by calculating the lag correlations between each velocity component. 

Velocity correlations were calculated from daily perturbation velocity estimates, de- 

rived from daily positions. Perturbation velocity components u,- were calculated as: 

U{ = Ui - üi,      i = 1,2 

where Ui is the estimated daily velocity, and ü,- is the mean daily velocity for the drifter 

record. 

The velocity lag correlation for component i with respect to component j is ex- 

pressed as: 

_  JoT   T Uj(t)Uj(t + T)dt 
tj{)~        INIIMI 

where 

\\u\\ = ^j\\t)dt. 

and T is the length of the drifter record. 

Time series of observed and modeled drifter dj are shown in figures 15 - 40. 

Correlations for the observed trajectory are shown as solid lines, and correlations for 

the model trajectory are shown as dashed lines. 

One measure of a drifter's correlation time scale is the lag time where Cij first 

reaches zero, fij. Table 3 shows values of fn and f22 for each observed and modeled 

drifter. The zero crossings for the Cn and C22 correlations are also marked with a 

diamond in the top and bottom panels of figures 15-40. 
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Figure 16: Comparison of Cij for drifter 20386. 
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Figure 19: Comparison of Ctj for drifter 20407. 
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Figure 20: Comparison of CV,- for drifter 20412. 
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Figure 21: Comparison of C,j for drifter 20422. 
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Figure 23: Comparison of C,j for drifter 20440. 
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Figure 24: Comparison of C,-j for drifter 20446. 
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Figure 25: Comparison of C,j for drifter 20449. 
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Figure 26: Comparison of C,-j for drifter 20455. 

49 



Lag Interval (Days) 

Figure 27: Comparison of CtJ- for drifter 20456. 
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Figure 28: Comparison of CV,- for drifter 20457. 
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Figure 29: Comparison of Ctj for drifter 20461. 
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Figure 30: Comparison of C,-j for drifter 20463. 
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Figure 31: Comparison of C,-j for drifter 20465. 
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Figure 32: Comparison of dj for drifter 20468. 
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Figure 33: Comparison of C,j for drifter 20469. 
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Figure 34: Comparison of C,j for drifter 20498. 

57 



-1.0 

-1.0 

15 
Lag Interval (Days) 

Figure 35: Comparison of C,-j for drifter 20513. 
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Figure 36: Comparison of C,j for drifter 20519. 
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Figure 37: Comparison of dj for drifter 20528. 
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Figure 38: Comparison of CV,- for drifter 20531. 
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Figure 39: Comparison of dj for drifter 20533. 
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Figure 40: Comparison of CV, for drifter 20536. 
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Table 3: fn and f22 for each observed and modeled drifter 

Drifter j^obs 
~11 

£.mod 1 £.obs 
'22 

2.Tnod 
'22 

20383 16.97 1.96 5.34 2.56 
20386 3.06 20.81 2.47 2.53 
20396 11.34 3.45 7.02 2.07 
20402 8.51 17.33 2.86 4.32 
20407 3.54 2.05 3.61 2.70 
20412 17.06 7.72 4.52 7.92 
20422 17.05 2.55 4.15 2.11 
20436 13.80 1.87 8.36 2.56 
20440 13.37 2.39 10.78 2.03 
20446 4.63 3.97 11.13 3.50 
20449 3.24 19.12 2.82 2.33 
20455 11.58 2.33 6.61 2.03 
20456 15.62 2.00 8.44 3.13 
20457 4.28 11.05 12.43 3.62 
20461 10.32 3.23 11.96 2.03 
20463 18.43 4.69 19.00 4.94 
20465 3.54 12.90 5.52 2.89 
20468 10.76 15.92 4.22 2.35 
20469 9.22 2.30 4.18 1.99 
20498 2.59 1.98 6.90 5.58 
20513 2.37 1.78 18.29 2.92 
20519 3.03 1.85 12.61 2.56 
20528 2.20 1.82 5.41 2.23 
20531 2.60 1.83 4.04 5.27 
20533 10.53 1.79 4.71 3.89 
20536 2.39 1.62 5.57 4.84 
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A.3    Reynolds stresses 

The Reynolds stress components for a drifter trajectory are expressed as: 

1   fT 

Rij = 7f J    Ui(t)Uj(t)dt 

where T is the length of the drifter record. Since R\2 = R21, there are three unique 

stress components. Table 4 shows the three Reynolds stress components for each 

observed and modeled drifter. 

Figure 41 shows scatter plots for each R^, with one data point for each of the 26 

modeled drifters. The X axis represents observed R^ and the Y axis shows modeled R^. 

The dashed line in each panel represents the line of correlation between the observed 

and modeled data. 
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Table 4: Observed and modeled drifter Rij (in 10 ~2 m2s-2) 

Drifter nobs nmod Kn 
nobs K\2 

nmod K\2 
nobs 
-H-22 

DTnorf 
-"•22 

20383 1.43 1.77 0.25 -0.05 1.67 1.35 
20386 0.96 1.02 -0.04 0.56 0.23 2.54 

20396 3.25 1.62 -0.04 0.02 2.58 1.60 
20402 2.37 1.87 -0.34 0.18 1.35 1.36 
20407 1.16 1.46 -0.45 -0.51 3.13 1.14 
20412 3.93 3.41 0.62 1.35 3.66 2.59 
20422 1.27 1.40 0.01 -0.18 2.91 1.43 
20436 1.52 2.86 0.52 -0.20 0.85 2.06 
20440 4.00 1.50 0.97 -0.14 3.15 1.31 

20446 2.48 4.15 1.07 1.33 5.76 8.67 
20449 1.18 1.01 -0.22 0.54 0.31 2.82 
20455 1.54 1.68 0.68 -0.14 0.86 1.43 
20456 1.90 1.24 0.75 -0.30 0.84 2.11 
20457 1.83 3.36 -0.12 0.99 4.76 2.60 
20461 2.54 1.85 1.27 0.03 4.36 1.70 
20463 2.56 4.16 1.12 0.79 1.82 2.31 
20465 2.53 3.23 0.22 0.53 2.93 1.94 

20468 1.24 2.19 -0.09 -0.11 2.83 1.56 
20469 3.98 1.47 0.53 -0.33 3.14 1.43 
20498 1.01 2.32 0.01 -0.08 1.22 1.53 
20513 1.25 1.29 0.21 -0.47 4.25 1.26 
20519 1.17 1.91 0.22 -0.56 3.59 1.47 
20528 1.38 2.24 -0.26 -0.54 2.75 1.27 
20531 0.84 2.08 -0.01 -0.17 2.42 1.68 
20533 1.00 1.73 -0.11 -0.35 3.68 1.55 
20536 0.97 2.17 -0.08 -0.19 2.97 1.49 
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Figure 41: Modeled Rij vs. observed Rij (in 10"2 m2s~2) for each drifter. The dashed line 
in each panel represents the line of correlation between the observed and modeled data. The 
data are tabulated in Table 4. 
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A.4    Lagrangian diffusion tensors 

The Lagrangian diffusion tensor (Batchelor; 1949, 1952) provides a measure of the 

diffusion of fluid parcels over time. The four components of this tensor can be expressed 

as: 

Ll{t) = 2\\ul\\\\u]\\fQCij{T){t-T)dr 

where r is the lag time. For the Lf- results presented here, each observed and modeled 

drifter record was truncated after 10 days, and the dj were calculated from the trun- 

cated velocity records, as described in section A.2, after subtracting the 10 day mean 

from each truncated velocity record. 

Figures 42 - 67 show time series of each I?;- (in m2) for the first ten days of each 

observed and modeled drifter record. Tensor components for the observed trajectory 

are shown as solid lines, and components for the modeled trajectory are shown as 

dashed lines. 
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Figure 42: Comparison of L\ (in m2) for drifter 20383. 
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Figure 43: Comparison of L\ (in m2) for drifter 20386 
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Figure 44: Comparison of L\ (in m2) for drifter 20396. 
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Figure 45: Comparison of L}- (in m2) for drifter 20402. 
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Figure 46: Comparison of L\ (in m2) for drifter 20407. 
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Figure 47: Comparison of !?■ (in m2) for drifter 20412. 
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Figure 48: Comparison of L\ (in m2) for drifter 20422. 
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Figure 49: Comparison of L\ (in m2) for drifter 20436. 
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Figure 50: Comparison of L\ (in m2) for drifter 20440. 
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Figure 51: Comparison of L\ (in m2) for drifter 20446. 
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Figure 52: Comparison of L\ (in m2) for drifter 20449. 
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Figure 53: Comparison of L}- (in m2) for drifter 20455. 
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Figure 54: Comparison of L\ (in m2) for drifter 20456. 
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Figure 55: Comparison of L\ (in m2) for drifter 20457. 
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Figure 56: Comparison of Lf- (in m2) for drifter 20461. 
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Figure 57: Comparison of L\ (in m2) for drifter 20463. 
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Figure 58: Comparison of L\ (in m2) for drifter 20465. 

85 



2.5*10 ,9. 

2.0*10° 

1.5*109 

1.0-109 — 

5.0*108 — 

0. 
10 

0 

2*1 08 

T2 

— 
^ ^. ^ 

\ 
s   

4*10Ö — s 
N — 

6*108 — 

8*108 

1*109 - 

s. 

— 

10 

n T2 

1*10 

8*108 — 
/ 

v. 

6*108 — / 
/ 

4*108 

/ 
y 
/ **. 

2*108 / 

0 

/ 

—  ■ — • . , 
10 

4 6 
Time (Days) 

10 

Figure 59: Comparison of L2
{j (in m2) for drifter 20468. 
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Figure 60: Comparison of I?- (in m2) for drifter 20469. 
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Figure 61: Comparison of L}- (in m2) for drifter 20498. 
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Figure 62: Comparison of L\ (in m2) for drifter 20513. 
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Figure 64: Comparison of L}- (in m2) for drifter 20528. 
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Figure 65: Comparison of L\ (in m2) for drifter 20531. 
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Figure 66: Comparison of L\- (in m2) for drifter 20533. 
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Figure 67: Comparison of £?■ (in m2) for drifter 20536. 
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A.5    Lagrangian diffusion coefficients 

The four Lagrangian diffusion coefficients are expressed as: 

Ai(o = |4w- 

Table 5 shows representative values of Dij for the first ten days of each observed 

and modeled drifter record. The values of Dij shown in the table are the slopes of 

linear least squares fits through each curve shown in figures 42 -67. 

Figure 68 shows scatter plots for each Dij with one data point for each of the 26 

modeled drifters. The X axis represents observed Dij and the Y axis shows modeled D^. 

The dashed line in each panel represents the line of correlation between the observed 

and modeled data. 
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Table 5:   Representative Dij over the first 10 days for observed and modeled drifters (in 
103 mh-1) 

Drifter Dobs DITlod Dobs U\1 
D'mod u\2 

Dobs U1\ 
Dmod U2\ 

Dobs u12 
nmod 

20383 0.65 3.60 2.51 -1.62 -0.62 3.02 2.79 1.15 
20386 2.68 3.44 0.21 2.58 0.98 3.32 0.17 2.69 
20396 7.57 2.31 0.12 0.04 1.72 -0.89 0.17 0.93 
20402 0.73 1.72 0.10 -2.20 -0.18 3.51 0.29 2.03 
20407 0.65 0.35 -0.00 -1.98 -1.38 -0.07 1.13 4.62 
20412 1.90 4.75 1.72 4.65 0.88 3.71 0.94 3.93 
20422 0.34 4.01 -0.79 -1.82 0.91 1.60 0.58 1.35 
20436 2.96 4.07 0.92 -0.91 -0.74 1.02 0.28 1.10 
20440 1.55 3.89 1.27 -1.33 0.37 1.33 0.61 1.04 
20446 0.70 3.28 1.39 5.74 -0.85 2.31 0.30 5.75 
20449 4.35 0.85 -0.74 -0.47 0.00 0.01 0.07 0.21 
20455 1.32 3.87 0.74 -1.33 0.08 1.63 0.43 1.01 
20456 0.44 3.81 -0.75 -1.76 0.41 1.59 0.33 1.09 
20457 10.30 0.84 4.01 -1.39 -2.85 0.62 0.61 0.28 
20461 3.50 2.36 1.17 -0.35 -1.32 -0.98 0.11 1.62 
20463 4.28 2.31 6.16 5.50 1.37 0.54 3.73 4.78 
20465 2.47 0.87 -0.77 -1.22 -0.04 -0.04 0.11 0.82 
20468 0.63 3.52 -0.32 -1.56 0.48 1.01 0.24 1.33 
20469 0.48 5.42 -1.19 -2.15 0.57 0.28 1.18 1.40 
20498 0.51 2.28 0.54 -1.15 0.07 2.50 0.30 1.28 
20513 0.28 0.45 -0.49 -2.38 -0.21 -0.04 0.64 4.95 
20519 0.05 0.51 0.34 -3.26 -0.20 1.30 0.47 5.17 
20528 0.55 0.40 -0.30 -1.56 -0.45 1.18 0.36 2.12 
20531 0.21 0.30 0.13 -1.71 -0.64 0.16 0.63 5.33 
20533 0.88 0.38 -0.16 -2.21 -0.05 0.07 0.09 5.48 
20536 0.17 0.33 0.02 -2.48 -0.63 1.32 1.05 5.37 
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data are tabulated in Table 5. 
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A.6    Weekly mean surface velocities 

Enough drifter observations exist to allow comparison of observed weekly mean 

surface velocities with weekly mean model surface velocities for the last eight weeks of 

1993. 

In order to compare the statistics of the observed drifter surface velocities with 

those of the model surface velocity field, a simple grid of 23 boxes was constructed. 

Each box spans 1° in latitude and 1° in longitude. To obtain the observed mean weekly 

surface velocity for each box, all drifter observations from anywhere within the box at 

any time during the week were averaged together. The resulting velocity was taken as 

the observed weekly mean velocity at the box center. 

To obtain the mean weekly model surface velocity in each box, the seven daily mean 

surface velocity fields for the week were averaged to obtain the weekly mean surface 

velocity on the model grid. Then, all model velocities within a given 1° by 1° box 

were averaged together, and this mean velocity was taken to represent the model mean 

velocity at the center of the box. 

Figures 69 - 72 show weekly mean surface velocity vectors at the center of each box 

from the drifter observations (bold arrows) and from the model (thin arrows) for the 

last eight weeks of 1993. No drifter based velocity vectors are shown for boxes with 

fewer than five drifter observations during the week. In each figure, the center of each 

box is shown as a small square. 
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5 Nov 93 -11 Nov 93 

12Nov93-18Nov93 

Figure 69: Weekly averaged surface velocities for the SCULP drifters (bold arrows with solid 
arrow heads) and the model (thinner arrows) for the two weeks shown above each panel. 
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19Nov93-25Nov93 

26 Nov 93 - 2 Dec 93 

Figure 70:  Weekly mean surface velocities for the SCULP drifters (bold arrows with solid 
arrow heads) and the model (thinner arrows) for the two weeks shown above each panel. 
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3 Dec 93 - 9 Dec 93 

10 Dec 93-16 Dec 93 

Figure 71: Weekly mean surface velocities for the SCULP drifters (bold arrows with solid 
arrow heads) and the model (thinner arrows) for the two weeks shown above each panel. 
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17 Dec 93-23 Dec 93 

24 Dec 93 - 30 Dec 93 

Figure 72: Weekly mean surface velocities for the SCULP drifters (bold arrows with solid 
arrow heads) and the model (thinner arrows) for the two weeks shown above each panel. 
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On the inner LATEX shelf, the model mean weekly velocities are usually directed to 

the southwest, in agreement with the drifter derived velocities, but there are a few cases 

where the inner shelf velocities show significant direction errors (for example, Figure 

71, lower panel, and Figure 72, lower panel). In general, the model velocities on the 

inner shelf show significant velocity errors when compared with the drifter velocities. 
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