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Beneficial Voyage Characteristics for 
Routing Through Dynamic Currents 

MARK R. McCORD AND YOUNG-KYUN LEE 

Anticipating that near real-time estimates of ocean currents could fea
sibly be used to determine ship routes that would result in reduced fuel 
consumption, 360 voyages were simulated in the North Atlantic Gulf 
Stream region to investigate voyage characteristics leading to particu
larly high or low fuel savings. In the simulations, currents are the pri
mary factor in determining the ship's course. Minimum fuel routes were 
determined for the currents, and the relative fuel savings of these routes 
were computed and compared to great circle routes. Ships that modified 
course slightly to take advantage of the positive effects of the currents 
had much larger savings than those that avoided the negative effects of 
contrary currents or went substantially out of the way to catch favorable 
flows. Determining where and how to cross the core flow was found to 
be more beneficial than trying to take advantage of the favorable or 
avoiding the unfavorable effects of rings that are shed from the core. 
The magnitude of the fuel savings, which often exceeded 10 percent in 
the study area, depended on the specific realizations of the dynamic cur
rent patterns when the voyages were conducted. Therefore, general 
rules balancing current-induced fuel consumption effects with weather
and wave-induced effects are probably not feasible, and explicit math
ematical-based route analyses might be required to reap the benefits of 
ocean current routing. 

Advances in remote sensing technology (1), developments in ocean 
current modeling and forecasting (2-6), and the present and 
planned satellite missions devoted to investigating oceanographic 
features (7-9) make near real-time estimates and forecasts of ocean 
currents possible (7,8,10,11). Using such information to alter strate
gic ship routes could help decrease voyage time and fuel consump
tion. In one simulation study, even the very aggregate (in time and 
space) ocean current data provided in the U.S. Defense Mapping 
Agency's pilot charts produced an estimated fuel savings of more 
than 1 percent on transoceanic U.S.-based routes (12,13). In other 
simulation studies, the finer spatial resolution available with 
advanced technologies produced fuel savings of 5 to more than 10 
percent through parts of the Gulf Stream region (14-16). 

The benefits of routing with ocean currents to minimize fuel 
consumption or travel time, which shall be referred to simply as 
"current routing," could complement the benefits of routing through 
the more traditional means of considering the effects of weather and 
waves (17). The combined environmental effects could conceivably 
be handled in a computer-based optimization algorithm (18, 19). The 
authors' interaction with the commercial routing industry (7,8), how
ever, indicates that the individual route analyst's experience is also 
influential in suggesting a route to the ship master. Analysts may 
need to update the routes of hundreds of ships dispersed throughout 
the world at the same time. Therefore, determining when a vessel 
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would benefit by changing course to take advantage of favorable cur
rents or avoid contrary ones would be of value. The current patterns 
used to determine suggested routes, whether the suggestion is based 
on a mathematical formulation or an expert router's opinion, are only 
estimates and subject to a variety of errors (1,10,20,21). Observing 
which vessels benefit most from changing course to take advantage 
of the currents could help determine whether the potential benefits 
outweigh the risks of chasing a current that might not be as strong or 
oriented in as favorable a direction as believed. Finally, knowing 
route characteristics that would result in large or small benefits could 
aid the design of simulation studies. These simulations could be used 
to determine routing benefits and the impacts of errors or sensing 
limitations of present estimation techniques (10,20). For example, 
the studies could be designed to sample routes more efficiently in 
various categories of interest instead of needlessly duplicating 
samples from the same category. 

A simulation study was conducted to investigate voyage charac
teristics that would benefit from strategic current routing through 
strong dynamic current patterns. The effect on routing performance 

·of the position of the origin and destination of the vessel relative to 
a portion of the North Atlantic Gulf Stream was examined. The Gulf 
Stream is typical of rapid Western boundary currents (22,23), such 
as the Kuroshio, the Agulhas, the Brazil, and the East Australian, 
where velocities can reach 4 knots. In addition to the currents core 
flow, these dynamic current systems can shed rings with elevated 
velocities moving in circular patterns. In the area of the Gulf Stream 
studied (Figure 1 ), the core flow of the current exhibits a serpentine 
pattern and sheds cold rings spinning counterclockwise to the 
warmer water to the south and warm rings spinning clockwise to the 
colder water to the north. The current routing problem (14), then, is 
deciding which path to follow so that the vessel rides with favorable 
currents and avoids contrary currents in the core flow or in the rings, 
thereby conserving fuel and decreasing travel time. 

The results indicate that the advantages are greater when ships try 
to ride favorable currents than avoid contrary ones. They also show 
that the greatest benefits come from fine-tuning routes along the 
core flow. Ships that had to cut across the core flow show fewer ben
efits from current routing, but greater benefits than ships that pri
marily try to catch rings in the right location. The dynamics of the 
current pattern were also found to be significant in that some dates 
are better than others. The results pertaining to the locations appear 
general; that is, there appears to be enough causal relationship in 
them that they should give a good indication of the degree to which 
voyages would benefit from current routing relative to each other. 

The results show that the magnitude of current savings cannot be 
predicted as a function of route characteristics. The results also show 
that the greatest benefits appear to come from fine-tuning routes or 
precisely determining when and where to cut across the current 
structure. Together, these results suggest that a mathematical analy-
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FIGURE 1 Pattern of currents in study region on 5/21/88 based on output of Harvard Gulf 
Stream model. 

sis is needed to estimate the magnitude of fuel savings which would 
result from routing a vessel through a specific current pattern. 

METHODOLOGY 

The simulation study consisted of (a) choosing the location of the 
origin and destination of a ship's voyage near a current pattern; 
(b) categorizing this voyage according to the location of its origin 
and destination with respect to the current pattern; (c) determining 
the path from the origin to the destination that would minimize fuel 
consumption; (d) evaluating the performance of the voyage along 
this minimum fuel consumption route and using this performance 
measure as a realization of the performance of voyages in the cate
gory; and (e) repeating for different origin-destination locations, 
and different current patterns. (The following section covers these 
steps in more detail.) 

The data consisted of a set of daily estimates of speeds and direc
tions of surface currents in the North Atlantic Gulf Stream region in 
an area bounded by (north) latitude and (west) longitude coordi
nates (39°, 74°), (32°, 72°), (38°, 50°), and (46°, 55°) (Figure 1). 
The current patterns were produced from a forecasting model devel
oped by Harvard University and the U.S. Navy (2-4,10) and grid
ded into 15-km by 15-km cells (one current vector per grid cell). 
The data was later aggregated into a 0.1°-latitude by 0.5°-longitude 
grid. Daily estimates from this model were obtained for each day in 
two 5-week periods, one in 1987 and one in 1988. Voyages begin
ning on 4 days (2 days in 1987 and two days in 1988) were consid
ered. Voyages selected for the study began on 11/13/87, 11128/87, 
5/06/88, and 5/21/88. Approximately 2-week intervals were chosen 
between voyage "starting dates" in the same year to increase the 
independence of the current patterns used (24). The fine resolution 
of the data, the continuity produced by the daily estimates, and the 
advanced modeling and data acquisition techniques used to produce 
the estimates make this among the best ocean current data in exis
tence for the types of simulations conducted in this study. 

The locations of the origins and destinations were selected by 
considering five locations near the western boundary and nine loca
tions near the eastern boundary. The five-integer degree latitudes 
between 34°N and 38°N along 73°W longitude were used as the 
western locations and the nine-integer degree latitudes between 
36°N and 44°N along 53°W longitude were used as the eastern loca
tions (Figure 2). The authors then considered as origin-destination 
(0-D) pairs the 90 combinations formed by using each of the nine 
eastern locations as destinations for origins consisting of the five 
western locations and each of the five western locations as destina
tions for origins consisting of the nine eastern locations. To study 
the 90 potential combinations on each of the four voyage starting 
dates, 360 voyages were simulated. 

A western origin and eastern destination pair implies a route trav
eling primarily eastbound; this is called an eastbound (EB) route. 
Similarly, a route with an eastern origin and western destination is 
called a westbound (WB) route. Although these routes are denoted 
by a geographical direction, the important factor is that the EB 
routes can be thought of as progressing in the same direction as the 
primary current fl.ow, and the WB routes can be thought of as pro
gressing in the direction opposite the current fl.ow. Therefore, EB 
routes primarily try to ride favorable currents and WB routes 
primarily try to avoid contrary currents. The circular flows of the 
rings make their effects less straightforward. 

For a given starting date of a voyage, each of the 90 0-D pairs 
was categorized according to whether its origin was "Above," "In," 
or "Below" the Gulf Stream core flow on the starting date, and 
whether its destination was "Above," "In," or "Below" the core 
fl.ow on the starting date. In this way, each of the 90 0-D pairs was 
placed into one of 18 categories, AAEs, AIEB• ABEB• IAEB, ... , 
BAws, Biws, BBw8 • The first letter denotes the origin location on the 
starting date, the second letter denotes the destination location on 
the starting date, and the subscript denotes whether the route was 
EB or WB. For example, IBw8 denotes that the route was a west
bound route with origin In and destination Below the core fl.ow of 
the Gulf Str~am on the date the voyage started. The number of voy-
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FIGURE 2 Locations of points serving as origins and destinations for simulation study. 

ages in each of the 18 categories on each of the starting dates is 
shown in Table 1. In the In-Below cell, the numbers mean that there 
were 8, 8, 6, and 6 (4, 4, 4, and 4) EB (WB) voyages with origin In 
and destination Below the Gulf Stream on 11113/87, 11/28/87, 
5/06/88, and 5/21/88, respectively. The number of voyages can 
change with the starting date because the core flow is dynamic and 
changes location in time. 

To determine the minimum fuel consumption path between the 
0-D pair on a particular starting date, a dynamic programming algo
rithm was used (10,14,15). The algorithm determines the minimum 
time route between the origin and destination through the currents 
that would be present when a ship traveling at constant velocity 
(pool velocity VP) arrived at that location. For example; on the sec
ond day of the voyage, the current patterns considered in the opti
mization algorithm would be different from those on the first day of 
the voyage. Although the minimum time path is not guaranteed to 
be the minimum fuel consumption path, the two are practically 
identical for the types of routes considered in this study (14, 15). 

The variable relative fuel savings (RFS) (12-16) was used to rep
resent performance of the minimum fuel route. Specifically, (a) a 
voyage time T between the origin and the destination in the study 
area was determined by routing a vessel at a constant speed VP along 
a base route between the study area origin and destination; (b) the 
reduced constant speed through the water V*, V* < VP, that would 

result in a voyage time T along the minimum fuel route between the 
study area origin and destination was determined; and (c) the RFS 
of routing the vessel at V* along the minimum fuel route through 
the study area (compared with routing the vessel at VP along the base 
route in the study area) was determined. RFS is based on the 
assumption that the fuel consumed by a ship traveling at velocity v 
for a time tis approximately equal to c*f*v'. where c is a ship con
stant (25). RFS is the fuel consumed along the base route minus the 
fuel consumed along the minimum fuel route, divided by the fuel 
consumed along the base route, multiplied by 100 percent (12-16). 
This can be shown as 

RFS = [1-(V*/Vp)3]*100% (1) 

VP = 16 knots was used to represent the class of ships most 
susceptible to benefits from current routing (12, 13). Routing at 
constant speed through the water is consistent with industry prac
tice. It also has proven to be approximately optimal in simulations 
of current routing (12, 14, 15). The great circle route was used as the 
base route for comparisons. Basing the comparisons on the great 
circle route makes sense because the great circle is the shortest dis
tance and therefore is the route that would be followed if currents 
(and other environmental factors) were ignored (10,12-16). Fixing 
the base and minimum fuel routes to have constant voyage time T 

TABLE 1 Number of Voyages in 0-D Categories by Starting Date (Starting Date Order: 11/13/87, 
11/28/87, 5/06/88, 5/21/88) 

Direction Destinatfon Category 
OriS?in ofVoyafe Above In Below Total 
Above EB 3,3,4,4 2,2,2,2 4,4,3,3 9,9,9,9 

WB 3 3 4.4 6.6.88 6.6,8,8 15,15.20.20 
In EB 6,6,8,8 4,4,4,4 8,8,6,6 18,18,18,18 

WB 2,2 2,2 4,4,4,4 4,4,4,4 10.10.10,10 
Below EB 6,6,8,8 4,4,4,4 8,8,6,6 18,18,18,18 

WB 4,4 3,3 8,8,66 8,8 6.6 20,20.15.15 
Category Total: EB 15,15,20,20 10,10,10,10 20,20,15,15 

WB 9,9,9,9 18 18,18 18 18,18,18,18 
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ensures that at the end of the analysis both routes would be at the 
same point at the same time and simplifies the analysis because the 
voyage time is eliminated in the math leading to Equation 1. 

RESULTS 

Table 2 shows the mean RFS values for each of the 18 categories 
and each of the four starting dates. The means are arranged in the 
order of starting dates. The numbers in the Above-Above category 
indicate that the average RFSs of the voyages whose origins were 
above and whose destinations were above the core Gulf Stream flow 
were 7.8, 6.4, 9.7, and 11.0 (3.0, 3.7, 3.6, and 2.6) percent on 
11/13/87, 11/28/87, 5/06/88, and 5/21/88, respectively, for EB 
(WB) routes. The means are determined by averaging the RFSs of 
all the 0-D pairs in a category on the specific date. In the Above
Above category in Table 1, the means average 3, 3, 4, and 4 (3, 3, 
4, and 4) RFS values on 11/13/87, 11128/87, 5/06/88, and 5/21/88, 
respectively, for EB (WB) routes. 

The way in which the locations of the origins and destinations 
were determined may lead to some of the Above or Below locations 
being particularly better or worse than some of the other Above or 
Below locations on a given starting date because a location may be 
much closer to or farther from the core flow, or because a location 
may be particularly well or poorly located with respect to the warm 
or cold rings. Such a phenomenon could increase the variability of 
the RFSs within the categories. Investigating the effect of specific 
locations was beyond the scope of this study, however. Moreover, 
because the number of observations is small in any category and the 
RFSs depend on the common current pattern of the starting date, the 
authors were hesitant to perform any statistical analysis based on the 
variances of the categories. 

To lessen the possible effect of particularly well or poorly situ
ated locations on the category mean, then, the median RFS for each 
category for each starting date also was computed. Instead of pre
senting these in a table, the authors chose to present them more 
graphically in Figure 3. There are some differences in magnitudes 
between the means of Table 2 and the medians of Figure 3, and even 
some changes in the position of a category in a ranking from high
est to lowest RFS value, depending on whether the ranking was 
according to the mean or median. The differences are slight, how-
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ever. Both the mean and median were considered in drawing the 
conclusions in the next section. 

In Table 3 the relative ranking of each category on each partic
ular starting date is indicated by dividing the rankings into thirds 
(i.e., groups of six out of the 18 categories) for each date. Specifi
cally, the number of times the particular category has an RFS in one 
of the top six or bottom six categories on the date is presented. For 
example, the numbers 3/0 (2/0) in the Above-Below EB category 
indicate that ABEB ranked in the top and bottom six categories, 
respectively [3 and 0 out of four times (one for each starting date) 
when considering the ranking according to the mean, and 2 and 0 
out of four times when considering the ranking according to the 
median]. 

DISCUSSION 

Tables 2 and 3 and Figure 3 show that the effects of current routing 
depend on the 0-D category and the starting date. Given that the lat
itudes and longitudes of the 0-D pairs were the same on different 
dates, the differences in the fuel savings statistics of the different 
starting dates must be due to different current patterns (directions, 
widths, and velocities of the core flow and rings). The implication is 
that some mathematical analysis, such as the dynamic programming
based algorithms that were used, is required to predict the magnitude 
of the fuel savings for a given voyage and a given current pattern. 

Comparing fuel savings of the 0-D categories on a particular date 
indicates some general characteristics, however. The mean RFSs in 
ari. 0-D category (Table 2), the median RFSs in an 0-D category 
(Figure 3), and the number of times that an 0-D category ranks high 
or low (Table 3) all show that EB routes tend to have higher RFSs 
than WB routes. Given that EB routes travel primarily in the direc
tion of the core current flow and that WB routes travel primarily 
opposi.te the core flow, t~e results indicate that the current routing 
is more useful when trying to catch favorable currents than when 
avoiding contrary currents. This result is consistent with other, more 
aggregate studies (14-16). 

The results also indicate that the best routes were IAE8 , IIE8 , and 
especially Alm. Except for IIE8 , these routes were in the top third of 
the rankings on each of the four starting dates. IIEs was in the top 
third three times and in the middle third the fourth time. Figure 3 

TABLE 2 Mean RFS of 0-D Categories by Starting Date (Starting Date Order: 11/13/87, 11/28/87, 
5/06/88, 5/21/88) 

Direction Destination Category 
Oritrln ofVoya2e Above In Below Mean 
Above EB 7.8; 6.4; 11.8; 8.9; 8.6; 7.1; 9.3; 7.5; 

9.7; 11.0 13.2; 18.2 11.3; 8.4 11.4; 12.5 
WB 3.0; 3.7; 6.9; 7.0; 5.1; 5.1; 5.1; 5.3; 

3.6; 2.6 9.3: 6.6 8.3; 6.4 7.1; 5.2 
In EB 8.5; 8.6; 6.8; 7.4; 6.7; 5.7; 7.3; 7.2; 

12.5; 10.8 12.8; 14.9 11.2; 8.6 12.2; 11.4 
WB 4.6; 6.9; 11.5; 5.5; 8.7; 3.1; 8.2; 5.2; 

4.9; 5.8 9.8: 12.6 1.9; 4.6 5.5; 7.6 
Below EB 8.1; 6.1; 6.5; 4.8; 3.8; 4.3; 6.2; 5.1; 

7.8; 7.3 9.8; 15.4 2.8; 3.9 6.8; 8.9 
WB 3.5; 1.4; 5.1; 4.4; 1.4; 2.3; 3.3; 2.7; 

7.8; 8.1 6.9; 7.7 3.1: 4.3 5.9: 6.7 
Category Mean: EB 8.2; 7.0; 8.4; 7.0; 6.3; 5.7; 7.6;6.6; 

10.0; 9.7 12.0; 16.2 8.4; 6.9 10.2; 10.9 
WB 3.7;4.0; 7.8; 5.6; 5.0; 3.5; 5.5; 4.4; 

5.4; 5.5 8.7: 8.9 4.4: 5.1 6.2: 6.5 
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TABLE 3 Number of Times (Based on Four Starting Dates per Category) 0-D Category was in Top 
Third or Bottom Third of Ranking According to RFS [Based on Means (Medians)] 

Direction 
Oril!in ofVovage Above 
Above EB 1/0 (1/0) 

WB 0/4 (0/4) 
In EB 4/0 (4/0) 

WB 113 (1/2) 

Below EB 1/0 (110) 
WB 0/2 (0/2) 

Category Total: EB 610 (6/0) 
WB 119 (1/8) 

shows that AIEB had the highest median RFS on three of the four 
days, and Table 2 shows that it had the highest mean RFS on all four 
starting dates. To determine exactly what is making these routes so 
favorable, it would be necessary to superimpose the minimum fuel 
routes and the great circle routes on the current pattern. Doing so for 
all of the 360 voyages was beyond the scope of this study, but it 
appears that the voyages with the best potential for current routing 
are those that would normally (i.e., in the absence of the current rout
ing) ride through or near the core flow and in its general direction. 
Having an origin or destination in the core flow would increase the 
likelihood of the base route going along the core flow for some por
tion of its time. Based on this reasoning, IBEs and BIEs might be 
expected to exhibit large fuel savings. Although these categories are 
not as good as the other EB routes with an origin or destination in 
the core flow, they are still fairly good categories. Table 3 shows that 
only IBEB ever fell in the bottom third of the ranking, but that was for 
only one starting date and only when the ranking was according to 
the median. Except for this instance, the routes were either in the 
middle third or, almost as likely, in the top third of the ranking. 

The categories with the worst performances were AAw8 , BBw8 , 

and BBEB, ranking in the bottom third of the categories on all four 
starting dates, whether the ranking was according to the mean or 
median (see Table 3). Note that in these three categories the origin 
and destination are on the same side of the core flow. BBEs could 
only benefit from current routing by going out of the way to catch 
the core flow or by trying to catch a ring at the right location. The 
core flow would not have much of an effect on the WB voyages, 
because the base (great circle) route would generally not pass 
through it and a vessel would never go out of the way to get in the 
contrary flow of the core. Therefore, it would appear that the bene
fit to these routes would be primarily from catching the rings at the 
right location. The tentative conclusion, then, is that taking advan
tage of the positive impacts or minimizing. the negative impacts of 
the cold or warm rings that shed off of the core flow can lead to fuel 
savings, but that the magnitude of these savings would generally be 
less important than the savings associated with routing in or through 
the core flow. The only other category with both origin and desti
nation on the same side of the core flow is AAE8 , which never 
ranked in the bottom third but generally ranked in the middle third 
of the categories. The authors speculate that it had greater fuel 
savings than AAw8 , BBw8 , and BBEs because there is generally 
more ring activity above the core than below and because the mean
dering nature of the Gulf Stream could allow the base path to go 
nearer the core flow traveling in the same direction than the other 
three categories (see Figure 1). 

Those categories with origins and destinations on opposite sides 
of the core flow (the categories that must cross the core flow) rank 

Destination Category 
In Below Total 

4/0 (4/0) 310 (2/0) 8/0 (7/0) 
1/0 (1/2) 0/1 (0/0) 115 (1/6) 
310 (3/0) 1/0 (2/1) 8/0 (9/1) 
210 (2/0) 1/3 (113) 4/6 (4/5) 
2/0 (2/0) 0/4 (0/4) 3/4 (3/4) 
0/3 (012) 0/4 (0/4) 019 (0/8) 
910 (9/0) 4/4 (4/5) 
3/3 (3/4) 1/8 (1/7) 

primarily in the middle. Table 3 shows that ABEB did rank in the top 
third three (two) times according to the mean (median), but Table 2 
and Figure 3 show that they were close to the middle third on these 
occasions. Also, BAw8 ranked in the bottom third two times and was 
ranked particularly low on 11/28/87 (Figure 3). In general, how
ever, the categories that cross the core flow are better than those 
dealing primarily with rings and worse than those whose base routes 
would travel a fairly long distance in the core flow. 

The routes benefiting most from explicitly considering dynamic 
current patterns were those whose base routes (routes that would be 
best if the currents were not considered) were in or close to the core 
flow and going in the direction of the flow. This result seems logi
cal: if a ship only has to modify its shortest distance route slightly 
to take advantage of the positive currents, the net benefit will be 
greater than if it has to travel farther from the shortest distance route. 
The results also indicate that greater benefits are associated with 
routing correctly through the core flow than with changing course 
to avoid contrary currents, and that determining where and how to 
cross the core flow is more beneficial than trying to take advantage 
of the favorable or avoiding the unfavorable effects of rings that are 
shed from the core. Trying to take advantage of or avoid the rings 
resulted in the least fuel savings of all the characteristics analyzed. 
Because the orbiting satellites gathering the raw data to estimate the 
current patterns would have limited spatial coverage (J, 7,8, 16), the 
ring patterns might not be as well resolved as the core flow. The 
combined effects of relatively low potential benefits and poorer 
quality of input data significantly decrease the desirability of chang~ 
ing course to ride the favorable or avoid the contrary velocities in 
rings. 

The results also indicated that the magnitudes of fuel savings 
depended substantially on the specific current patterns associated 
with the days of the voyage. It would therefore appear that dynamic 
programming, or some other form of explicit mathematical analysis, 
might be necessary to help routing analysts studying the combined 
fuel consumption effects of currents, winds, waves, and weather. 
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