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	 Short-Term Predictions of

OCEANIC DRIFT 

INTRODUCTION
The need for short-term forecasts (hours 
to days) is common to many applica-
tions in operational oceanography, such 
as oil spill drift modeling or trajectory 
modeling for search-and-rescue sup-
port (Breivik et al., 2013; Dagestad et al., 
2018). The output from several modeling 
systems must be combined—typically, 
numerical weather and wave and ocean 
circulation models—to provide forecasts 
from trajectory models of varying com-
plexity (Davidson, 2009). For oceanic 
drift applications, the objects we need to 
consider are either (1) solid objects such 
as vessels (Eide et  al., 2007), shipping 
containers (Breivik et al., 2012), or a per-
son in water (Breivik and Allen, 2008), 
or (2) passive or buoyant tracers such as 
oil droplets (Jones et al., 2016), fish eggs 
(Röhrs et  al., 2014; Strand et  al., 2017), 
plastics (Kukulka et al., 2012; Van Sebille 

et  al., 2012), or suspended radioactive 
material (Simonsen et al., 2017). For pas-
sive and buoyant tracers, we are primarily 
concerned with estimating the temporal 
and spatial distribution of the material, 
and possibly changes in the properties 
of the material with time due to its inter-
action with the environment. The intrin-
sic variability in ocean dynamics means 
that uncertainties can grow rapidly in 
time, but a lack of information about the 
objects of interest (e.g., last known posi-
tion, shape and orientation, quantity and 
chemical composition of oils) can also 
lead to large errors. Most incidents hap-
pen with buoyant objects that are at or 
close to the surface, so that the direct 
and indirect influence of surface waves 
is important. Incidents typically also 
happen in the coastal zone, necessitat-
ing a detailed description of the bathym-
etry and the coastline. The problems we 

consider are inherently Lagrangian, as we 
follow the trajectories of specific objects 
in time. Ocean circulation models are 
Eulerian, and hence, we need to have 
specific models (or model components) 
for predicting drift trajectories (e.g., Van 
Sebille et al., 2018). 

The main difference between 
Lagrangian and Eulerian velocities in the 
upper ocean is due to Stokes drift, which 
is the net forward motion in surface 
waves (Stokes, 1847). The Stokes drift has 
maximum value at the surface and decays 
rapidly with depth, contributing to the 
high vertical shear in drift velocities in 
the upper ocean. Stokes drift is also the 
manifestation of the mean momentum in 
the surface waves, and momentum fluxes 
between the waves and the mean flow 
also influence upper ocean dynamics and 
drift velocities (Longuet-Higgins, 1953). 
Surface waves also contribute to turbu-
lent mixing in the upper ocean through 
various mechanisms such as wave break-
ing (Craig and Banner, 1994) and the 
induction of secondary flows such as 
Langmuir turbulence (e.g., Belcher et al., 
2012). The details of these mechanisms 
have been intensely studied in recent 
years, but theoretical results are not yet 
properly backed up by observations 
(Esters et al., 2018), partly because of the 
difficulties in observing the upper ocean. 
It is not always clear how theoretical 
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understanding should be applied in prac-
tice, for instance, which one of several 
existing Langmuir turbulence mixing 
parameterizations to choose. 

Our main aim in this paper is to pro-
vide a brief review of upper ocean drift 
on short temporal scales, and in partic-
ular the challenges involved in trying to 
model this drift. We are primarily inter-
ested in the vertical dynamical balances 
in deep water (i.e., the Ekman response), 
including the impact of surface waves. 
The smaller horizontal scales of submeso-
scale features (e.g., McWilliams, 2016) 
and nearshore circulation will therefore 
not be discussed here.

UPPER OCEAN MOMENTUM 
BUDGET
Two solutions that describe surface waves 
and that bear on our topic of interest 
were presented in the nineteenth cen-
tury by Gerstner and by Stokes, respec-
tively (for reviews see Craik, 2004; Henry, 
2018). Gerstner waves are obtained as 
exact solutions of the Euler equations for 
free surface flow above infinite depth, and 
in these waves the water parcels move in 
closed orbits without any net motion. 
Gerstner waves possess mean vorticity, 
however, and cannot therefore be gener-
ated by conservative forces. In contrast, 
Stokes waves are irrotational, but with 
orbits that are not fully closed, and there 
is a net forward motion in the wave prop-
agation direction. Today, wind-​generated 
surface waves in the ocean are tacitly 
assumed to be Stokes waves, although 
we will briefly get back to this issue later 
on. The associated mean drift in waves, 
the Stokes drift vS, is an important quan-
tity in coupled wave-ocean modeling sys-
tems. The Lagrangian velocity vL, with 
which objects are advected in the ocean, 
is thus taken to be the sum of Eulerian 
velocity vE and the Stokes drift such that

	 vL = vE + vS. 	 (1)

An expression for Stokes drift for the case 
of a two-dimensional wave spectrum was 
derived by Kenyon (1969). Unfortunately, 
this expression is computationally expen-

sive to evaluate from modeled wave spec-
tra, and various approximations suit-
able for coupled modeling systems 
have therefore been developed (Breivik 
et al., 2014, 2016).

Wave growth and decay influence air-
sea momentum fluxes, and Stokes drift 
can be used to evaluate the total wind- 
and wave-induced forcing of the mean 
ocean currents in numerical ocean cir-
culation models (Jenkins, 1989). The 
underlying principle is simple and goes 
back to the pioneering work of Longuet-
Higgins (1953) and the concept of virtual 
wave stress (Longuet-Higgins, 1969; see 
also Weber, 2001). The momentum flux 
To that drives the mean oceanic flow is 
a sum of a direct momentum flux from 
the atmosphere and a momentum flux 
from dissipating waves (e.g.,  through 
wave breaking). For example, assume 
that the total momentum flux from the 
atmosphere into both the waves and the 
oceanic mean flow is Ta. If the waves are 
growing, To < Ta because the momen-
tum flux into the waves is larger than the 
momentum flux out of the waves and into 
the ocean (otherwise, the waves would 
not grow). Conversely, when the waves 
are decaying, To > Ta. The energy and the 
mean momentum in the waves are car-
ried by the wave group velocity, so there 
is no reason for local balance, To = Ta. 
One obvious example is remotely forced 
swell that breaks in the nearshore and 
induces a mean flow there even in the 
absence of wind (e.g.,  Longuet-Higgins 
and Stewart, 1964). The Stokes trans-
port VS is the vertically integrated Stokes 
drift and represents the mean momen-
tum in the surface waves (per unit den-
sity). The Stokes transport is easily calcu-
lated for small-amplitude waves (within 
the framework of linear theory) from 
modeled wave spectra, and formulations 
for wave-modulated ocean surface stress 
using Stokes transport are easily imple-
mented in coupled wave-ocean model-
ing systems (Weber et al., 2006; Van den 
Bremer and Breivik, 2018). The average 
impact is typically fairly small (5%–10% 
increase or decrease in the stress, say), but 

can be substantial during rapidly chang-
ing weather conditions (e.g., Saetra et al., 
2007). Model coupling efforts are in gen-
eral based on theory for small-amplitude 
waves, and they are more challenging for 
large-amplitude waves because nonlin-
ear effects become increasingly import-
ant (Constantin, 2006; Henry, 2006; 
Constantin and Strauss, 2010).

EKMAN RESPONSE TO 
WIND AND WAVES
Ekman (1905) formulated the classical 
solution to the problem of upper ocean 
response to wind in a rotating refer-
ence frame. Sudden onset of wind over 
a viscous ocean initially at rest leads 
to damped inertial oscillations with a 
period Tf = 2π /f (where f is the Coriolis 
parameter or inertial frequency), super-
posed on a steady velocity at an angle to 
the wind, which is increasingly veering 
away from the wind and decaying rap-
idly with depth. The transient component 
can make offshore operations difficult 
due both to large amplitudes and to rapid 
rotation of the flow direction, and it is 
important to account for inertial oscilla-
tions when designing offshore structures 
(e.g., Bruserud et al., 2018). As a case in 
point, Figure 1 shows the drifter data col-
lected during the Norwegian Clean Seas 
Association’s oil-on-water exercise in 
June 2018. Two drifter triplets, each con-
sisting of one MetOcean iSphere float-
ing drifter (spherical shape, at the sur-
face), one MetOcean self-locating datum 
marker buoy (iSLDMB or CODE, with a 
1 m drogue centered at 0.7 m depth), and 
one MetOcean Surface Velocity Program 
(SVP) drifting buoy (with a 6 m drogue 
centered at 15 m depth), were deployed 
near the Frigg Field in the northern 
North Sea. Figure 1a shows the actual 
drifter trajectories over two inertial peri-
ods (2 × 13.8 h), while Figure 1b shows 
the trajectories obtained with the aver-
age displacement of one of the SVPs 
removed (the other SVP unfortunately 
lost its drogue soon after deployment). 
All of the drifters display the anticyclonic 
motion typical of inertial oscillations, and 
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the difference in the trajectories relative 
to the SVP exemplifies increased veer-
ing and decay with depth. The example 
should be interpreted with some caution, 
however, because the spherical drifters 
are subject to some wind drag and are 
advected by the Stokes drift (Röhrs et al., 
2012), neither of which are accounted 
for in Ekman’s analysis. It should also 
be noted that Ekman’s solution is based 
on assuming a constant eddy viscosity, 
whereas in practice it varies with depth. 
Solutions to the Ekman problem with 
depth-dependent eddy viscosity are more 
realistic (e.g.,  Cronin and Kessler, 2009; 
Cronin and Tozuka, 2016), and regional 
differences in observed drift may be 
explained at least partially by regional 
differences in stratification and vertical 
variation in turbulence levels (Röhrs and 
Christensen, 2015).

The point here is that inertial oscilla-
tions are ubiquitous and can have large 
amplitudes, and it is vitally important 
that operational ocean circulation mod-
els accurately reproduce their dynam-
ics to provide useful short-term fore-
casts. Small errors in the modeled phase 
of these oscillations may lead to large 
errors in modeled drift trajectories. On 
short timescales, T < Tf , the correlation 
between the local wind and observed 
drift is very low, but the correlation 

increases on timescales sufficiently long 
so that inertial oscillations can be aver-
aged out (Röhrs and Christensen, 2015, 
see also Figure 3). Hence, we have a par-
adoxical situation in which producing an 
accurate long-term forecast can be less 
challenging than producing an accurate 
short-term forecast. 

When stratification is taken into 
account, it is more accurate to use the 
term “near-inertial waves” (e.g.,  Alford 
et  al., 2016) rather than “inertial oscil-
lations.” The frequency of near-inertial 
waves depends on both f and the buoy-
ancy frequency N; hence, the ocean 
response to the atmospheric forcing 
produces a wider spectrum close to f 
that depends on the stratification. The 
near-inertial waves carry momentum and 
energy from the surface and downward, 
and may contribute to turbulent mixing 
at the base of the mixed layer if the veloc-
ity shear is sufficiently large. We will not 
go into detail here, but important chal-
lenges obviously include correctly mod-
eling near-inertial wave generation and 
decay, and the influence of topography 
in shallow areas and close to the coast 
(e.g., Kim et al., 2015; Chen et al., 2015). 
It is also worth noting that including the 
local horizontal component of Earth’s 
rotation in the governing equations 
allows for a wider range of near-inertial 

wave frequencies, including sub-inertial 
frequencies smaller than f (Shrira and 
Forget, 2015). The upper ocean response 
is made even more complex because the 
inertial oscillations or near-inertial waves 
may decay more slowly than the time
scale of variations in the wind forcing. 
The observed oscillations can then be 
viewed as a superposition of oscillations 
from several wind events (e.g.,  Pollard 
and Millard, 1970; Chen et al., 2015). The 
amplitudes of the oscillations strongly 
depend on the nature of the changes in 
the forcing, for example, whether the 
local wind vector rotates cyclonically or 
anticyclonically, with anticyclonic rota-
tion at a rate close to the inertial fre-
quency producing the largest ampli-
tudes (e.g., Röhrs and Christensen, 2015; 
Chen et  al., 2015; Spencer et  al., 2016). 
This property suggests that the wind his-
tory may provide useful information for 
modelers. Investigating the wind history 
(or forecast), more specifically the ampli-
tude of the wind component that is in res-
onance with the inertial oscillations, may 
help us determine whether or not iner-
tial oscillations are likely to be generated. 
Such information can potentially be use-
ful for providing error estimates in model 
results. For an example, see Figure 2.

Mean flow equations that include sur-
face wave effects tailored for numerical 

FIGURE 1. Trajectories from three differ-
ent types of drifters as observed during 
the Norwegian Clean Seas Association’s 
oil-on-water exercise in June 2018: 
iSphere (green dash-dotted line, 0 m 
depth), CODE drifters (red dashed line, 
0.7 m depth), and SVP drifters (blue solid 
line, 15 m depth). One of the SVP drift-
ers lost its drogue, after which the line is 
gray. The trajectories are plotted for two 
full inertial periods totaling 27.6 hours. 
Panel (a) shows the actual trajectories, 
while panel (b) shows the trajectories 
with the average displacement of one of 
the SVPs removed and using the same 
initial position for all units.

a b
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solution techniques are typically derived 
using semi-Lagrangian (e.g.,  Jenkins, 
1989; Ardhuin et  al., 2008) or Eulerian 
frameworks (e.g.,  McWilliams and 
Restrepo, 1999). For open ocean condi-
tions, the most relevant terms include 
an addition to the Coriolis force (see 
below) and a vortex-force that generates 
Langmuir turbulence. The latter is char-
acterized by small spatial and tempo-
ral scales that should be parameterized 
as part of a model’s turbulence mixing 
scheme. Ursell was the first to inves-
tigate the influence of Earth’s rotation 
on ocean surface waves (see Ursell and 
Deacon, 1950). Finding that the water 
parcels in this case move in closed orbits, 
he postulated that Stokes waves, under 
the influence of rotation, will within a 
short period of time (about a quarter of 
an inertial period) develop into Gerstner-
like waves with no net mass transport. 
Pollard (1970) confirmed his results by 
obtaining an exact solution to the gov-
erning Lagrangian equations of motion 
on an f-plane. Later, Constantin and 
Monismith (2017) extended Pollard’s 
analysis to include the effect of mean 

currents, which allows for a second wave 
mode close to the inertial frequency. 
Further extensions for Gerstner-like solu-
tions in equatorial regions, where f is zero 
but the β-plane approximation applies, 
have been derived by Constantin (2012) 
and Henry (2016).

The impact on the mean Eulerian flow 
was neatly summed up by Hasselmann 
(1970), who showed that in a rotating 
ocean with waves, the Eulerian mean flow 
is subject to a body force per unit den-
sity Ff = –f k × vS , which is referred to as 
the Coriolis-Stokes force. In an inviscid 
and homogeneous ocean, the Eulerian 
mean flow develops in such a way that 
the Lagrangian mean flow describes an 
undamped inertial oscillation with no 
net mass transport. The Coriolis-Stokes 
force is perhaps the least disputed wave-
mean flow interaction term in ocean 
models, and is an important part of 
coupled modeling systems. Modeling 
studies have shown that the Coriolis-
Stokes force can significantly influence 
the Ekman response (e.g.,  Polton et  al., 
2005). It is nevertheless challenging to 
find direct evidence of the influence of 

the Coriolis-Stokes force. Röhrs and 
Christensen (2015) used rotary spec-
trum analysis (Gonella, 1972) to inves-
tigate the correlation between local 
winds and observed drift. Substituting 
Stokes drift for the local wind provides 
some indication that the Coriolis-Stokes 
force does impact upper ocean drift 
velocities (Figure 4). 

There is also strong feedback between 
the atmospheric boundary layer and the 
surface wave field. When waves grow, the 
roughness increases and the wind field 
above the ocean surface becomes more 
turbulent (Janssen, 1989, 1991) and acts 
as a drag on the atmosphere. This feeds 
back to the wave field through its impact 
on the evolution of the pressure field. This 
coupling is direct (i.e.,  mechanical) and 
therefore affects the wind field and the 
wave field on timescales of hours to days. 
The impact of the wave-ocean coupling on 
the full atmosphere-ocean system is more 
tenuous as it is a second-order thermo-
dynamic feedback mechanism (Cavaleri 
et al., 2018), while the main impact (mix-
ing the upper ocean) is achieved to lead-
ing order by mixing schemes with no 

FIGURE 2. Wind speed and direction measured at the Heimdal offshore platform in the North 
Sea. Gray shading indicates a period with rapidly changing wind in resonance with inertial oscil-
lations. The lower panel shows a filtered wind velocity that isolates the component of the wind 
close to the inertial frequency (convolution with a complex Morlet wavelet of length equal to 2Tf ).

FIGURE 3. Location of the Heimdal offshore 
platform in relation to drifter trajectories. Drifter 
trajectories are shown in red for CODE drifters 
(0.7 m depth) and blue for the SVP drifter (15 m 
depth), with initial positions marked by stars. The 
drifters advance from southwest to northeast, 
and the parts of the trajectories marked with 
black dots correspond to the gray shaded time 
period in Figure 2. As is evident from the motion 
following this period, the resonant changes in 
the wind resulted in inertial oscillations.
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that wind-​induced shear and breaking 
waves were the dominant turbulence-​​
producing mechanisms. 

From a modeling perspective, such 
observations clearly demonstrate that 
atmospheric forcing data with high tem-
poral resolution is needed, and that 
ideally a fully coupled model system 
including the atmosphere, waves, and 
ocean should be used. Turbulent mix-
ing by waves is typically introduced in 
two ways: (1) injection of turbulence 
kinetic energy at the surface due to break-
ing waves (Gemmrich et al., 1994; Craig 
and Banner, 1994), and (2) Langmuir 
turbulence. For instance, a number of 
available modifications to the so-called 
K-profile parameterizations (KPP, Large 
et  al., 1994) of upper ocean turbulence 

FIGURE 4. Coherence and phase difference between wind and drifter velocities (red) and between 
Stokes drift and drifter velocities (blue). The coherence spectra are based on rotary cross spectra 
between iSphere drifters (0 m depth) in the Norwegian Sea and wind and Stokes drift data from 
the NORA10 reanalysis (Reistad et al., 2011). The phase spectra show the angle or phase difference 
for coherent motions between drifter velocities and the wind/Stokes drift. Negative frequencies 
represent anticyclonic motions, with the ranges of the inertial frequencies at the drifter locations 
shaded in gray. Low-frequency cyclonic motion (positive frequencies) indicate simple advection by 
the Stokes drift (close to zero phase difference). For the anticyclonic motion, however, the phase dif-
ference steadily increases between the drift and the Stokes drift, and close to the inertial frequency 
the phase difference becomes similar to the veering typically associated with the classical Ekman 
response to the wind, indicating a more indirect influence of the Stokes drift possibly related to the 
Coriolis-Stokes force. Note that there is no coherence for superinertial frequencies, which means 
that there is seldom a one-to-one correspondence between the local forcing and the drifter motion 
on short times scales (Röhrs and Christensen, 2015).

wave effects included. However, as shown 
by Mogensen et  al. (2017), upper ocean 
mixing can have a quite rapid effect 
in the case of tropical cyclones, where 
such enhanced mixing leads to Ekman 
pumping; thus, it is important to include 
wave-induced mixing in order to get the 
mixing right for the longer timescales 
(seasonal to climate). 

UPPER OCEAN MIXING
The mixed layer of the ocean is typi-
cally turbulent because it is subject to the 
action of air-sea energy, momentum, and 
buoyancy fluxes (e.g., Esters et al., 2018). 
Wave breaking is an additional genera-
tion mechanism, along with Langmuir 
turbulence (Belcher et  al., 2012), inter-
nal waves (Wain et al., 2015), and double 
diffusion (Walesby et  al., 2015). Upper 
ocean turbulence is quantified by mea-
suring the dissipation rate of turbulent 
kinetic energy. The processes controlling 
momentum transfer, gas exchange, and 
heat transfer are dominant at the air-sea 
interface. However, data from the upper 
few meters of the ocean are scarce, due 
to the complexity of collecting mea-
surements in the surface wave field 
(i.e.,  O(1) × Hs, where Hs is the signifi-
cant wave height). Nonetheless, special-
ized technologies can overcome this chal-
lenge, for example, the Air-Sea Interaction 
Profiler (ASIP; Ward et  al., 2014). ASIP 
is an autonomous profiling instrument 
that can cycle through the mixed layer at 
a typical rate of three to four profiles per 
hour. The sensor payload includes micro-
structure probes (shear, thermistor, con-
ductivity) and accurate temperature and 
conductivity, pressure, and motion sen-
sors. Dissipation is calculated using the 
shear probe data, which requires obtain-
ing a power spectral density estimate for 
every 0.5 m, corresponding to 1,000 data 
points (Ward et al., 2014). 

Measurements from this platform 
have demonstrated how rapid changes 
in atmospheric forcing can lead to dra-
matic changes in upper ocean turbu-
lence. Figure 5 presents an example 
of dissipation data from ASIP during 

a deployment in the North Atlantic 
(Sutherland et  al., 2013). From the start 
of the data set (approximately 15:00 
local time) until 21:00, the wind speed 
is >10 m s–1 and the turbulence extends 
to about 20 m depth, which is quan-
tified using estimates of mixing layer 
depth (XLD). The wind speed suddenly 
diminishes when a low pressure system 
passes, and there is an almost immedi-
ate response in the upper ocean mixing, 
with XLD shoaling to <10 m. At about 
05:00, the center of the system moves past 
ASIP and the wind speed increases from 
4 m s–1 to 17 m s–1, causing a correspond-
ing rapid deepening of the mixing layer 
depth. Throughout this period, the signif-
icant wave height remained mostly con-
stant at approximately 2.5 m, indicating 
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attempt to incorporate a measure of 
Langmuir turbulence production (see 
McWilliams and Sullivan, 2000; Smyth 
et  al., 2002; M. Li et  al., 2005; Harcourt 
and D’Asaro, 2008; Takaya et  al., 2010; 
van Roekel et  al., 2012). These are all 
based on extensions of the KPP where 
the turbulent Langmuir number, defined 
as Lat = (u* /vS0)½, with u*  the water-side 
friction velocity and vS0 the surface value 
of the Stokes drift, is raised to some nega-
tive power, and thus a measure of the sea 
state enters the production term (Belcher 
et al., 2012, noted that the square of Lat is 
really the ratio between the Stokes pro-
duction and the shear production terms 
in the turbulence kinetic energy equa-
tion). Although this increases the mixing 
in places where models have biases today 
(such as the extra-tropics), it is a some-
what crude approach that only allows 
mixing to be increased, even when it is 
already too strong. Second moment tur-
bulence closure schemes in the vein of 
Mellor and Yamada (1982) have been 
extended to incorporate Langmuir tur-
bulence in a more direct fashion through 
a Stokes shear term (Janssen, 2012, Noh 
et al., 2016) or directly through introduc-
tion of the Craik-Leibovich vortex force 
(Harcourt 2013, 2015) in the turbulence 
closure. The impact of Langmuir tur-
bulence on the mixed layer has recently 
been investigated using global coupled 
models of the ocean and the atmosphere 

(Fan and Griffies, 2014; Q. Li et  al., 
2016, 2017). The results suggest that the 
impact is largest in the wave-rich extra-
tropics, where the sea surface tempera-
ture may change sufficiently to affect the 
atmospheric deep convection (Sheldon 
and Czaja, 2014). 

DRIFT MODELING
Some ocean circulation models 
(e.g.,  Regional Ocean Modeling System 
[ROMS], Shchepetkin and McWilliams, 
2005; Nucleus for European Modelling 
of the Ocean [NEMO], Madec et  al., 
2016) provide the possibility of comput-
ing the drift of passive tracers or parti-
cles along with the calculation of the geo-
physical fields. This is known as “online 
trajectory computations.” The most com-
mon practice, however, is to use a sep-
arate trajectory model that takes the 
output from one or more Eulerian mod-
els as input for the drift calculations. 
Whereas such “offline trajectory com-
putations” may also use a Eulerian grid 
for the computations (e.g., of concentra-
tion fields), a Lagrangian approach is by 
far the most common, where the objects 
or materials are represented by a num-
ber of discrete elements where the loca-
tion is one of possibly many properties 
to be updated during the calculations 
(see Dagestad et  al., 2018, for an over-
view). Although online trajectory com-
putations avoid the need for a separate 

model, the offline Lagrangian models 
provide several important advantages. 
For drift modeling in support of emer-
gency response (e.g.,  oil spills or search 
and rescue), calculation time is a criti-
cal factor, and results must be available 
within minutes or a few hours. Initiating 
a full three-dimensional ocean circula-
tion model is then normally not feasible, 
and would also be a waste of resources. 
Another advantage of offline calcula-
tions is the possibility of combining input 
from several different Eulerian models, 
for instance, in the case of nested sys-
tems, taking advantage of increased res-
olution near the coastline. While ocean 
currents are obviously important, most 
of the objects or substances of interest 
are situated close to or at the ocean sur-
face, where the impact of wind and waves 
might be at least as important as an ocean 
current. Thus, generally, a Lagrangian 
trajectory model would need to include 
input from an ocean model, a wave 
model, and an atmospheric model. For 
substances and small objects that are fully 
submerged (or for passive tracers), mod-
eled vertical diffusivities are also import-
ant. As the horizontal velocity has a large 
shear in the upper ocean, vertical mix-
ing has an important indirect impact on 
horizontal drift. This is well illustrated by 
the common observation of elongation of 
oil slicks in the wind direction, where oil 
that stays at the surface moves fastest in 
the downwind direction while oil that has 
been entrained and then resurfaced lags 
behind (Elliott et  al., 1986; Jones et  al., 
2016). Note that such elongation is inde-
pendent of Langmuir circulation, which 
may also lead to “banding” of oil or other 
surfactants along the wind direction.

It is normally assumed that drift trajec-
tories follow the vector sum of the ambi-
ent ocean current and the Stokes drift at 
the given depth, adding a wind drag or 
wind drift factor as a percentage of the 
wind speed, for objects that are partially 
in air. For two examples of the relative 
importance of the advective terms and 
the wind forcing, see Figure 6. For float-
ing objects that are not fully submerged, 

FIGURE 5. Data collected during a deployment of the Air-Sea Interaction Profiler (ASIP) in the North 
Atlantic on July 3, 2011. The upper panel shows the wind speed and significant wave height. The 
lower panel plots the dissipation rate (log scale) as well as estimates of the mixing layer depth (XLD) 
and mixed layer depth (MLD) using the two definitions of de Boyer Montegut et al. (2004) and Holte 
and Talley (2009), respectively.
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wind drag can be the dominant factor. 
For instance, for a life raft or small sail-
boat, the wind-induced drift (leeway) 
may be as large as 7% of the wind speed. 
Typically, the Stokes drift is implicitly 
included in the wind drift factor (Breivik 
and Allen, 2008). 

The field data used to obtain this factor 
for various objects seldom contain suffi-
cient information to assess the separate 
roles of wind drag and advection by the 
Stokes drift, with the exception of a few 
cases (e.g.,  Röhrs et  al., 2012). Even for 
objects and substances that do not extend 
above the surface (e.g.,  oil slicks), it is 
often necessary to add a wind drift fac-
tor. In practice, this addition mainly com-
pensates for the large vertical shear very 
close to the surface (Laxague et al., 2018), 
which is normally not resolved by ocean 
models with layer thicknesses of the order 
of decimeters to meters. However, empir-
ically derived wind drift factors will also 
include other factors that are not directly 
considered, for instance, the feedback 
of an oil slick on wave-induced drift 
(Christensen and Terrile, 2009), and the 
high-frequency tail of the wave spectrum 
is commonly left out when numerically 
calculating the Stokes drift (Jones et  al., 
2016). Horizontal diffusivity is typically 
introduced to obtain realistic spreading 

and uncertainty, often by adding ran-
dom perturbations (random walk) at 
each time step in Lagrangian drift mod-
els. The numerical values to use for diffu-
sivity present an open question, however, 
as diffusivity is not a property of the flow 
in general, but rather depends on which 
spatial and temporal scales are resolved 
by the input models.

CONCLUDING REMARKS
The accuracy of short-term forecasts 
of upper ocean drift velocities depends 
on many factors. We have discussed the 
importance of the upper ocean’s tran-
sient response to wind and wave forcing. 
To improve the predictions of the mean 
ocean circulation, a sensible approach 
is to put efforts into coupled modeling 
systems, observing systems, and ocean 
data assimilation (Wilkin et  al., 2017). 
Better parameterizations of upper ocean 
mixing, including wave effects, are also 
needed, and existing turbulence scaling 
does not reflect observational data (Esters 
et  al., 2018). Some model developments 
are potentially interesting, such as mov-
ing toward nonhydrostatic equations 
and including the horizontal component 
of the Coriolis force, none of which are 
commonly implemented in operational 
systems. Emphasis should nevertheless 

be on the uppermost part of the ocean, 
since this is where we find the majority 
of objects relevant to operational ocean-
ography. For drift models, it is important 
to keep the forcing from wind, waves, and 
ocean currents separate. A better under-
standing of how wind drag on floating 
objects depends on sea state is needed. 
Smaller objects are typically entirely 
within the wave zone on both sides of 
the air-water interface, and ideally we 
would like to have a more sound theo-
retical basis for the force balance on such 
objects, removing some of our depen-
dence on empirical data such as drag 
coefficients that include both direct wind 
forcing and advection by Stokes drift. 
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