
What is pressure?



Pressure: Force per unit Area
Energy per unit Volume



Vectors (have direction and “components”):

Position with components East (x), North (y), Vertical (z)

Velocity with components East (u), North (v), and Vertical (w)

Force with components East (Fx), North (Fy), and Vertical (Fz)

Pressure Gradient with components

in x-direction: pressure change in x-direction
in y-direction: pressure change in y-direction
in z-direction: pressure change in z-direction

Scalars (do not have direction or “components”):
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Balance of Forces (Newton, 1687):

Sum of Applied Forces = Mass * Acceleration

acceleration is the time rate of change of velocity
velocity is the time rate of change of location

Calculus



Balance of Forces (Newton, 1687):

Sum of Applied Forces = 0
Force1 + Force2 = 0

Simple Example:
(acceleration=0)

Force1: Gravity

Force2: Pressure Difference (gradient) High P

Low P



Mermaid Movie



Balance of Forces (Newton, 1687):

Sum of Applied Forces = mass*acceleration
Force2 = mass*acceleration

Simple Example:
(acceleration≠0)

Force2: Pressure Difference (gradient)

High P

Low P

South Pole

Equator



Balance of Forces (Newton, 1687):

Sum of Applied Forces = mass*acceleration
Force2+Force3 = mass*acceleration

Example:
(Coriolis)

Force2: Pressure Difference (gradient)

High P

Low P

South Pole

Equator
Force3: Coriolis 



Sum of Applied Forces = mass*acceleration

Force1 + Coriolis Force = 0

High Press.

Low Press.

Distance
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Coriolis Force
is to the right
of the velocity 
north of equator



Sum of Applied Forces = mass*acceleration
Force1 + Coriolis + Force3 = 0

Force1: Pressure Gradient
Force2: Coriolis 
Force3: Friction 
1+2 = Geostrophic Dynamics
2+3 = Ekman Dynamics
1+2+3 = Wind-Driven Circulation



Frictional Shearing Stress + Rotation: Ekman Spiral



http://secoora.org

Frictional Shearing Stress + Rotation: Mass Transport:



Movie Excerpts from

1957/58 Station Alpha Drift



608 K~'~t~rH HUNKtNS 

, I o .  

Fig. 1. Drift track of Station Alpha between 5/1/58 and 9,/5/58. Barred lines indicate periods 
of equilibrium drift. 

floe. Celestial navigation which was used to track the drift, is particularly accurate 

on an ice floe which is steady enough to support a theodolite with bubble levels. 

Although overcast was frequent, daily fixes were obtained whenever possible. Three 

lines of position were usually plotted for each fix to establish a triangle of error. 

The average radius of a circle inscribed within the triangles of error for the fixes used 

here was 0.3 nautical miles [0.56 km]. 

S T E A D Y - S T A T E  C O N D I T I O N S  

Only current profiles taken under approximately steady conditions are considered 

here since not enough profiles were taken to describe transient conditions properly. 

Completely-steady conditions are probably rarely achieved under natural conditions 

where winds change direction and speed rapidly. However, adjustment should be 

nearly complete within the period of an inertial oscillation which is about 12 hr 

at these latitudes and steady winds for 12 hr or longer should produce approximately 

steady motion. 

Thirteen drift periods with nearly constant winds and steady drift between fixes 

were selected for this study (Table 1). 

To provide a criterion for the selection of steady drifts, the following conditions 

were selected : (1) the radius of curvature of the track must be greater ttian 15 kin, 

(2) the ice drift must vary by less than a factor of 2 in the course of a day, (3) wind 

direction must change by less than 90 ° , and (4) the drift track must be longer than two 
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Ekman drift currents in the Arctic Ocean 613 

similar. The currents for these six drift periods were averaged vectorially to smooth 

the data, eliminating random effects of slightly unsteady conditions. The mean 

currents shown in Fig. 6 form a regular descending spiral. 
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Fig. 6. Mean current hodograph for drift equilibrium periods 8-13. Numbers refer to depths in 
meters below the base of  the ice. 

C U R R E N T  S P I R A L  T H E O R Y  

The original theory of wind-driven currents by Ekman assumes equilibrium 

conditions, horizontal uniformity and constant eddy viscosity. For a surface stress 

in the direction of the y-axis, the currents are given by the equations 

u = V0 e "~ cos (45 ° - a~), 

v --- V0 e -~¢. sin (45 ° - a~3, 

where u, v = velocity components in the x, y directions; ~ = depth, taken as positive 

downwards; V0=  absolute current at the surface; a = +-v/[(~o s in~) /k] ;  o~ = 

angular velocity of the earth; ~b = latitude; and k = coefficient of kinematic eddy 

viscosity. 

These equations describe currents which deviate 45* to the right of the wind at 

the surface in the northern hemisphere. The deviation angle increases uniformly 

with depth. The hodograph of the current vectors projected on a horizontal surface 

describes an equiangular spiral. At some depth the current flows in the direction 

opposite to the surface current. This depth, D ---- =/a, is taken as the depth of 

frictional influence. 

Near boundary surfaces such as the ice, turbulent exchange is suppressed and 

eddy viscosity much reduced. The Ekman theory may be modified to approximate 

Beaufort Sea 1958 --> First observed Ekman Spiral

Hunkins (1966)
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this situation by the addition of a surface boundary layer. TAYLOR (1916) indepen- 

dently used such an interpretation to successfully describe winds in the lower layers 

of the atmosphere. 

E%~*,AN (1928) has also described the use of a boundary layer and a spiral layer to 

describe geophysical flows. This interpretation successfully describes the ocean 

current spiral described here. 

The observed current spiral of Fig. 6 is compared in Fig. 7 with a theoretical 

curve for a boundary layer, and a spiral layer with D = 18 m. 
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Fig. 7. Comparison between mean observed hodograph for periods 8-13 (solid line and circles) 
and theoretical curve for surface boundary layer and Ekman layer with D = 18 m (dotted line 

and open circles). Numbers refer to depths in meters below the base of the ice. 

The relatively straight portion, V~, of the curve represents currents in the boundary 

layer in wkich the stress is constant in direction and magnitude. The exact thickness 

of the boundary layer cannot be determined from these measurements but it is cer- 

tainly less than two meters and probably less than one-meter thick. Thus, the fact 

that the observed depths refer to the base of the ice and the theoretical depths refer 

to the lower side of the boundary layer should not lead to serious discrepancies 

when comparisons are made. The uppermost current, V0, of the spiral layer deviates 

45 ° from the stress in the boundary layer. This constraint determines I~,. from the 

observations. Applying the law of sines to the triangle formed by Vo, V~ and V,, 

we have V,------ 11( (cos ~ -  sin ~), where V( is the ice velocity and ~ is the angle 

Beaufort Sea 1958 --> First observed Ekman Spiral

Hunkins (1966)
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c. Heat flux parameterizations

A frequently used heat flux parameterization is based
on the turbulent momentum flux and the deviation from
the freezing temperature:

hu0w0i5CHu*(hui2 uf ) , (5)

where CH is the heat transfer coefficient, and uf is the
freezing temperature (McPhee 1992; McPhee et al.
2003). To evaluate the parameterization, heat flux
and friction velocity at 6-m depth are considered. The
freezing temperature is calculated using the mean
pressure and salinity over each 40-min record. Because
salinity affects the freezing temperature, salinity fluxes

FIG. 4. Velocity statistics in local ice coordinates. Eachwind, ice, and
ocean velocity observation was rotated into a coordinate system with
ice velocity oriented northward (08). The direction of (a) the rotated
surface wind vs wind speed and (b) the rotated 7-m ocean velocity vs
7-m ocean speed. Red lines show the median directions of 2288 for
wind speeds greater than 3ms21 in (a) and 358 for ocean speeds greater
than 0.05ms21 in (b). Positive angles are to the right of the ice di-
rection. (c) The mean profile for ocean speeds greater than 0.05ms21

with mean wind velocity (6.8m s21) in magenta, mean ice velocity
(0.13m s21) directed northward in black, and mean ocean velocity
estimates at 1-m depth intervals in color, starting at 7-m depth.

FIG. 5. Ekman depth estimates from (1). (a) Example profile on
22 Oct 2009 with an Ekman depth of 19m. Total velocity magni-
tude (thin dark gray), Ekman velocity magnitude after removing
the reference velocity (thick light gray), and the best-fit Ekman
velocity magnitude (black) are shown. (b) Probability distribution
function (PDF) of Ekman depth with corresponding viscosities
indicated. Only the 90% of profiles for which the velocity magni-
tude decayed with depth are included. The median depth of 11m
(dashed) is shown.
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Beaufort Sea 2009 --> Modern Ekman Spiral Observations

Cole et al. (2014)
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estimates that did not balance the mean surface wind
stresses, although these current spirals were still useful
for testing the reference depth choice.
The observed Drake Passage Ekman currents decay

in amplitude with depth and spiral anticyclonically at
depths below 26 m (Figs. 3 and 4a). Ageostrophic cur-
rents calculated using reference depths of 90 and 116 m
(not shown) either did not resolve the full vertical
structure of the Ekman currents or resulted in a reversal
in the direction of rotation of the currents at the deepest
level. To test the variation of the optimum reference
depth with latitude, mean ageostrophic currents calcu-
lated from ADCP profiles sorted by latitude were used
to locate the current spiral depths. The optimum ref-
erence depth appears to be independent of latitude and
a constant 98 m across the Drake Passage region, lo-
cated just above the base of the annual mean mixed
layer at 120 m (Lenn et al. 2007; Sprintall 2003). In this
regard, the Drake Passage Ekman layer depth differs
from other directly observed Ekman layer depths at low-
to-midlatitudes where Ekman spirals were observed to
penetrate well below the mixed layer (e.g., Price et al.
1987; Chereskin and Roemmich 1991; Wijffels et al.

FIG. 2. Comparison of the magnitude of the cross-track component of (a) 5-yr mean geo-
strophic shear (thick solid line) and section-averaged shear in the geostrophic velocities (dotted
lines) relative to 800 m inferred from the Drake Passage XBT/XCTD surveys; (b) 5-yr mean
ADCP shear (thick solid line), section-averaged ADCP shear (dotted lines) from the XBT
surveys and the 5-yr mean geostrophic shear (thick gray line).

FIG. 3. Quiver plot of observedmean Ekman currents calculated
from mean ADCP velocities relative to 98 m. Alternate depths of
the Ekman currents are marked and the NCEP (dashed dark gray
line), IFR/CER (dashed light gray line), blended (solid dark gray
line), and COAPS (solid light gray line) mean wind stresses are
shown; the magnitudes of the wind stresses are listed in units of
N m22 in parenthesis in the legend. Standard error ellipses are
plotted at the tip of each current vector.
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Drake Passage 2004 --> Modern Ekman Spiral Observations

Lenn and Chereskin (2009)
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Frictional Shearing Stress + Rotation: Mass Transport:



Poll12_1:

How does the wind stress
create pressure gradients?



undisturbed
sea level

h

pressure @H = pressure @G + 
𝜌*g*h

= pressure @J  
+ 𝜌*g*h

𝜌 is ocean density (kg/m3)
g is constant of gravity (m/s2)

Fig. 8.5

How to create a High pressure center in the the ocean?
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1. Divergent Ekman Transport

2. Low Pressure Center
3. Geostrophic Circulation
“+” into page, “–” out of page

4. Upwelling (Ekman Pumping)

Fig. 8.11

Ekman Divergence

Ekman Convergence



FWC variability at seasonal to decadal timescales. We
investigate basin-scale mechanisms regulating FWC in the
BG area using measurements from the 2000s obtained by
the BG Exploration Project and by drifting Ice-Tethered
Profilers (ITPs), historical observations from the 1950s to
the 1980s from Timokhov and Tanis [1997, 1998], and data
collected in the 1990s by different national and international
expeditions. Section 2 describes the data sources and our
methodology of FWC estimation from the historical gridded
and bottle data, and from conductivity-temperature-depth
(CTD) profiles (shipboard, moored profilers and profiles
from drifting buoys). FWC variability on seasonal, interan-
nual and decadal timescales is analyzed in sections 3 and 4.
Major findings are summarized in section 5.

2. Study Area, Methods, and Data Sources

[11] To facilitate temporal comparisons of BG integral
parameters, we define the Beaufort Gyre Region (BGR) in
terms of the climatologic location of the gyre as bounded by
70.5!N to 80.5!N and 130!W to 170!W (Figure 1). FWC

calculations were carried out for this region at grid points
having total depths greater than 300 m.

2.1. Freshwater Content Calculations

[12] Freshwater content (liquid) (FWCL) (m) in the ocean
is calculated as

FWCL !
Zz1

z2

Sref " S z# $% &
Sref

dz; #1$

where the z axis is defined as positive up with the surface
z = 0. The reference salinity, Sref is taken as 34.8; S(z) is the
salinity of the water at depth z. We take z2 as the depth level
where S(z) = Sref while z1 defines the upper level of the
FWCL integrations. For total water column FWCL, z1 = 0.
Change in FWCL is thus a measure of how much liquid
freshwater has accumulated or been lost from the ocean
column bounded by the 34.8 isohaline and z = z1. (See
Aagaard and Carmack [1989], Carmack [2000], and
Carmack et al. [2008] for details on the significance of the
reference salinity in the analysis of FWCL.)

Figure 1. Climatology of freshwater content in the Arctic Basin (shown in colors). Solid lines depict
mean 1950–1980 salinity at 50 m. Freshwater content is calculated relative to salinity 34.8 on the basis of
1950–1980 data from Timokhov and Tanis [1998] averaged for all decades. The Beaufort Gyre Region
(BGR) is bounded by thick dashed blue lines.
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Why is it there?

What does it do?



Adapted from Gill (1982)

Shearing Stress
+
Rotation
+
Time Dependence:

Observations
Start

End



http://paoc.mit.edu/labweb/lab9/gfd_9.htm
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