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Introduction: Bottom Pressure Variability from GRACE 

D. P. Chambersand J. A. Bonin: Release-05 GRACE time-variable gravity coefficients 861

Fig. 1. Standard deviation of differences between unsmoothed OBP

from JPL ECCO and (a) JPL ECCO OBP truncated to spherical

harmonic degree/order 40 and smoothed with a 300 km Gaussian,

(b) JPL ECCO OBP truncated to degree/order 40 and smoothed

with a 500 km Gaussian, and (c) JPL ECCO OBP truncated to de-

gree/order 40 and smoothed with a 750 km Gaussian.

the combination reflects the unaliased monthly OBP that

would have been sensed by GRACE if no model was used

(Chambers and Willis, 2009).

Due to the large-scale smoothing used to extract the small

amplitude OBP variations, larger variations from land hy-

drology and ice mass loss will leak into the ocean near

the land-ocean boundary, extending out by about 500 km

(Fig. 2). In Chambers (2006), we simply masked these data

out. For the Release-04 processing, however, we used a

method first proposed by Wahr et al. (1998) to use GRACE

observations over land as a model of the land mass variabil-

Fig. 2. Standard deviation of OBP from GRACE (CSR RL05) (a)

without leakage correction and (b) with leakage correction.

ity to compute and remove the leaked signal. We could have

used output from a land hydrology model, but this has sev-

eral deficiencies. First, no global hydrology model contains

the mass losses from the ice sheets or glaciers, which are now

the largest mass fluctuations in the GRACE observations.

Second, hydrology models tend to model soil moisture and

snow fairly well, but not surface water or groundwater. Since

GRACE will observe both the ice losses and combined hy-

drology variations, it provides a better estimate of the signals

than just a hydrology model. To compute the leaked signals,

we first compute the gridded mass densities from GRACE

data with no filtering. Then we mask out ocean areas and

convert the land-only mass variations back to gravity coeffi-

cients. These are then destriped and smoothed identically to

the processing used to compute the OBP maps, and the val-

ues over the ocean are subtracted to remove the leaked sig-

nal. The method removes the majority of the leakage around

continents (Fig. 2), although there is some residual leakage

left around Greenland and the Alaskan glaciers that even this

method cannot fully reduce.

Two general ocean circulation models are also used in the

analysis. The first is a version of the MIT general circula-

tion model (Marshall et al., 1997) that is run at JPL as part

of the Estimating the Circulation and Climate of the Ocean

www.ocean-sci.net/8/859/2012/ Ocean Sci., 8, 859–868, 2012

Bonin &  
Chambers (2012) 

Bergmann & Dobslaw (2012) 

• OBP from GRACE RL05 
• leakage corrected 
• De-correlation filter 
• spatially smoothed 
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ity to compute and remove the leaked signal. We could have

used output from a land hydrology model, but this has sev-

eral deficiencies. First, no global hydrology model contains

the mass losses from the ice sheets or glaciers, which are now

the largest mass fluctuations in the GRACE observations.

Second, hydrology models tend to model soil moisture and

snow fairly well, but not surface water or groundwater. Since

GRACE will observe both the ice losses and combined hy-

drology variations, it provides a better estimate of the signals

than just a hydrology model. To compute the leaked signals,

we first compute the gridded mass densities from GRACE

data with no filtering. Then we mask out ocean areas and

convert the land-only mass variations back to gravity coeffi-

cients. These are then destriped and smoothed identically to

the processing used to compute the OBP maps, and the val-

ues over the ocean are subtracted to remove the leaked sig-

nal. The method removes the majority of the leakage around

continents (Fig. 2), although there is some residual leakage

left around Greenland and the Alaskan glaciers that even this

method cannot fully reduce.

Two general ocean circulation models are also used in the

analysis. The first is a version of the MIT general circula-

tion model (Marshall et al., 1997) that is run at JPL as part

of the Estimating the Circulation and Climate of the Ocean

www.ocean-sci.net/8/859/2012/ Ocean Sci., 8, 859–868, 2012

Bonin &  
Chambers (2012) 

• OBP from GRACE RL05 
• leakage corrected 
• De-correlation filter 
• spatially smoothed 

Annual signal: 
 
9.80±0.54 mm / 278 
days 
 
Trend: 
 
1.41±0.11 mm/yr 

Bergmann-Wolf et al. (submitted) 
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Introduction: OBP in the North Pacific 

Bingham & Hughes (2006) 

• seasonal cycle in OBP 

• low frequency variability 

Song & Zlotnicki (2008) 
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Introduction: OBP in the North Pacific 

• low frequency variability  
 related to ENSO 

Chambers (2012) 
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Introduction: OBP in the North Pacific 

(1) Dynamics of the Subpolar Gyre  
(2) GRACE RL05 OBP in the North Pacific 
(3) OBP Relation to Surface Winds: CCM experiment 
(4) OBP Relation to Surface Winds: NWP experiment 
(5) Relation to ENSO & NAM 

 

Are there any changes in OBP Characteristics in GRACE RL05 ? 
 

What is the relation of OBP changes to the prevailing surface winds ? 
 

Is OBP in the North Pacific a suitable proxy for ENSO ? 
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Dynamics of the Subpolar Gyre: Vorticity Balance  

12.4. VORTICITY AND EKMAN PUMPING 205
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Figure 12.5 T he balance of potent ial vort icity can clarify why western boundary currents are

necessary. L eft : Vort icity input by the wind ζτ balances the change in relat ive vort icity ζ in
the east as the flow moves southward and f decreases. T he two do not balance in the west

where ζ must decrease as the flow moves northward and f increases. R ight : Vort icity in the

west is balanced by relat ive vort icity ζb generat ed by shear in the western boundary current .

12.4 Vor t ici t y and Ekman Pumping

Rotat ion places another very interest ing constraint on the geostrophic flow

field. To help understand the constraints, let ’s first consider flow in a fluid

with constant rotat ion. Then we will look into how vort icity constrains the

flow of a fluid with rotat ion that varies with lat itude. An understanding of the

constraints leads to a deeper understanding of Sverdrup’s and Stommel’s results

discussed in the last chapter.

F luid dynamics on t he f Plane: t he Taylor -Pr oudman T heorem The

influence of vort icity due to earth’s rotat ion is most st riking for geost rophic flow

of a fluid with constant density ρ0 on a plane with constant rotat ion f = f 0.

From Chapter 10, the three components of the geostrophic equat ions (10.4) are:

f v =
1

ρ0

∂p

∂x
(12.13a)

f u = −
1

ρ0

∂p

∂y
(12.13b)

g = −
1

ρ0

∂p

∂z
(12.13c)

and the cont inuity equat ions (7.19) is:

0 =
∂u

∂x
+

∂v

∂y
+

∂w

∂z
(12.13d)

Taking the z derivat ive of (12.13a) and using (12.13c) gives:

− f 0

∂v

∂z
= −

1

ρ0

∂

∂z

∂p

∂x
=

∂

∂x
−

1

ρ0

∂p

∂z
=

∂g

∂x
= 0

f 0

∂v

∂z
= 0

∴
∂v

∂z
= 0

202 CHAPTER 12. VORTICITY IN THE OCEAN

Subst itut ing this into (12.5) gives:

D

Dt
(ζ + f ) −

(ζ + f )

H

DH

Dt
= 0

which can be writ ten:
D

Dt

ζ + f

H
= 0

The quant ity within the parentheses must be constant . It is called potential

vorticity Π. Potent ial vort icity is conserved along a fluid trajectory:

Potent ial Vort icity = Π ≡
ζ + f

H
(12.9)

For baroclinic flow in a cont inuously strat ified fluid, the potent ial vort icity

can be writ ten (Pedlosky, 1987: §2.5):

Π =
ζ + f

ρ
·∇ λ (12.10)

whereλ is any conserved quant ity for each fluid element. In, part icular, if λ = ρ

then:

Π =
ζ + f

ρ

∂ρ

∂z
(12.11)

assuming the horizontal gradients of density are small compared with the vert i-

cal gradients, a good assumpt ion in the thermocline. In most of the interior of

the ocean, f ζ and (12.11) is writ ten (Pedlosky, 1996, eq 3.11.2):

Π =
f

ρ

∂ρ

∂z
(12.12)

Thisallowsthepotent ial vort icity of various layersof theocean to bedetermined

direct ly from hydrographic data without knowledge of the velocity field.

12.2 Conservat ion of Vor t ici t y

The angular momentum of any isolated spinning body is conserved. The

spinning body can be an eddy in the ocean or the earth in space. If the the

spinning body isnot isolated, that is, if it is linked to another body, then angular

momentum can be transferred between the bodies. The two bodies need not

be in physical contact . Gravitat ional forces can transfer momentum between

bodies in space. I will return to this topic in Chapter 17 when I discuss t ides in

the ocean. Here, let ’s look at conservat ion of vort icity in a spinning ocean.

Frict ion is essential for the transfer of momentum in a fluid. Frict ion t rans-

fers momentum from the atmosphere to the ocean through the thin, frict ional,

Ekman layer at the sea surface. Frict ion transfers momentum from the ocean

to the solid earth through the Ekman layer at the sea floor. Frict ion along the

sides of sub-sea mountains leads to pressure differences on either side of the

mountain which causes another kind of drag called form drag. This is the same

drag that causes wind force on cars moving at high speed. In the vast interior

of the ocean, however, the flow is frict ionless, and vort icity is conserved. Such

a flow is said to be conservative.

Stewart (2008) 

• surface winds climatology 

• ocean gyre circulation 
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(2) OBP from GRACE GFZ RL05 

• GRACE GSM+GAC, DDK3, Leakage removed (300km) 
• 2003 - 2012  
• de-trended, de-seasonalized, multi-year mean removed 
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(2) OBP from the CCM experiment 

• CESM v1.02 from NCAR, 20th century run, no antropogenics 
• 1965 - 2100  
• de-trended, de-seasonalized, multi-year mean removed 
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(2) OBP from the NWP experiment 

• OMCT (AOD1B RL04), forced with ERA Interim 
• 1989 - 2012  
• de-trended, de-seasonalized, multi-year mean removed 
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(3) OBP relation to surface winds in CCM experiment 

(1) EOF de-composition of the surface pressure (and thus the surface winds) 
(2) Multiple linear regression to CCM OBP 
(3) Reconstruction of CCM OBP from CCM surface pressure 
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(3) OBP relation to surface winds in CCM experiment 

(1) EOF de-composition of the surface pressure (and thus the surface winds) 
(2) Multiple linear regression to CCM OBP 
(3) Reconstruction of CCM OBP from CCM surface pressure 

correlation: 0.89 
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(4) OBP relation to surface winds in NWP experiment 

(1) keep EOF’s from CCM experiment 
(2) project NWP surface pressure on EOF’s to obtain new PC’s 
(3) Reconstruction of NWP OBP from CCM EOF’s and the new PC’s 
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(4) OBP relation to surface winds in NWP experiment 

(1) keep EOF’s from CCM experiment 
(2) project NWP surface pressure on EOF’s to obtain new PC’s 
(3) Reconstruction of NWP OBP from CCM EOF’s and new PC’s 

• correlation with OMCT: 0.79 
• correlation with GRACE: 0.70 
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(5) CCM & NWP experiments: relation of OBP to ENSO 

(1) calculate Nino3.4 indices from CCM & NWP experiments 
(2) calculate composite mean differences for OBP and surface pressure 

CCM 
winds 

NWP 
winds 

CCM 
OBP 

NWP 
OBP 
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(5) CCM & NWP experiments: relation of OBP to NAM 

(1) calculate NAM indices from CCM & NWP experiments 
(2) calculate composite mean differences for OBP and surface pressure 

CCM 
winds 

NWP 
winds 

CCM 
OBP 

NWP 
OBP 
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Wrapping Up… 

 

Are there any changes in OBP Characteristics in GRACE RL05 ? 
 

What is the relation of OBP changes to the prevailing surface winds ? 
 

Is OBP in the North Pacific a suitable proxy for ENSO ? 
 

Petrick et al. (2013), Ocean Bottom Pressure Variations in the 
North Pacific in Response to Time-Variable Surface Winds, 
submitted to J. Geophys. Res. 


