
Journal of Geodetic Science
• 1(3) • 2011 • 271-279 DOI: 10.2478/v10156-011-0005-z •

Crustal Deformation due to Atmospheric
Pressure Loading in New Zealand
Research article

Vladislav Gladkikh, Robert Tenzer∗† , Paul Denys

National School of Surveying, Division of Science, University of Otago, 310 Castle street, Dunedin, New Zealand

Abstract:

We investigate atmospheric pressure loading displacements in New Zealand using global and regional air-pressure data collected over

a period of 50 years (1960-2009). The elastic response of the Earth to atmospheric loading is calculated by adopting mass loading Love

numbers based on the parameters of the Preliminary Reference Earth Model (PREM). The ocean response to atmospheric loading is

computed utilising a modified inverted barometer theory. The results reveal that the atmospheric loading vertical displacements are

typically smallest along coastal regions, while gradually increasing inland with the maximum peak-to-peak displacement of 13.1 mm for

this study period. In contrast, the largest horizontal displacements are found along coastal regions, where the maximum peak-to-peak

displacement reaches 2.7mm. The vertical displacements have a high spatial correlation, whereas the spatial correlation of the horizontal

displacement components is much smaller. A spectral decomposition of the atmospheric loading time series shows that the signal is a

broad band with most energy between 1 week and annual periods, and with a couple of peaks corresponding to approximately annual

forcing and its overtones. The largest amplitudes in the atmospheric loading time series have an annual and semi-annual period.
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1. Introduction

Displacementǎ of the Earth’s surface and changes in the Earth's

gravity field induced by surface loads are computed using the

theory of Farrell (1972). According to his theory, the loading dis-

placements are computed through the integral convolution of the

surface load expressed by means of the surface pressure and with

appropriate Green's functions. van Dam andWahr (1987) were the

first who utilised the method of Farrell (1972) in computing the

atmospheric loading displacements using the local air-pressure

data provided by the U.S. National Meteorological Center (NMC).

They found that the peak-to-peak vertical displacements due to

∗E-mail: Robert.Tenzer@otago.ac.nz, Phone : +64 3 479 7592, Fax : +64 3 479
7586
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atmospheric loading could be as large as 15 to 20 mm. They also

observed that the displacements are generally larger at higher

latitudes and during the winter season. Their results showed that

taking only air-pressure variations in the vicinity of observation

points into consideration is not sufficiently accurate for computing

the atmospheric loading. Instead, the regional air-pressure data

from at least the surrounding 1000 km are necessary (given the

present level of the accuracy of geodetic measurements). The at-

mospheric loading displacements were detected from the analysis

of VLBI and GPS data by MacMillan and Gipson (1994), van Dam

and Herring (1994), and van Dam et al. (1994). Manabe et al. (1991)

calculated the vertical atmospheric loading displacements for

a number of VLBI stations using global air-pressure data provided

by the JapaneseMeteorological Agency Global Objective Analysis.

Petrov and Boy (2004) presented a procedure for computing the

3-D crustal deformations due to atmospheric loading using the

global air-pressure data (collected with a 6 hour sampling interval)
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provided by the National Centre for Environmental Prediction -

National Centre for Atmospheric Research (NCEP/NCAR; formerly

NMC) of the National Oceanic and Atmospheric Administration

(NOAA). They compared the atmospheric loading time series with

a data set of 3.5million VLBI observations between 1980 and 2002.

They also developed software for computing the displacements,

and established an online Atmospheric Pressure Loading Service,

where the loading time series for a large number of VLBI, SLR,

GPS, and DORIS stations, as well as the atmospheric loading data

with a global coverage on a 2.5×2.5 arc-deg geographical grid

(updated daily) are made available since 1976.

The analysis of atmospheric pressure loading aswell as other time-

variable signals due to ocean-tide loading, post-glacial isostatic

adjustment, variations in the pole position, soil moisture, snow

cover, etc. (cf. e.g., Heki 2004) is done in the context of varioushigh-

accuracy geoscience applications, such as the estimation of crustal

displacementsandabsolute sea level riseusing thecontinuousGPS

and tide-gauge data. In this study, we compute and investigate

atmospheric loading displacements in New Zealand. We note

that the analysis of GPS and tide-gauge data corrected for the

aforementioned signals will be addressed in a forthcoming study.

The method of computing the atmospheric loading is briefly

reviewed in Section 2. The input data description and the results

of numerical analysis are shown and discussed in Section 3. In

particular, we investigate themaximum crustal displacements due

to atmospheric loading in New Zealand over the study period

of 50 years, the spatial correlation of the horizontal and vertical

displacements, and the spectral characteristics of the atmospheric

loadingsignal. Thesummaryandconclusionsaregiven inSection4.

2. Methodology

The crustal displacement u at a position (φ, λ) and time t is
computed as the integral convolution of the atmospheric surface

load µ and Green's functionG in the following form (Farrell 1972)

u (φ, λ, t) = ∫∫
Ω′∈Ω0

G (ψ) µ (φ′, λ′, t) S (α) dΩ′, (1)

where dΩ′ = cosφ′ dφ′ dλ′ is the infinitesimal surface element

on the unit sphere, and Ω0 denotes the full solid angle. The 3-D

position (r, φ, λ) is defined in the coordinate system of which the

origin coincides with the solid Earth centre of mass as defined in

Farrell (1972); r is the radius, and Ω = (φ, λ) denotes the pair of

spherical coordinates with the spherical latitude φ and longitude

λ. The system of polar spherical coordinates (α, ψ) is described by

the spherical distanceψ and azimuth α . The azimuth is measured

counter clockwise from the southern direction. The north (east)

horizontal displacement component is considered positive if the

observation point moves in the north (east) direction. When there

is an increase of pressure at a point located to the north (east) from

the observation point, the observation point moves in the north

(east) direction towards the loading point. However, when the

(negative) Green's function and the (positive) pressure increase are

multiplied in the convolution integral, their product has a negative

sign. The factor S in Eqn. (1) for the horizontal displacement is

then multiplied by−1. The vertical displacement is positive if the

observation point moves upwards. These considerations result

in the following definition of the factor S : S (α) = 1 for the

vertical displacement, and S (α) = cosα and S (α) = − sinα
for the north and east components of the horizontal displacement,

respectively. Green's function G in Eqn. (1) defines the elastic

response of the Earth to atmospheric loading. The atmospheric

loading vertical displacements are defined using Green's function

Gv in the following form (Farrell 1972)

Gv (ψ) = R
M

∞∑
n=0 h′nPn (cosψ). (2)

The Green's function Gh for describing the corresponding hori-

zontal displacements reads (ibid.)

Gh (ψ) = R
M

∞∑
n=1 l′n ∂Pn (cosψ)

∂ψ . (3)

In Eqns. (2) and (3),R is the Earth'smean radius,M is the totalmass

of the solid Earth (i.e., excluding theatmosphere andocean),Pn are
the Legendre polynomials of degree n for the argument of cosine

of the spherical distance ψ , and h′n and l′n are the mass loading

Love numbers defined for a particular model of the Earth (typically

for the Preliminary Reference EarthModel (PREM); Dziewonski and

Anderson 1981).

Farrell (1972) assumed that the loading mass distribution can be

approximatedby a thin layer at the Earth's surface. Guoet al. (2004)

showed that this approximation also works for atmospheric pres-

sure loading. They also calculated accurately the numerical values

of Green's functionsGvandGh adopted in this study.

When computing the atmospheric loading, the loading mass

corresponds to the mass of the air-column at a position (φ′, λ′)
and time t. The atmospheric surface load µ is then defined by (see

e.g., Petrov and Boy 2004)

µ
(
φ′, λ′, t

) = δP (φ′, λ′, t)
g0 , (4)

where δP is the local variation of atmospheric pressure, and g0
is the adopted mean value of gravity at the Earth's surface. At-

mospheric pressure variations cause changes of the sea surface

topography, which further deform the Earth's crust. Wemodel the

ocean response to the atmospheric pressure load variations using

the theory of inverted barometer modified to account for the con-

servation of the oceanic mass (e.g., Petrov and Boy 2004, van Dam
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et al. 1994). The standard inverted barometer theory is formulated

based on the assumption that the sea surface depresses statically

under the atmospheric pressure load by 1 cm for each 1 mbar

of air-pressure exceeding the average air-pressure over the world

ocean (Smith 1979, see also Lambeck 1980). Under this assump-

tion, atmospheric pressure load variations at the ocean surface

do not propagate through the ocean mass and consequently the

ocean bottom surface does not experience any fluctuations in

pressure loading. To account for a conservation of the total ocean

mass, the inverted barometer theory is modified in the following

way: If there is a net air-pressure change above the oceans, the

ocean bottom surface at any point experiences the same pressure

δP0 equal to the average variation of atmospheric pressure over

the world ocean. Hence (e.g., van Dam and Wahr 1987)

δP0 (t) = ∫∫
Ω′∈ΩOcean δP (φ′, λ′, t) dΩ′∫∫

Ω′∈ΩOcean dΩ′ , (5)

where ΩOcean denotes the surface of the world ocean. Inserting

Eqns. (4) and (5) to Eqn. (1), the loading integral is rewritten as (van

Dam and Wahr 1987)

u (φ, λ, t) = 1
g0

∫∫
Ω′∈ΩLand

G (ψ) δP (φ′, λ′, t) S (α) dΩ′

+δP0 (t)
g0

∫∫
Ω′∈ΩOcean

G (ψ) S (α) dΩ′, (6)

where ΩLand denotes the total land surface. The loading integral

in Eqn. (6) consists of the land and ocean surface terms. The

relative magnitudes of these two terms depend on the distance

of the observation point from the coastline and the coastline

configuration. When the observation point is far from the ocean

the first term in Eqn. (6) becomes dominant, and vice versa. The

situationbecomesmorecomplicatedatobservationpoints located

in the close proximity of the complex coastline due to the fact that

temporal variations of these two integral termsmight not correlate

with each other. This is discussed in detail in Section 3.

According to both Chelton and Enfield (1986) and Ponte et al.

(1991), the inverted barometer theory is likely to be a good

approximation at periods of a few days to a few years. However,

it does not describe the ocean response correctly over shorter

time periods (van Dam and Herring 1994). Using polar motion

data, Eubanks et al. (1985) concluded that the inverted barometer

theory also may not work accurately in the southern ocean. We

note that it is not yet known how well the inverted barometer

theory is applicable to the region of New Zealand.
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Figure 1. The atmospheric loading time series over the 1-year period
of 2009 at the tide-gauge station in Dunedin. The displace-
ment components: Vertical (top), North (middle), and East
(bottom).

3. Numerical Analysis

Tocomputethenear-zonecontributiontoatmospheric loading,we

usedair-pressuredatageneratedona15×15arc-mingeographical

grid within the study area of New Zealand (bounded by 34◦ -- 48◦S

and 166◦ -- 180◦E) from the UV Atlas (version 2.2) compiled by

the National Institute of Water and Atmosphere Research (NIWA).

The air-pressure data product in the UV Atlas was prepared by

Bodeker et al. (2006). We computed the far-zone contribution

to atmospheric loading using the NCEP/NCAR global data of

air-pressure with a spatial resolution of 2.5×2.5 arc-deg. The

atmospheric loading was computed over the study period of 50

years (1960-2009)witha6hoursampling interval. Thecomputation

of the vertical and horizontal displacements was realised on a 5×5
arc-min geographical grid of points in New Zealand. In addition,

the atmospheric loading time series were computed at the tide-

gauge stations in Dunedin, Lyttelton, Wellington, and Auckland.

The variations of atmospheric pressure δP over the land surface in

eqn. (6) were calculated relative to the mean value of atmospheric

pressure taken over the whole study period using the monthly

global average NCEP/NCAR data. The example of the atmospheric

loading time series over the1-year periodof 2009at the tide-gauge

station in Dunedin is shown in Fig. 1.

To analyze the spatial distribution of the largest variations in

vertical and horizontal displacements, we computed the Root

Mean Square (RMS) for each component of displacementuRMS as

follows

uRMS (φ, λ) =
√√√√ 1
N

N∑
i=1 u

2 (φ, λ, ti), (7)

where { ti : i = 1, 2, ..., N }, and N is the total number of

time sampling data over the study period. The spatial distribution
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Figure 2. The RMS of atmospheric loading displacements in New
Zealand over the study period: (a) Vertical, (b) North, and
(c) East component.

(a)

(b)

(c)

Figure 3. The linear spatial correlation of atmospheric loading in New
Zealand calculated relative to the atmospheric loading time
series at the tide-gauge station in Dunedin: (a) Vertical, (b)
North, and (c) East component.
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of RMS values of the vertical and horizontal atmospheric loading

displacements in New Zealand is shown in Fig. 2. The atmospheric

loading displacements are defined positive in the upward, north,

and east directions. The maximum range of vertical displace-

ments reached 13.1 mm. The corresponding maximum range of

horizontal displacements reached about 2.7 mm (for the north

component) and 2.2 mm (for the east component). As seen from

the spatial distribution of RMS values (in Fig. 2), the atmospheric

loading vertical displacements are typically smallest along coastal

regions, while gradually increasing inland. On the other hand, the

largest horizontal displacements are found along coastal regions,

with decreasing amplitudes inland. This can be explained by sym-

metry considerations. For auniform (axially symmetric) air pressure

change in the region of a site, the vertical displacement response

has the same sign from each load component. At a near-coast site,

where the ocean contribution to the load is reduced because of

the inverted barometer response, the vertical response is less than

if observed at an inland site. For a uniform (axially symmetric) air

pressure change in the region of a site, the horizontal displace-

ment response is zero, because the loads from opposite directions

cancel out. At a near-coast site, the ocean loading contribution

is less than the land contribution and hence there is a non-zero

horizontal displacement response.

Given the theoretical framework in which we do this study, the

loading signal is determined by two factors, namely the geo-

graphical distribution of atmospheric pressure and the coastline

geometry. If the atmospheric loading signals at different sites are

linearly correlated, it means that the atmospheric pressure distri-

bution is the major factor. If this correlation is small, the geometry

of coastlines plays a major role. The spatial correlation of atmo-

spheric loading inNewZealand isdemonstrated inFig. 3,where the

correlation of atmospheric loading at all observation points was

calculated relative to the atmospheric loading time series at the

tide-gauge station in Dunedin. The correlation of vertical displace-

ments gradually decreases with an increasing distance (mainly in

the south-north direction). The lowest correlation is at the upper

North Island, where the linear correlation decreases to about 0.7.

The spatial correlation of horizontal displacements has a different

pattern. The large positive correlation along the east coast of the

South and North Islands substantially decreases inland and even

becomes negative along some parts of the west coast. The vertical

displacements are thus highly spatially correlated, whereas the

spatial correlation of the horizontal displacement components is

much smaller. This demonstrates that the vertical displacements

are mostly determined directly by the geographical atmospheric

pressure distribution. On the other hand, the numerical values of

the horizontal displacement Green's function Gh (in Eqn. 3) are

smaller than the corresponding values of the vertical displacement

Green's functionGv (in Eqn. 2), making the relative contribution of

the coastline geometrymore substantial. The horizontal responses

on the east and west coasts are anti-correlated. This happens be-

cause when the load over the land is positive, coastal points will
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Figure 4. The power spectral density of the atmospheric loading
time series (vertical component) at the tide-gauge station
in Dunedin. Vertical dotted lines correspond to the annual
and semi-annual frequencies.

be pulled inland towards the load. When the load over the land is

negative, coastal points will be pushed away from the load.

We further computed the autocorrelation function and the power

spectral density of the atmospheric loading time series. It is worth

noting that the autocorrelation function provides information

about the internal coherence of different parts of the signal,

and the power spectral density gives the power per unit frequency

interval. Theexampleofa typicalpower spectraldensity, calculated

at the tide-gauge station in Dunedin, is shown in Fig. 4. The power

density increases with decreasing frequency with most of the

energy distributed for wavelengths longer than 1 week. The

power spectral density has four distinct peaks, corresponding to

the semi-diurnal, diurnal, semi-annual, and annual oscillations.

The amplitudes of these peaks differ from place to place. The

spatial distribution of the semi-annual to annual peak ratio is

shown in Fig. 5. This ratio is important because it determines the

shape of characteristic oscillations in the autocorrelation function.

The autocorrelation function of displacements decreases from 1

at t = 0 and then oscillates with the annual and semi-annual

periods. The actual form of these oscillations is determined by

relative amplitudes of the annual and semi-annual signals.

As seen in Fig. 5, the annual signal for the vertical and east

displacements is stronger than the semi-annual signal (the semi-

annual to annual peak ratio in the power spectral density function

is everywhere<1). In contrary, the semi-annual signal for thenorth

displacements has significantly higher amplitudes. We attribute

this behaviour to the shape of New Zealand. Two examples of

the autocorrelation functions computed at Lyttelton and North

Cape are shown in Fig. 6. These locations were chosen where

the semi-annual/annual peak ratio reaches its maximum (36.7)

and minimum (0.8). In places where this ratio is small (<1),

the north displacements oscillate similarly to the vertical and
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(a)

(b)

(c)

Figure 5. The spatial distribution of the semi-annual/annual peak ra-
tio: (a) Vertical, (b) North, and (c) East component.
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Figure 6. The linear autocorrelation coefficients of the atmospheric
loading signal for (a) Lyttelton and (b) North Cape. The
displacement components: Vertical (top), North (middle),
and East (bottom).

east displacements with the presence of slight distortions. In

places where this ratio is >1, the autocorrelation function of the

north displacements oscillates twice as fast as the autocorrelation

function of the vertical and east displacements. The annual and

semi-annual signals are presented in the autocorrelation function

and also as peaks in the amplitude spectra, because they are

coherent from year to year. This means that their energy keeps

adding to the same line in the spectrum.

The amplitude of oscillations of the autocorrelation function also

differs fromplace to place. The spatial distribution of RMS values of

the autocorrelation function is shown in Fig. 7. This amplitude has

larger variations for the vertical component than the horizontal

since the vertical displacements are influencedmore by the ocean

response to atmospheric loading (cf. also Fig. 9). As seen in the

Fig. 7, the annual signal in vertical displacements is much more

coherent in the upper North Island (narrow peninsula surrounded

by the ocean).
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(a)

(b)

(c)

Figure 7. The RMS of the linear autocorrelation function of the at-
mospheric loading displacements in New Zealand over the
study period: (a) Vertical, (b) North, and (c) East compo-
nent.
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Figure 8. The linear autocorrelation coefficients of the oceanic part
of the atmospheric loading signal.

Fig. 8 shows the autocorrelation function, when only the second

(ocean surface) term in Eqn. (6) is taken into consideration. This

function has only annual oscillations and has the samemagnitude

for all locations inNewZealand aswell as for all three displacement

components. The semi-annual peak in the corresponding power

spectral density is much smaller than the annual one. From this we

conclude that the differences in the total autocorrelation function

from place to place are determined by the coastline geometry in

the vicinity of observation points.

The ratio of RMS values of the land and ocean surface terms in

Eqn. (6) is shown in Fig. 9. This shows the relative magnitudes

of these two terms. The contribution of the land surface term

is everywhere dominant. Moreover, the land-ocean term ratio

for the horizontal displacements is larger than for the vertical

displacements since the influence of the ocean termon the vertical

displacements is stronger than on the horizontal ones.

4. Summary and Conclusions

We have investigated the atmospheric loading vertical and hori-

zontal displacements in New Zealand over the period of 50 years

(1960--2009) using the regional and global air-pressure data from

theNIWAUVAtlas (version 2.2) andNCEP/NCARofNOAA. The elas-

tic response of the Earth to atmospheric loading was calculated

using the mass loading Love numbers defined based on the PREM

parameters, and the ocean response to atmospheric loading was

computed using a modified theory of inverted barometer.

The maxima of the vertical atmospheric loading displacements

were found in the central regions of the North and South Islands,

whereas the corresponding maxima for the horizontal displace-

ments are along coastal regions. The maximum peak-to-peak

vertical and horizontal displacements in New Zealand over the

study period reached 13.1 and 2.7 mm, respectively.

The vertical displacements have a high spatial correlation, while

the spatial correlation of the horizontal displacements is much

less pronounced. This phenomenon is explained by the large
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Figure 9. The ratio of RMS values of the land and oceanic terms in
Eqn. (6): (a) Vertical, (b) North, and (c) East component.

dependence of the horizontal displacements on the coastal ge-

ometry. On the other hand, the vertical displacements are mainly

characterized by the geographical air-pressure distribution.

The spectral decomposition of the atmospheric loading time series

shows that the signal is a broad band with most energy between

1week and 1 year periods, andwith a couple of peaks correspond-

ing to approximately annual forcing and its overtones. The largest

amplitudes have an annual and semi-annual periods.
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