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Abstract:
One of themain current geodetic activities in North America is the de nition and establishment of a geoid-based vertical datum that will
replace the official CGVD28 and NAVD88 datums in Canada and the USA, respectively. The new datum will also have a time-dependent
(dynamic) component required by the targeted one-centimetre accuracy of the datum. Heights of the levelling benchmarks are subject
to temporal changes, which contribute to the degradation of the accuracy of the datum and increase the mis t of the geoid heights de-
termined gravimetrically and by GNSS/levelling. The zero level surface, i.e., the geoid, also changes with time, most signi cantly due to
postglacial rebound, climate-induced loss of polar ice masses andmountain glaciers, and hydrology variations. In this study, we examine
the possible changes of the datum due to the aforementioned factors. We are mostly concerned with postglacial rebound as it can con-
tribute more than 1 mm per year and more than 1 cm per decade to the geoid change. We also assess the signi cance of the temporal
geoid and benchmark height changes and show that, compared to its current accuracy, the geoid change is only signi cant after a decade
mostly in the at areas of central Canada.
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1. Introduction

A new, geoid-based vertical datum is currently being developed
for Canada by the Geodetic Survey Division and will be adopted
in 2013 to replace the outdated, levelling-based Canadian Geode-
tic Vertical Datum of 1928 (CGVD28). The USA will also replace its
official vertical datum, i.e., the North American Vertical Datum of
1988 (NAVD88), with a geoid-based one in 2022 (Smith et al. 2013).
The realization of the new datums by means of a geoid model
will mitigate a number of theoretical inconsistencies and practi-
cal problems that the traditional levelling-based datums exhibit
in North America: continental-size national vertical control net-
works with large systematic errors from coast to coast and regional
distortions; sea surface topography ignored in the datums’ de ni-
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tion, which leads to distortions of the zero-height surface from an
equipotential surface and geopotential values that are far from the
actual values; largeareaswithout vertical control (northernareasof
Canada); rapid rate of benchmark destruction and loss; inability to
provide adequate accuracy for GNSS/levelling; and large changes
of heights of benchmarks due to (mostly) the postglacial rebound
ongoing in the region (Véronneau and Héroux 2006).
The National Geodetic Survey (USA) and the Geodetic Survey Di-
vision (Canada) are also working on the de nition and realization
of the North American Vertical Reference System (NAVRS) of 2022.
The new continental vertical datum will be

1. an equipotential surface de ned by a local geopotential
value W0 ,

2. realized by a geoid model N for a reference epoch T0 , and

3. supplemented by amodel of the temporal geoid variations
δN.
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The W 0 value will be the average potential for North America de-
termined by averaging the local potential values at tide gauge sta-
tions along the coasts of Canada and the USA; see, e.g., Hayden et
al. (this issue). The continental geoidmodelwill be computed from
the best available global geopotential models based on GOCE and
GRACE and improved terrestrial gravity and topography data. The
model of the temporal geoid variations will ensure that the time-
variable geoid heights can be computed for an arbitrary epoch af-
ter the reference epochT 0 . This is necessary because of the promi-
nent increase in the geoid height at a rate of approximately 1 cm
per decade in the Hudson Bay region.

In this paper, we focus exclusively on the temporal variations of
the geoid-based datum and attempt to quantify their signi cance
in view of the current accuracy of the GNSS ellipsoidal and geoid
heights. For this purpose, we study the effect on the geoid of three
geophysical signals that originate from different geophysical sys-
tems: the solid Earth (postglacial rebound), the hydrosphere (long-
term hydrology variations), and the cryosphere (ice mass loss in
Greenland, Alaska and theCanadian ice cap). Jacob et al. (2012) ex-
amine also the importance of the groundwater withdrawal, earth-
quakes and volcanic activity for the geoid change in North Amer-
ica.

We start the paper with the theoretical relationship between the
temporal changes in the ellipsoidal, orthometric andgeoidheights
(Section 2). Then, in Section 3, we investigate the geoid changes
from the mentioned geophysical phenomena. In Section 4, we
present models of absolute vertical crustal displacement by com-
bining GRACE and GNSS data. In Section 5, we assess the signi -
canceof the temporal effects on thegeoid andorthometric heights
by comparison with their accuracy. Finally, conclusions are given
in Section 6.

2. Relationship between temporal changes of ellipsoidal, orthometric
and geoid heights

We introduce the basic concept of the temporal geoid and height
changes without making assumptions regarding the nature of the
dynamic process that causes these changes and its spatial scale
- global, regional, or local. We assume that the following effects
of the dynamic Earth are taken into account: ocean loading, solid
Earth tides, pole tide, rotational deformation due to polar motion,
as well as atmospheric loading (IERS Conventions 2010, Petit and
Luzum 2010).

The temporal changes of the geoid, orthometric and ellipsoidal
heights canbedescribed as follows (Biró et al. 1986). At epoch t, an
equipotential surface of the gravity eld that passes through point
P is de ned by the equation W = WP . If we assume that the po-
tential changesbya constant valueδW , theequipotential surfaces
are de ned by W ′ = W + δW at the new epoch t′ = t + δt .
With δgT = (δWx , δWy, δWz) at point P and δWx = δWy =
0, δWz = δW = δg, the change in the geoid height δN is

δN = δW /g. (1)

Here we implicitly assumed that the gravity changes only due to
mass redistribution and ignored a possible effect of the crustal dis-
placement. We should note that the change in the terrestrial grav-
ity associatedwith postglacial rebound is a sumof both effects, i.e.,
a free-air reduction component due to the change in the height of
the observation station should be added to themass change com-
ponent to account for the total change in gravity as observedby an
absolute gravimeter. The change in the GRACE-observed horizon-
tal (tangential) components of the gravity vector associated with
postglacial rebound in North America was investigated by van der
Wal et al. (2011). They show that this change can be signi cant. An
analysis of the effect on the geoid is left for a future study.
The change in the orthometric height of point P is the separation
between the new equipotential surface through the new position
P’ of the point P and the new equipotential surface at the original
location, i.e.,

δH = (W ′
P ′ − W ′

P )/g = ∆W ′/g. (2)

This equation gives the relative change in the position of point P
with respect to the displaced geoid. Using Eq. (4.21) from Heiska-
nen and Moritz (1967), it can be shown that the change in (mean)
gravity has no appreciable effect on the change in the orthometric
heightby the followingexample. ForH =100m,∆W ′ = -0.1m2/s2

and ∆g = g′ − g = -10−8 m/s2, the change in the orthomet-
ric height is δH =0.01 m with the change in gravity contributing
only 10−7 m.
Finally, the absolute vertical displacement, δh, can be determined
from a simple relationship as follows:

δh = δN + δH. (3)

In the pre-GNSS era, Eq. (3) was used for the determination of the
absolute vertical displacement from measured change in the or-
thometric height and computed change in the geoid height usu-
ally by integrating measured gravity changes. One should note
thatδH should include theheight changeof theoriginof the verti-
cal control network. Nowadays, the absolute crustal displacement
is determined by GNSS, and the change in the geoid height can be
obtained from GRACE satellite gravity data. Therefore, δH can be
easily obtained without the need of precise re-levelling by

δH = δh − δN. (4)

So far we have assumed that the geoid and heights are given in the
same tidal system. Ekman (1989), Poutanen et al. (1996) and Sun
and Sjöberg (2001), among others, give the following three con-
cepts of tidal systems. A mean tidal geoid contains the perma-
nent tide (the time-independent part of the tide-generating po-
tential of the Sun and the Moon) and the permanent tidal defor-
mation; a non-tidal geoid is free from both the permanent tide
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and deformation; a zero tidal geoid contains only the permanent
tidal deformation; see Fig. 3 by Poutanen et al. (1996). A zero tidal
crust differs from a non-tidal crust by the permanent tidal defor-
mation. A mean tidal crust is identical to a zero crust.

The consistency of the tidal systems of the measurement data sets
is crucial for the accuracy of the determined temporal geoid and
height changes. According to Ekman (1989), tidal inconsistencies
larger than the standard error of the vertical crustal displacement
can introduce distortions of a north-south orientation in the es-
timated displacements. Moreover, such inconsistencies are likely
to introduce systematic distortions in the vertical datum. The po-
tentialW 0 that de nes a levelling-based vertical datum is affected
by the change in the potential of the local mean sea level and the
crustal displacement of the datumorigin. On the other hand, if the
datum is geoid-based, thepermanent tide can introduce adecime-
tre error in the orthometric height differences obtained by means
of GNSS positioning and a geoid model in the Nordic countries as
shownbyEkman (1989). In addition, the systematic errors in theor-
thometric heights (andgravity) fromthe inconsistencies in the tidal
corrections may propagate in the geoid model through the grav-
ity reductions. Therefore, it is very important that the ellipsoidal,
orthometric and geoid heights refer to the same tidal system in a
geoid-based datum if a centimetre absolute accuracy in the GNSS-
determined orthometric height is needed.

TheGNSSellipsoidal heights refer to anon-tidal crust (IERSConven-
tions 2010, Petit and Luzum 2010). Orthometric heights in North
America have the astronomic (tidal) correction applied and hence
they also refer to a non-tidal crust. It is assumed that a regional
gravimetric geoid model inherits the tidal system of the global
geopotential model used to de ne the long and medium wave-
lengths of the geoid. The geopotential models are distributed in a
non-tidal or zero tidal system. The transformationbetween the two
systems is performed by correcting the spherical harmonic coeffi-
cient of degree two and order zero (IERS Conventions 2010, Petit
and Luzum 2010).

3. Evaluation of the geoid changes

In this section we study and discuss the effect on the geoid of the
three geophysical signals described in Section 1. The three of them
act on a different time scales: secular, long-term and decadal or
inter-decadal.

3.1. Geoid change due to postglacial rebound

For the last decade, the Gravity Recovery and Climate Experiment
(GRACE, Tapley et al. 2004b) satellite mission has been facilitat-
ing the estimation of the global and regional geoid changes by a
streamofmonthly-averaged spherical harmonic coefficients of the
geopotential. The geoid rate of change

.
N(ϕ, λ) at a point with

geodetic latitude ϕ and longitude λ can be computed as follows

(e.g., Rangelova and Sideris 2008):

.
N(ϕ, λ)=R

L∑

l=2

l∑

m=0

P̃lm(sin ϕ)
[ .
C lm cos(mλ) +

.
Slm sin(mλ)

]
,

(5)
where

.
C lm and

.
Slm are the time derivatives (rates) of the fully nor-

malized GRACE spherical harmonic coefficients of the geopoten-
tial, P̃lm(sin ϕ) is the fully normalized associated Legendre func-
tion of degree l and orderm;R is amean radius of the Earth, and L
is the maximum spherical harmonic degree of the GRACE model.

Maps of GRACE-determined geoid rates similar to the one shown
in Fig. 1 are not easily interpretable due to a variety of factors.
The GRACE satellite measurements are of integral nature, meaning
that at a certain location along the orbit GRACE measures super-
imposed gravity signals and averages them. Thus, the separation
of different signals originating from the solid Earth, the oceans, the
hydrosphere, and the atmosphere is practically impossiblewithout
the use of models of these signals. Moreover, the post-processing
of the distributed spherical harmonic coefficients of the geopo-
tential by the GRACE processing centers, which routinely involves
smoothing of random and correlated errors (e.g., Swenson and
Wahr 2006), ultimately leads to leakageof adjacent signals over the
territory of interest. Moreover, the patterns and magnitude of the
geoid rates depend heavily on the post-processing strategies and
ltering of the spherical harmonic coefficients.

Figure 1 shows the average geoid rates for North America from six
monthly solutions (CSR, GFZ, JPL, DMT-1, AIUB, and ITG) obtained
from the International Centre for Global Earth Models (ICGEM,
http://icgem.gfz-potsdam.de/ICGEM/) for a common
time period of January 2003 to December 2009. The solutions are
lteredbyKusche’sk - lter (Kuscheet al. 2009) andhaveanapprox-

imate spatial resolution of 340 km. Three distinct, high-magnitude
mass change signals are observed for North America: the mass
increase that is related to the postglacial rebound ow of mantle
mass towards the center of the Hudson Bay region (e.g., Steffen et
al. 2009), the ice mass retreat from Alaska’s glaciers (e.g., Tamisiea
et al. 2005), and Greenland’s icemass loss signal (e.g., Luthcke et al.
2006). Long-term hydrology variations may also exist, but it is dif-
cult to separate them from the secular geodynamic and climate-

related signals unless a reliable hydrologymodel is available. More
discussion on this is given in Section 3.2.

Figure 2 shows a map of the standard deviation of the geoid rates
computed from the six solutions as ameasure of themodels agree-
ment. The characteristic pattern of the an-isotropic and latitude-
dependent k - lter is easily observed. More importantly, it can also
be observed that the disagreement of the models can reach 15-
30%of the geoid ratemagnitude in the vicinity of Hudson Bay. The
errors shown in the gure are responsible for large deviations of
the pattern of postglacial rebound and the locations of the North
American ice sheet domes, as well as the differences in the magni-
tudeof the signal. Observe, for example, the 0.3mm/yr error north-

http://icgem.gfz-potsdam.de/ICGEM/
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Figure 1. 2003-2009 GRACE-derived geoid rates for North America
computed by averaging six monthly GRACE solutions; unit
is mm/yr.

Figure 2. Standard deviations of the GRACE-derived geoid rates
computed from the differences of the six solutions and the
average rates in Fig. 1; unit is mm/yr.

west of Hudson Bay, which is the approximate location of a peak
signal associated with an ice dome in the ICE5G model of Peltier
(2004), on the existence ofwhich the differentGRACE solutions dis-
agree.

3.2. Geoid change due to hydrology long-term variations

We assess the hydrology long-term variations in North America
by means of the GLDAS model developed by Rodell et al. (2004).
GLDAS is a land surface, global hydrology model based on assim-
ilation of satellite and ground data. We use model outputs that
consist of four layers of soil moisture, snow water equivalent, and
canopy water storage. GLDAS does not include ground water and
water transport. This model has been extensively used for evalua-
tion of the global GRACE-observedwatermass variability; see, e.g.,
Tapley et al. (2004a) and Syed et al. (2008).

We use the monthly GLDAS total water storage elds for 8 years
from 2003 to 2010. For the purpose of our analysis, we convert the

Figure 3. Time evolution of the first two GLDAS modes of variabil-
ity. The second plot shows a long-term hydrology varia-
tion, where the computed trend of the principal component
is 0.1 yr−1.

GLDAS elds to spherical harmonic coefficients of the geopoten-
tial, from which the geoid variations are computed by means of
Eq. (5). Using principal component analysis, we extract the long-
term (and trend-like) geoid variations that show up in the second
mode of the GLDAS data eigen-spectrum; see the second plot in
Fig. 3. Note that this long-termmode of variability is much less sig-
ni cant (in terms of data variance) than the annual cycle shown in
the same gure: about 66% of the total water variability is due to
the annual variations while only 15% are explained by the long-
term variations.

The pattern of the long-term signal is shown in Fig. 4. A large geoid
growth is observed north of Hudson Baymost likely due to GLDAS
model aws in the northern areas covered by ice. It is believed
that the mass decrease in Alaska is also not realistic (Lutchke et
al. 2008, p.773). In general, trends in high latitudes are not reli-
able as hydrology models do not describe permanent snow well.
On the other hand, the small positive geoid change of 0.1 mm/yr
located between LakeWinnipeg andHudson Bay is likely a real sig-
nal. A negativegeoid changeof -0.2mm/yr is observed in theGreat
Lakes area and in eastern Canada. In the USA, a positive geoid sig-
nal (0.1 mm/yr) is found in the Cordillera while the eastern US ter-
ritories show a geoid decrease of -0.2 mm/yr (also observed in the
southeastern US in Fig. 1).

3.3. Geoid change due to ice mass loss signal

The ice melt in Greenland, Alaska, and the Canadian ice cap in-
duces a change in the gravitational potential and a displacement
of the Earth crust due to redistribution of masses from ice sheets
to ocean areas. The change in sea level that is consistent with the
new equipotential is computed here by solving the so-called ‘sea
level equation’ (Farrell and Clark 1976). In the computation, elas-
tic load Love numbers for a compressible Earth based on the Pre-
liminary Reference Earth Model are used (computed by P. Gegout,
http://gemini.gsfc.nasa.gov/aplo/).

The change in the surface load also induces a change in the ro-
tational state of the Earth (Wu and Peltier 1984). This feedback

http://gemini.gsfc.nasa.gov/aplo/
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Figure 4. Pattern of the long-term hydrology variation. To compute
the trend, one should multiply the pattern by the trend of
0.1 yr−1 of the second principal component in Fig. 3.

mechanism has a small effect on the shape of the sea level, but
it is nevertheless included, except for the change in the centrifu-
gal potential which does not in uence the GRACE measurements
(Tamisiea 2011). Tidal Love numbers are computed for an Earth
model used in a recent benchmark paper (Spada et al. 2011). Mo-
tion of the solid Earth with respect to the Earth center of mass is
also included. Although this effect is not sensed byGRACE directly,
it affects higher degree terms through the feedback with the sea
level.

Figure 5 shows the change in the geoid due to the ice melt in
Greenland and Alaska. Greenland’s signal is simulated by means
of a GRACE-based icemass lossmodel developed by Jensen (2010)
with a melt rate of 217±23 Gt/yr. Alaska’s signal is simulated by
means of the estimate of 84 Gt/yr ice mass loss by Lutchke et
al. (2008) and assuming uniform ice melting. In the gure, sim-
ilar geoid rates are observed for the Atlantic and Paci c Canadian
coasts: -0.5mm for the northern shores to 0.1mm/yr for the south-
ern shores. In the Arctic, the geoid rate is mostly -0.5 to -0.2 mm/yr
but reaches -1mm/yr over Baffin Island. Wealso simulated themelt
of the Canadian ice cap glaciers (not shown in Fig. 5) using the ice
mass loss estimates of 37 Gt/yr for the northern Canadian Arctic
Archipelago given by Gardner et al. (2012). The maximum geoid
decrease over the northern Archipelago is -1.2 mm/yr. These ice
mass loss rates are non-linear with time and depend on the future
climate (Jacob et al. 2012).

4. A model of absolute vertical crustal displacement

A model of absolute vertical displacement can be computed from
a combination of GRACE-derived rates and GNSS-determined ver-
tical crustal velocities. The former allows one to obtain a discon-
tinuous signal while the use of the latter can mitigate the GRACE
leakage effects and ensure a more precise localization of the post-
glacial rebound domes as well as the line of zero motion that sep-
arates the areas with crustal uplift from the peripheral subsiding

Figure 5. Rate of the geoid change due to ice mass loss in Greenland
and Alaska; unit is mm/yr.

areas. The GRACE rates and GNSS velocities can be combined op-
timally by means of least-squares adjustment where the velocity
surface is parameterized using local radial-base functions placed
uniformly in the area of interest. The computational procedure is
described in detail by Rangelova et al. (2009).

Before performing the combination procedure, an assessment of
the agreement of the GRACE rates and GNSS velocities is neces-
sary. This is important in view of the fact that the GRACE rates
are biased with respect to the vertical velocities due to leakage ef-
fects that are difficult to quantify and due to the omission of the
degree one term. GRACE does not observe the geocentre mo-
tion and, thus, changes in the degree one spherical harmonics can-
not be computed from GRACE. On the other hand, postglacial re-
bound, among other geophysical processes, induces a geocentre
motion; a collection of values of predicted secular geocenter mo-
tion is given by Wu et al. (2012, Table 3). Differences between the
GRACE rates and GNSS velocities will also include the drift of the
origin of the GNSS reference frame with respect to the center of
masses. For example, it was found that the origin of ITRF2008 is in
agreement with the center of masses at the level of 0.5 mm/yr (Wu
et al. 2011). The bias of the GRACE rates will displace the line of
zeromotion andwill decrease/increase themagnitude of the peak
signal in the Hudson Bay region.

Another important fact to consider is the effect of the hydrology
correction on the GRACE rates. Our results from the comparison
with the GNSS velocities show that the GLDAS hydrology correc-
tion results in an overall increase of the standard deviation of the
differences between the rates and velocities. Similar results were
found by van der Wal et al. (2011, Fig. 6). This correction generally
improves the agreement for the southern regions, where smaller
velocities are measured and worsens the agreement for the north-
ern regions with larger vertical velocities. Thus, the GRACE data
should not be corrected for the hydrology signal (our preferred op-
tion) or this correction should be performed with caution.
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Figure 6. Upper plot: Combined GRACE and GNSS vertical dis-
placement rates; unit is mm/yr; Lower plot: GRACE CSR
RL 04 vertical displacement rates overlaid with CBN verti-
cal velocities; unit is mm/yr.

Finally, some details for both data sets are given. The GRACE verti-
cal displacement rates are computed from the k - ltered CSR RL04
solution by the conversion given by Wahr et al. (1995). The spatial
resolution of the rates is approximately 340 km. Vertical velocities
for 150 Canadian Base Network (CBN) GNSS stations are obtained
from GEODVEL1b (Argus et al. 2010; Argus and Peltier 2010). The
estimated bias of the GRACE rates with respect to the vertical ve-
locities is 3 mm/yr and slightly increases to 3.6 mm/yr when the
GLDAS correction is applied. All differences larger than 6 mm/yr
are considered outliers and excluded from the optimal combina-
tion procedure.

The combined vertical displacement rates are given in the upper
plot of Fig. 6, and the GRACE rates are shown in the lower plot of
Fig. 6. Both patterns agree well in Hudson Bay but disagree in the
areas south of Hudson Bay including the Great Lakes region. The
shape and the gradient of the GRACE pattern are slightly corrected
in the combined solution and the line of zero motion is placed in
the Great Lakes and through the prairies on the west.

5. Significance of the vertical displacement and geoid change

We assess the signi cance of the postglacial rebound signal by
comparison with the calibrated errors of the three height com-
ponents at 224 GNSS benchmarks in eastern and central Canada.

The GNSS ellipsoidal heights are obtained from the network Su-
perNet (Craymer and Lapelle 1997) v.5.3.1 and are determined in
the reference frame ITRF2005(2006.0). Corrections for the verti-
cal crustal motion are applied in the course of the adjustment of
the network using a crustal velocity model based on a decade of
GPS repeat and continuous measurements across Canada. The or-
thometric heights are from the Nov07 adjustment of the rst or-
der vertical control network in Canada that includes only levelling
measurements after 1981. The effect of postglacial reboundon the
orthometric heights is thus signi cantly reduced, but the levelling
measurements are not corrected for the crustal motion. The geoid
heights are interpolated from the official gravimetric geoid model
for Canada, CGG2010 (Huang and Véronneau 2013). It can be ex-
pected that the geoid height is the least affected by the postglacial
rebound height component. Firstly, the geoid secular rate is one
order of magnitude smaller than the vertical crustal motion (com-
pare Figs. 1 and 6), and, secondly, the regional geoid model was
computed with the latest GRACE global geopotential model avail-
able at the time of the CGG2010 development. Largely unknown
remains the effect of postglacial rebound on the terrestrial gravity
anomalies (through inconsistencies of themeasurement epochs of
the terrestrial gravity) that is propagated in the regional geoid so-
lution. An attempt to quantify this effect was made by Ali (2006).

We compute the geoid height differences at each GNSS bench-
mark using the relationship in Eq. (3), here modi ed as (h - H)
– N, where h is the GNSS ellipsoidal height, H is the orthometric
height andN is the geoid height. Two outliers are removed after a
3-sigma test on the geoid height differences. The estimated mean
in theweighted least-squares adjustment is the offset of theNov07
vertical datum with respect to the equipotential surface de ned
by CGG2010. The calibrated standard deviations of the ellipsoidal,
orthometric and geoid heights are computed by means of vari-
ance component estimation using the available diagonal variance-
covariance matrices. The procedure is described in (Rangelova et
al. 2010). One should note that the use of only the variances
in the variance component estimation procedure results in opti-
mistic calibrated standarddeviations asopposed to theuseof fully-
populated variance-covariance matrices which provides more re-
alistic errors. However, fully-populated variance-covariance matri-
ces are rarely available.

The estimated scale factors of the variance-covariancematrices are
as follows: SuperNet v.5.3.1: 0.85±0.62;Nov07 : 0.61±0.16 and
CGG2010 : 0.39±0.46. With these scale factors, smaller calibrated
standard deviations are computed than the initial values. Themax-
imum error of 50 mm belongs to the orthometric heights of the
benchmarks located north and northwest of Lake Superior as the
levelling errors propagate west of the origin of the vertical control
network at Rimouski, Quebec, Canada. The maximum standard
deviation for the ellipsoidal heights is 30 mm, and the maximum
error for the geoid heights is 20 mm. The geographical distribu-
tion of the errors of the geoid and orthometric heights can be seen
in Fig. 7. This gure includes also plots of the ratio of the decadal
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Figure 7. Upper plots: calibrated standard deviations of the geoid and orthometric heights; unit is mm. Lower plots: ratios of the decadal postglacial
rebound signal and the standard deviations for the geoid and orthometric heights.

postglacial rebound signal (obtained from themodels in Fig. 1 and
Fig. 6-upper plot) and the calibrated standard deviations of the
geoid and orthometric heights computed at each benchmark. Ev-
idently, a ratio larger than one infers that the secular geodynamic
signal is signi cant. It can easily beobserved that thegeoid change
is only signi cant in the at areas of central Canada, where the
geoid error approaches 1-2 cm. More signi cant is the change
in the orthometric heights (and ellipsoidal heights), for which the
vertical crustal displacement in eastern Canada after 10 years be-
comes 3 times larger than the errors of the orthometric heights.

The implication of these results is that if the geoid-based vertical
datum is updated every 10 years by means of a regional (or conti-
nental) geoid model computed with up to date global geopoten-
tial models (possibly from aGRACE follow-on satellitemission) and
corrected for thepostglacial rebound signal terrestrial data, the da-
tum will be free of the secular geodynamic effect. Otherwise, the
geoidmodelmust be supplemented anddistributed togetherwith
a model of its secular changes.

6. Conclusions

The new geoid-based vertical datum for Canada, which will be
adopted in 2013, requires that the temporal effects on the datum
be quanti ed and their signi cance be carefully assessed. This

is also important in view of the current work towards the de ni-
tion and realization of a geoid-based datum for the North Amer-
ican continent. In this study, we focused on three temporal ef-
fects on the geoid, orthometric and ellipsoidal heights: the secu-
lar postglacial rebound signal, the melting of the polar ice masses
and those in the mountain glaciers in Alaska, and the long-term
hydrology variations. In terms of their importance only the post-
glacial rebound signal is large enough that should be considered
in a dynamic geoid-based vertical datum. The geoid needs to be
corrected every 10 years while this is necessary much more often
for the GNSS ellipsoidal heights and the orthometric heights.

The second examined process, i.e., the long-term hydrology varia-
tions are not large enough to be included in themodel of the tem-
poral geoid changes. The decadal effect approaches 1-2 mm. This,
as well as the fact that a hydrology system can experience periods
of droughts followedby a restoration of the normal state of thewa-
ter content, suggests that trends similar to those observed in Fig. 4
are unlikely to exist on larger than a decade time periods.

Finally, the decadal change in the geoid due to the melting of the
ice masses varies from -5 to 1 mm along the Atlantic and Paci c
coasts of Canada, but these may change depending on the future
climate as the rates are non-linear. These values correspond to
0.05m2/s2 and 0.01m2/s2 changeper decade in theW 0 value that
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de nes the datum equipotential surface. One should note that
the accuracy of the computed W 0 potential from, e.g., tide gauge
mean sea level averages and GNSS ellipsoidal heights, is poorer
than 0.1 m2/s2 . Although irrelevant for practical users, models of
these dynamic effects are available and can be distributedwith the
geoid model for precise scienti c investigations.
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