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Abstract

Ice, snow, and liquid water on the surface of the Earth exert downward force onto the solid earth and deform the lith-
osphere typically in seasonal timescale. Space techniques, such as Global Navigation Satellite System (GNSS), made it
possible to directly measure subtle displacements caused by loading. We can also observe such loads with time-vari-
able gravity using gravity recovery and climate experiment satellites. These techniques made surface loads an attract-
ing scientific target of modern geodesy. In this paper we briefly review the history of geophysical studies of surface
loads through geodetic observations of crustal deformation and time-variable gravity. We also review advanced top-
ics such as short-term crustal deformation due to severe meteorological episodes and monitoring of terrestrial water
storages. We also present a few related topics such as the change of the obliquity of the Earth due to loads and artifi-

cial crustal subsidence signals caused by snow accretion onto GNSS antenna radomes.
Keywords GNSS, GRACE, Seasonal change, Surface load, Land hydrology, Snow

Introduction: what is load for geodesists?

Atmosphere and water on the Earth’s surface are highly
mobile. Their large-scale redistribution causes a vari-
ety of geophysical phenomena and attracts the attention
of geodesists in various disciplines of modern geod-
esy, i.e., positioning, gravity, and Earth rotation. Before
the advent of space positioning techniques the large-
scale redistributions of surface loads had been studied
through the Earth’s rotation. Mass movements chang-
ing the Earth’s degree-2 tesseral components excite the
polar motion, and those changing the Earth’s moment of
inertia about the present rotation axis change the length-
of-day. Hence, observing the changes of the earth rota-
tion parameters plays a major role in studying large-scale
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mass redistributions (e.g., Lambeck, 2005; Munk & Mac-
donald, 1960).

A load exerts a downward force (loading) and deforms
the Earth’s lithosphere. Vertical and radial displacements
in a realistic layered spherical Earth as a response to a
point load can be calculated using load Green’s functions
(e.g., Farrell, 1972). Figure 1 shows an example of the sur-
face displacements caused by a load of one-meter depth
water covering 2x2 degrees on the Earth (1 degree cor-
responds to ~ 110 km). This load, amounting to ~48 Gt in
mass, causes only up to~1 cm of subsidence. The geode-
sists working on crustal deformation are not much inter-
ested in such a load since the displacements are not large
enough to be detected by the conventional non-global
measuring techniques. In 1980s, international space
geodetic campaigns of Very-Long-Baseline-Interferom-
etry (VLBI) and Satellite-Laser-Ranging (SLR) started to
measure the current motions of tectonic plates as well
as the changes in Earth rotation parameters. Such global
space geodetic techniques can detect the subtle deforma-
tions caused by surface loading.

Corrections of the displacements by ocean tidal load-
ing together with solid earth tidal deformation have been
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Load: 2 x 2 degree
1 meter EWT
~48 Gt
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Fig. 1 Displacements caused by a load on the Earth with the dimension 2 x 2 degrees (yellow square) and with the equivalent water thickness
of 1 m (a). East-west profile of the horizontal (b) and vertical (c) crustal movements caused by the loading. We used the Green’s function

given in Farrell (1972)

implemented in software packages analyzing the global
space geodetic data from the beginning of international
VLBI and SLR campaigns. As the measurement accu-
racy of space geodetic techniques improves, the uncor-
rected crustal deformations caused by atmospheric load
changes were considered as a possible source of system-
atic errors in the baseline length time series, and van
Dam and Wahr (1987) discussed the way to reduce the
scatters of data by correcting for the displacements due
to atmospheric loads on land. Nevertheless, international
space geodetic campaigns are not frequently conducted
and the stations are not densely deployed. In such a situa-
tion, surface loads were considered as a nuisance disturb-
ing station position time series, rather than a scientific
target.

In 1990s, Global Navigation Satellite System (GNSS)
has come into use as the number of GPS (Global Posi-
tioning System) satellites increases. With a dense net-
work of continuous receiving stations in a region of

high tectonic activity it is possible to observe daily
crustal movements with millimeter accuracy and high
spatial resolution. Geodesists soon realized significant
seasonal displacement signatures were overprinted to
the secular movements of tectonic origin and started
geophysical investigation of surface loading.

In Japan, Murakami and Miyazaki (2001) found a
positive correlation between the seasonal movement
amplitudes and interseismic movement speeds of Japa-
nese stations. They interpreted it as a consequence of
the seasonal changes of plate velocity, though this cor-
relation was an artifact that emerged by fixing a station
in the Japan Sea coast. Heki (2001) found east—west
crustal shortening and extension occur in winter in the
western and eastern side of the Northeast (NE) Japan
backbone range, respectively, and hypothesized that
they were caused by snow load accumulating on the
western side of the range.
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Dong et al. (2002) studied the various factors for such
seasonal variations at GNSS stations worldwide and con-
cluded that ~40% of such variations came from real crus-
tal movements due to loading and pole tides. Heki (2004)
performed a comprehensive study on the seasonal mass
change in Japan, including snowpack, atmosphere, non-
tidal ocean loading, impoundment of reservoirs, and soil
moisture, and concluded the snow load was a dominating
factor in NE Japan. The seasonal crustal movements due
to various surface loads are studied in many parts of the
world, including Iceland (Drouin et al., 2016).

Figure 1 shows that a load brings only subsidence. On
the other hand, horizontal displacements cause both
extension and shortening, i.e., they occur in the outside
and beneath the load, respectively. The key reason why
Heki (2001) attributed the seasonal crustal deformation
in NE Japan to snow loading was that the spacing among
GNSS stations is smaller on the snow-covered western
side of the backbone range while it becomes larger on the
other snow-free side.

It is important to note that the subsidence is the larg-
est at the center of the load (Fig. 1c) while the largest
horizontal displacement occurs at the edge of the load
(Fig. 1b). This is because horizontal movements reflect
azimuthal asymmetry of load rather than the load at
that point. Because the load is symmetrically distributed
around the center of the load, the horizontal displace-
ment does not emerge in spite of maximum subsidence.
This difference causes different spatial distribution of
horizontal and vertical displacements. This makes the
spatial functions of the horizontal and vertical compo-
nents for a given load different. It needs to be kept in
mind in doing any analysis ( e.g., principal component
analysis) using three-dimensional (3D) displacement
field.

After the launch of GRACE (Gravity recovery and cli-
mate experiment) satellites in 2002, it became possible to
observe mass anomalies directly from space. Now we can
see large-scale surface loads in two independent ways,
surface displacements and mass anomalies. The early
studies of GRACE versus GNSS (e.g., Bevis et al., 2005;
Davis et al., 2004) showed that the two data sets can be
directly compared by using the Stokes’ coefficients of
time-variable gravity from GRACE and the load Love
numbers. This significantly made this field of studies
more convincing.

For small-scale surface loads, however, satellite gravim-
etry is not as useful as GNSS receivers deployed densely
around the loads. In such cases, it becomes important
to compare the displacements measured with GNSS
and those with independent sources such as meteoro-
logical data (e.g., precipitation, snow depth) and hydro-
logical models. Studying small-scale loads may require
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additional factors, e.g., deviation of local elastic proper-
ties from the global average and viscoelasticity (Tang
et al., 2020).

A popular topic is the link of time-variable loads to
seasonal changes of earthquake occurrences. This has
been discussed in the regions including Japan (Heki,
2003), Nepal (Bollinger et al., 2007), California (John-
son et al., 2017), and Taiwan (Hsu et al., 2021). Surface
loading enhances the stress normal to the fault planes
and discourage faulting. In other words, the removal of
such loads encourages earthquakes. This is an important
application of surface load study for geophysics, but we
will not detail this issue in this article.

Seasonal crustal movements by surface loading
Land hydrological loads

We first show the seasonal displacements in the north-
ern half of South America, where large land hydrologi-
cal water load seasonally changes in a continental scale.
In the tropical regions close to the equator, rainy and
dry seasons alternate, resulting in positive and negative
mass anomalies in these seasons. GRACE data, available
from UTCSR as mascon solution (Save, 2019), are shown
in Fig. 2. It shows that the change of+1 m in equivalent
water thickness occurs every year. This amplitude is simi-
lar to the example given in Fig. 1.

Figure 2b shows the subsidence and uplift in the
regions of positive and negative mass anomalies, respec-
tively. On the other hand, horizontal movements reflect
spatial gradient of mass anomalies, i.e., stations move in
the direction from negative to positive mass anomalies.
In both components, the amounts are not simply propor-
tional to the local mass anomalies and their spatial gradi-
ents. In fact, close to a point load, the displacements are
proportional to the inverse of the distance (Farrell, 1972)
and reflect the integrated effects of surrounding mass
anomalies. In the case of surface loads composed of com-
plicated distributions of smaller scale anomalies, the dis-
placements obtained from GNSS and the mass anomaly
distribution got from GRACE are not so consistent with
each other as in Fig. 2 ,i.e., they often show inconsistency
due to the difference of spatial resolution of the two tech-
niques (Zhang et al., 2021).

The time series (Fig. 2d) of Manaus, located at the
center of the Amazon Basin, show peak-to-peak hori-
zontal and vertical movements of up to 2 cm and 6 cm,
respectively. This is one of the stations exhibiting the
largest seasonal crustal movements in the world. We
notice that the data often deviate from the average sea-
sonal change curve. Such an interannual variability often
reflects climate variability, such as smaller and larger
amount of rain in austral summers in this region during
the El Nino and La Nifia episodes, respectively (Morishita
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Fig.2 Average horizontal (a) and vertical (b) displacements in 6 months at GNSS stations in northern South America. The data are from Nevada
Geodetic Laboratory (NGL), Univ. Nevada Reno (UNR) (Blewitt et al.,, 2018), plotted with average seasonal mass anomaly distributions from CSR
GRACE mascons (Save, 2019). The horizontal displacements reflect the direction of spatial mass gradient and the subsidence and uplift reflect
the positive and negative mass anomalies, respectively. d The de-trended time series of north (red) and up (blue) components of NAUS (Manaus
in the middle of the Amazon Basin) station are shown together with average seasonal (annual and semiannual) change curves. During an ENSO
episode in 2015-2016 (c), abnormally small rain made NAUS uplift more than other years (d)
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& Heki, 2008). Interannual changes will be also discussed
in the next section.

Snow loads and interannual variations

The seasonal movements of GNSS stations do not repeat
in the same pattern every year. They usually show inter-
annual variations in amplitudes and phases. As shown
in the previous section, the precipitation in the Amazon
Basin is modulated interannually by El Nifio-Southern
Oscillation (ENSO) index, i.e., rainfall gets smaller when
the ENSO index stays high (e.g., Ropelewski and Halp-
ert, 1996). This can be confirmed in Fig. 2c, d, where
the station position is shifted upward due to less water
load during the 2016-2017 El Niio episode. The snow
in high-latitude regions in the northern hemisphere are
much influenced by the Arctic Oscillation (AO), and both
time-variable gravity and seasonal crustal movement
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amplitudes show a high correlation with the AO indices
(Matsuo & Heki, 2012).

Figure 3 shows an example of the seasonal crustal
deformations by winter snows in Hokkaido Island, north-
ern Japan, derived from the dense GNSS network in
Japan, GEONET (GNSS Earth Observation Network).
There the snow reaches a few meters deep in winter and
causes strong seasonal crustal movement signatures. The
two time series represent the crustal deformations due to
snow loading, i.e., horizontal movement toward N135E
(southeast) at a station in northwestern coast and vertical
down component at a station within the snowiest region.
We used the F5 solution of GEONET station positions
by Geospatial Authority of Japan (GSI) (Takamatsu et al.,
2023) and fixed a station (0015) in the southeast part of
the island where the snow depth is insignificant.

The snow depths have large interannual variations, e.g.,
the snow on February 14 2020 is only about a half of the
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Fig. 3 Seasonal crustal movements by snow loading in Hokkaido, northern Japan. The snow depths are less in 2020 than in 2021/2022 (a).
This is confirmed also in time series in (b) showing snow depth curves at four AMeDAS (Automatic meteorological data acquisition system)
snow depth meters (position shown in the same color in the map). ¢ indicates the horizontal displacement of a northwestern coastal station
(0008) toward southeast (N135E) relative to a reference station in southeast (0015). d indicates the time series of down component at a station
within a deep snow area (0110). ¢ and d exhibit similar behavior, i.e, the peaks are strong in winters 2020-2021 and 2021-2022, and weaker

in 2019-2020



Heki and Jin Satellite Navigation (2023) 4:24

snow on the same day in 2021 and 2022 (Fig. 3a, b). Such
interannual differences are reflected in the crustal move-
ments time series in horizontal and vertical directions in
Fig. 3. Although the vertical movements of the station
under the snowpack have larger amplitude (Fig. 3d), the
signal-to-noise ratio seems better in the horizontal com-
ponent of the coastal station (Fig. 3c). Another important
point is that snow depths remain zero after April or May
while station coordinate time series are not ‘flat’ even
after that. This may be because the snow depth meters
are deployed in valleys while snow remains in uninhab-
ited mountains and melt only slowly during summer
times.

Interference of ocean loading and land hydrological
loading

Compared with land hydrological mass changes, oceans
show much less variability in water mass because of high
mobility of water in open oceans. However, semi-closed
oceans may show large seasonal variations in mass driven
by various seasonal factors. Red Sea is an example, which
is located between North Africa and the Arabian Penin-
sula. Wahr et al. (2014) found seasonal mass changes with
peak-to-peak amplitude amounting to ~ 50 cm in equiva-
lent water depth in Red Sea using GRACE gravity data.
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These changes occur by heat exchange with atmosphere
and flow through the strait to the Indian Ocean. Later,
Alothman et al. (2020) reported seasonal horizontal and
vertical crustal movements at GNSS stations on the Red
Sea coast mainly driven by these ocean mass changes.

The data interpretation in the Red Sea case was
straightforward because the sea is surrounded by the
arid land and the ocean mass changes govern seasonal
crustal movements there. A large seasonal mass change,
with~40 cm peak-to-peak amplitude, occurs in the
Gulf of Carpentaria in northern Australian coast. This
is driven by seasonal wind blowing into the gulf during
the austral summer months. Unlike the Red Sea, this area
is surrounded by tropical rain forest, and crustal move-
ments at GNSS stations on its coast are rather compli-
cated. Zheng et al. (2023) analyzed the seasonal changes
in gravity and GNSS station positions and found that
their phase and amplitudes can be interpreted by the
interference of ocean and land seasonal mass changes
with a significant phase lag.

Figure 4 illustrates the interference of two adja-
cent loads with the same amplitudes of seasonal mass
changes. If they change in phase (Case 1), a coastal GNSS
station shows strong seasonal vertical movements, but
no horizontal movements. If they are opposite in phase

Case 3: Phase lag
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Land Land
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Fig. 4 Concept of interference of seasonal land and ocean mass changes (c) of comparable amplitudes but with phase lags (a). Horizontal
(landward) movement reflects the difference between the land and the ocean masses, while vertical movement reflects the sum of both (b). In case

1 (left), 2

(middle), and 3 (right), the two masses change in phase, with phase lags of 90 and 180 degrees, respectively. In these cases, coastal GNSS

stations show only vertical (Case 1) and horizontal (Case 3) displacements (green arrows). In Case 2, both horizontal and vertical seasonal crustal
movement occur with different phases, and station movement trajectory becomes an ellipse. This occurs in the Gulf of Carpentaria in northern

Australia (Zheng et al,, 2023)
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(Case 3), vertical movements are suppressed and only
landward and oceanward horizontal seasonal movements
prevail. In Case 2, ocean and land seasonal mass changes
have a certain phase lag. In this case, both horizontal and
vertical seasonal crustal movements occur, and they have
different phases (station trajectory becomes an ellipse).
The Gulf of Carpentaria is similar to Case 2, i.e., both
ocean and land mass changes are significant in amplitude
(change in the ocean is somewhat stronger), and the land
mass changes lags behind the ocean mass by ~2 months.
There, the peak vertical and horizontal displacement
months shift from the ocean mass peak month in oppo-
site senses (Zheng et al., 2023).

Similar complicated interference of crustal deforma-
tion caused by seasonal mass changes in the ocean and
the land also occur in the Gulf of Thailand. The signifi-
cant seasonal mass changes are clear in the GRACE time-
variable gravity data. However, there are few appropriate
continuous GNSS stations with sufficient data length
along its coast, and interference of land and ocean sea-
sonal mass changes have not been studied with GNSS
data yet. Regarding large open oceans in general, sea-
sonal mass changes are insignificant there. Hence, sea-
sonal movements of coastal GNSS stations are governed
by hydrological mass changes on land, i.e., they move
landward during rainy seasons (Zheng et al., 2023).

Intra-seasonal crustal movements: heavy rain
episodes
In the previous section, we reviewed the crustal defor-
mations in seasonal timescales driven by the changes
in surface loading. There are now increasing number of
studies on the crustal deformations caused by surface
loading in intra-seasonal timescales, e.g., days and weeks.
They occur, for example, by heavy rain episodes brought
by landfalls of tropical cyclones or activities of meteoro-
logical stationary fronts. Milliner et al. (2018) studied
the crustal deformations in southern North America in
response to stormwater loading of the Hurricane Har-
vey, which hit the coastal region of the Gulf of Mexico in
2017. Zhan et al. (2021), using GEONET in Japan, studied
both the water vapor concentration and ground subsid-
ence associated with the landfall of the super typhoon
Hagibis, which drenched NE Japan in October 2019.
Both Milliner et al. (2018) and Zhan et al. (2021) used
only vertical components because horizontal displace-
ments, caused by azimuthal asymmetry of loads, are
strongly influenced by small scale water distributions and
difficult to interpret with the given GNSS station density.
Short-term subsidence signatures are only up to 1-2 cm,
and more attention is needed to the common mode
errors in identifying those signals. In these two studies,
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the common mode errors were reduced to isolate subsid-
ence signatures in daily timescales out of noisy vertical
position time series. Zhan et al. (2021) compared the ver-
tical position time series before and after correcting the
common mode errors.

These two studies highlighted the different situations
of terrain in estimating spatial distributions of water
loads. Milliner et al. (2018) studied stormwater on a flat
continental terrain in southern North America and suc-
cessfully estimated water distribution using the crustal
subsidence data as the input and the load Green’s func-
tion as the model. On the other hand, Zhan et al. (2021)
showed that such an inversion resulted in an overestima-
tion of water loads. In mountainous island arcs like the
Japanese Islands, rainwater rapidly gathers along valleys.
Such a load concentration causes the excessive subsid-
ence of GNSS stations that are selectively deployed along
valleys.

Later, Heki and Arief (2022) studied the crustal sub-
sidence caused by floods that hit Southwest (SW) Japan
every summer 2017-2020. Heavy rains were caused by
large amount of water vapor transported from the East
China Sea along the stationary front extending east—west.
They found a clear linear relationship between the total
amount of daily rains and crustal subsidence on that day
integrated over the whole SW Japan, and this linearity
holds up to the rain intensity of ~ 10 Gt/day. This shows
a clear contrast in the behavior from snowpack. Rainwa-
ter rapidly drains to the sea and is largely lost within a
day in mountainous islands like Japan. Thus, it depresses
the ground only during the day of precipitation. Snow, on
the other hand, stays on land often for months until the
spring thaw.

Here one may ask if it is possible to correct for sub-
sidence due to rainwater loading by monitoring daily
precipitation near GNSS stations. Figure 5 answers this
question using the data in the heavy rain episode in
August 2021 in SW Japan, a new episode not covered in
Heki and Arief (2022). Figure 5 compares daily/hourly
precipitation averaged over areas of various spatial scales,
city/town level (a few tens of kilometers), prefecture level
(~100 km), district level (a few hundreds of kilometers),
and the whole SW Japan. We confirm the strong corre-
lation between spatially averaged daily precipitation and
subsidence over the whole SW Japan (Fig. 5, bottom).
However, the correlation becomes low as we reduce the
averaging area. This would reflect two factors. The first
is the high mobility of water. It flows down rivers and
causes downstream areas subside rather than the rain
areas. The second factor is the decrease of random errors
by averaging more measurements. Whichever factor is
dominant, Fig. 5 suggests that it is impractical to correct
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for daily subsidence of a certain GNSS station using the
data of a nearby rain gauge.

Steady subsidence of~5 mm after the heavy rain
episode is seen over the second half of August for the
whole SW Japan. It is due to the increase of atmos-
pheric pressure of ~ 10 hPa (equivalent to ~ 10 cm water
depth) as a part of regular seasonal changes (Fig. 5
bottom).

Water storage variations and displacements

of GNSS points

Seasonal water storage changes and vertical displacement
amplitudes

The mass loading variations cause the deformation of
the underlying Earth, which can be precisely meas-
ured by continuous GNSS observations, particularly
in vertical direction. Therefore, the GNSS coordinate
time series can be used to estimate the changes in mass
loading, e.g., Total Water Storage (TWS) variations
after removing ocean tide and atmospheric loading

effects (Argus et al,, 2014; Jin et al., 2022). The elastic
displacement #(0) can be expressed by the integration
of the mass loading and Green’s function (Wang et al.,
2012; Zhang et al., 2017) as follows:

o0
o) = #:(R 3" huPu(cos) 1)
n=0
where 0 is the angular distance, R and M, are the mean
radius and mass of the Earth, respectively, AM is the
mass load, %, is the elastic Love number, and P, are the
Legendre polynomials. The load Love number is trun-
cated up to degree 500 and the higher degree is ignored
due to their little contribution to the displacement. The
unknown mass load is discretized into grid cells with spa-
tial resolutions of 0.5°~1° based on GNSS network den-
sity and the mass load at grid cells can be recovered (or
inferred) from GNSS displacements.
A case study with the displacement data at 251 con-
tinuous GNSS stations in southwestern US was carried
out to inverse water storage change. Figure 6 shows the
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Zhang, 2016)

distribution of the annual amplitude of vertical GNSS
station displacements (Jin & Zhang, 2016), obtained
by interpolating using the surface program of Generic
Mapping Tool (GMT). We can estimate TWS variation
using such GNSS displacement time series. The largest
amplitudes of the seasonal water storage changes from
GNSS displacements are found in the Rocky Mountains
due to snow water and in the Mississippi River basin
due to high precipitation and evapotranspiration rate
there. The result is similar to GRACE time-variable

gravity data and the model North American Land Data
Assimilation System (NLDAS).

Severe drought monitoring with GNSS

Over 70% of the areas in the southwestern US were sub-
ject to severe drought in 2012 (Chew & Small, 2014),
which are clearly observed in the vertical displacements
of GNSS stations and TWS changes from GRACE gravity
measurements, during the period 2012-2014 with high
drought intensity (Fig. 7). The time series were obtained

a 100 : : ,
9 D0-D4 [D1-D4 WD2-D4 D3-D4 D4 |
x
(0]
©
£ i
=
(@)
>
°
o
0
2002 2004 2006 2008 2010 2012 2014 2016
b 120 30
o = [S
§§, 60 15 £
-— » c
32 0 0o &
T c [}
= % 8
o€ -60 -15%
gL 2
o
-120 ‘ -3.0
2002 2004 2006 2008 2010 2012 2014 2016

Fig. 7 a Drought index in southwestern US with classification DO to D4 with increasing severity; b Monthly TWS anomalies from GRACE (red)
and monthly TWS anomalies from GNSS vertical displacements (blue) (modified from Jin & Zhang, 2016)
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from GNSS station displacements during the studied
period, smoothed with a 3-month moving-average win-
dow for a better comparison with GRACE TWS change.
The monthly GRACE TWS anomalies and GNSS TWS
change were highly correlated with each other from 2005
to 2012. The GRACE and GNSS TWS decreased rapidly
after 2012 due to severe drought and captured well the
drought from 2012 to 2014 (Jin & Zhang, 2016).

Related topics

Earth’s oblateness variations from GNSS data

Earth is a rotating ellipsoid, and the centrifugal force
makes its dynamic oblateness referred to as Jp. Redistri-
bution of the Earth’s surface fluid, including atmosphere,
ocean, and water on land, will change the oblateness with
time. Currently, SLR provides the most accurate time
series of J, (Cheng & Tapley, 2004). However, it still has
large uncertainty or limitations due to the sparse and
uneven distribution of SLR stations and non-continuous
observations.

With the method similar to estimating surface loads
using GNSS station displacements, the variation of J;
can be estimated from the displacements of globally dis-
tributed continuously observing GNSS stations. Figure 8
compares the time series of J, with GNSS (300 station
from International GNSS Service), GNSS+ OBP (ocean
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bottom pressure), GNSS + OBP + GRACE, SLR, GRACE
and models (Jin & Zhang, 2012).

Their annual J variations show a good agreement,
while GNSS alone has a smaller amplitude possibly due
to the insufficient GNSS station coverage in ocean areas.
The excitation of multiple timescale J variations were
analyzed using geophysical model data. The results show
that the variations of J5 at seasonal, intra-seasonal, and
interannual timescales are mainly driven by the redis-
tribution of Earth’s surface mass including atmosphere,
ocean, and land water.

Fake subsidence signals by snow accretion on antennas
Next, we discuss unrealistically large short-term subsid-
ence signals found occasionally in snowy places during
winter. Figure 9a shows time series of the up coordinates
at three GNSS stations in Hokkaido, Japan, downloaded
from NGL/UNR. The data with negative deviations up
to 10 cm are seen from time to time in winter. Such a
large subsidence and its sudden recovery is quite unlikely
to occur as a response to real surface loading. These are
considered as the fake signals caused by snow accretion
onto the GNSS antenna radomes.

We select three short time windows when such episodes
are seen, and call them Cases 1, 2, and 3. In all these cases,
apparent subsidence gets large gradually and then sud-
denly recovers. Snow accretion is believed to start at the

T T T
—<— GNSS —>*— GNSS+OBP

AJ, (x10"°)

GNSS+OBP+GRACE © SLR

GRACE A——Models

| | |
2003 2004 2005

2006 2007 2008 2009

Time (year)
Fig. 8 Time series of the Earth's dynamic oblateness J, with GNSS, GNSS + OBP, GNSS +OBP + GRACE, SLR, GRACE and models (modified from Jin &

Zhang, 2012)
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Fig. 9 GNSS stations in snowy regions often show unrealistically large subsidence. a Red, green, and blue dots in the time series indicate daily
up positions of stations 0852, 0871, 0013 in Hokkaido, Japan (data from NGL/UNR). We select three such cases within pairs of vertical lines
and magnify them in (b). They are artificial subsidence due to the delay of microwave signals in snow accreted to these antenna radomes,
and not due to real subsidence of these stations. Such fake subsidence signals can be discriminated from real ones by plotting SNR (L2), whose

decrease shows good correlations with the apparent subsidence (b)

time when significant snowfalls occur under relatively
warm temperatures. Then, the accreted snow becomes
thicker as snow continues. According to Steiner et al.
(2019), the microwave velocity decreases to 1.3 (very wet
snow) and 2.3 (dry snow)x10® m/s, when propagating
through snow depending on its wetness. It is reasonable to
believe that accreted snow as thick as 10-20 cm may cause
apparent subsidence of 5-10 cm (azimuthal asymmetry of
the accreted snow may cause apparent horizontal displace-
ments as well). The accreted snow will eventually come off
the radome and fall, which makes the coordinate suddenly
recovered to the original value.

Accreted snow will not only cause phase delays but
also weaken the microwave signal reaching the antenna.
It then will leave some signatures in the Signal-to-Noise
Ratio (SNR). Figure 9b compares time series of vertical
positions and the daily average SNR of all GPS satellites
with the elevations from 20 to 90 degrees. SNR decrease
is clearly correlated with the apparent downward dis-
placements suggesting that the microwave signals from
satellites are partly attenuated by obstacles (snow) on
the radome. Such SNR signatures are useful in discrimi-
nating real subsidence signals from fake ones due to the
snow accretion.

Concluding remarks

In this paper, we briefly reviewed the history of geodetic
study on surface loading. Then, we showed the examples
of observed 3D seasonal crustal deformations and gravity
changes, the interannual changes in seasonal movement
amplitudes, and interference of two seasonally changing
loads with various phase differences. We also reviewed

hydrological applications of geodetic study of the crus-
tal movements by surface loading. Finally, we showed a
few related topics, change in the oblateness of the Earth
as a global topic, and fake subsidence signals due to snow
accretion to antenna radomes as a local topic.

We here did not introduce the study of loading using
Interferometric Synthetic Aperture Radar (InSAR), but
its high spatial resolution will make it an important tool
in future for mapping crustal deformation by localized
surface loads such as impoundment of reservoirs. Con-
sidering the variety and uniqueness of these scientific
values, space geodetic study of surface loading will play
important roles in geophysics in the future.

In early days, the signals of surface loading were consid-
ered as noises disturbing tectonic signals. Later, the scien-
tific values of these signals have been recognized. Now,
many people deem loading signals as valuable data. Such an
“evolution’ i.e., a certain quantity changes its status from a
noise to a signal, emerges several times in space geodesy. For
example, tropospheric delay, especially wet delay evolved
from a source of noises disturbing coordinate time series
to meteorological and climatological signals. Indeed, water
vapor information from GEONET has been routinely used
in weather forecast in Japan (e.g., Shoji, 2013).

Regarding the upper atmosphere, we used to just
remove ionospheric delays by making ionosphere-free
linear combinations of carrier phases in two different
frequencies. Now we know they are sources of valuable
information on ionospheric disturbances of various kinds
(e.g., Heki, 2021; Jin et al., 2018). We anticipate such
“unexpected” evolutions would repeat in the future of
space geodesy.
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Abbreviations
AMeDAS  Automatic meteorological data acquisition system
AO Arctic oscillation

ENSO El-Nifio southern oscillation

GEONET  GNSS earth observation network

GMT Generic mapping tool

GNSS Global navigation satellite navigation

GPS Global positioning system

GRACE Gravity recovery and climate experiment
GSI Geospatial Information Authority of Japan
INSAR Interferometric synthetic aperture radar
NE Northeast

NGL Nevada Geodetic Laboratory

NLDAS North American Land Data Assimilation System
OBP Ocean bottom pressure

SLR Satellite laser ranging

SNR Signal-to-noise ratio

SW Southwest

TWS Terrestrial (total) water storage

UNR University of Nevada, Reno

UTCSR University of Texas, Center for Space Research
VLBI Very long baseline interferometry

WBE Water balance equation

3D Three-dimensional
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