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GRACE

Geoid undulations based on GRACE

GRACE is a pair of satellites, and the
key observation is the change in the
distance between them, measured via
a microwave ranging system.




GRACE Measures Change in Gravity

GRACE Terrestrial Water Storage
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Correlating GPS and GRACE
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Height (mm)

Loading on Seasonal Timescales

 Dominant control for seasonal/annual periods is
hydrology.

e Elastic loading theory can be used to explain signal,
using a load model derived from GRACE gravity
change.



Elastic Model

« Spherical harmonic coefficients of the gravity field.

* Load Love numbers. [Farrell 1972]
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Vertical Displacement (m)

Comparing GPS and GRACE
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Vertical Seasonal Displacements (cm)

Seasonal Hydrologic Loading in
Southern Alaska
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WRMS (mm)

Southern Alaska: WRMS Reduction
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Southern Alaska: WRMS Reduction Ratio

 WRMS,,. —WRMS

Rﬂﬁﬂ — GPS—GRACE

WRMS _reduction H‘:R 31 i,r ﬂ:ﬂ H {
Seps S GPS—GPS 4

» Good correlation for
stations close to high
mountains and heavily
glaciated areas.

* Long-wavelength
hydrological seasonal
53° mass loading dominates.
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Southern Alaska: Seasonal Effect on Campaign
GPS Measurements
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Comparison: Nepal Himalaya and Southern Alaska

Stacked seasonal vertical deformation (m)

Stacked seasonal vertical deformation
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Comparison: Nepal Himalaya and Southern Alaska

Stacked seasonal vertical deformation (m)

Stacked seasonal vertical deformation
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Continuous GPS Measurements

Vertical Displacement (m)
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Application: Slow Slip Detection in Alaska

150 W

Ohta et al., 2006
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Two Slow Slip Detected in Alaska
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Water Loading
Rio Amazonas
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River Loading in the Amazon
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Detected in INSAR as well as GPS

e Signal is about 8 cm
peak to peak

* Perfectly anti-
correlated with river
stage level (zero time

lag)
e Water load can be
detected in INSAR data

as well (blue depression
at left).




Hydrologic Loading Models

VERTICAL DISPLACEMENT RANGE

causod by total stored walor/snow * Hydrologic models predict

Maximum - Minimum (1994-98)

substantial seasonal
variations

— Largest amplitudes are
tropical rain forest basins

* Amazon
* Congo
* Mekong

— And SE Alaska!

* Caused by local
accumulation + transport

of water.




Hydrologic Loading Models

VERTICAL DISPLACEMENT RANGE o
caused by total stored water/snow
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GPS vertical displacement (mm)

West Coast Drought

GPS provides a new

Maps of GPS points in the western U.S., with
blue indicating a drop in land height and
yellow-red reflecting a rise.
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Borsa et al. (2014)



Loading (mm H,0)

Comparison of Model to Data

—
ﬁ- I
. En
W
5m “. \ -
E‘lo ) [~ \
. ‘ {
£
8 0 k‘””’f f -
g 5 & 19
g -10 \T\ ¥ 1r
?\:\ﬁ\_._.

Borsa et al. (2014)



Western US Time Series Stacked
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Progression of the Drought
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An animation of GRACE

* http://grace.jpl.nasa.gov/resources/5/



Global Scale Mass Transfer

* We expect there to be global seasonal mass
transfer between hemispheres

— Snow and ice accumulates at high latitudes during
winter

— But other factors might swamp that signal:

* Asian monsoon (N Hemi. summer)
* Tropical rainy seasons

 How to distinguish local variations from global
variations hemispherical mass transfer?
— Average over many sites!
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where £, is the model age of ice at 2 depthd = {#—2).
If the melt rate exceeds the surface accumulation
ate. the thickness of an annual layer actually increas
es vith age and depth in the ice {(which is equivalent
10 saying that there s net convergence of flow in the
horizontal plane or 2 stow-down along fiow in a
flow-line model). This situation occurs in several
areas in northeast Greenland. The thinning rate can
be expressed with a thinning rate factor

"
" U W
which is the ratio of the strain rate required by the
best-fit age-depth relation divided by the Nye strairt
fate. It is greater than 1 for a Dansgaard-Johnsen fit,
and less than 1 for a Nye-with-melting fit.
The details of this fit are covered in Fahnestock and
others (15). The misfit function is

))! - l(")‘i ‘

sy = 2]

D. Dahl-jensen, S. J. Johnsen, C. U. Harmmer, H. B.
Clausen, |. Jouzel, in ice in the Climate System, W. R.
Peliier, Ed. (Springer-Veilag, Berlin, 1993), vol. 1{12),
7-5

K. M. Cuffey, G. D. Clow, /. Geophys. Res. 102, 26383
1997).

The misfit function for the Nye model modified to
allow melting is

oty = i{rm(x,,,»ydﬁ) - zm]ﬂ

0

The modified Nye model returned a more smoothly
varying estimate of accumulation rate along the
flight in the areas where the Dansgaard-Johnsen
model retumed f < 0.

The spatial variations in accumulation pattems com-
pare well with patterns determined from shallow firm
cores and snow pifs by the NASA PARCA program
and earier work,

i. R. joughin, M. A. Tahnestock, J. L. Bamber, Ann.
Glaciol. 31, 141 (2000).

M. A. Fahnestodk et al., /. Geophys. Res., in press.
W. S. B. Paterson, The Physics of Glaciers (Elsevier
Science Ltd, Oxford, ed. 3, 1994), pp. 215-235 and
318254,

J. G. Sclater, C. Jaupart, D. Galson, Rev. Geopiys. 18,
269 (1980)

1. M. Brozena, thesis, University of Cambridge {1996].
. The Greeniand Aerogeophysics Project: Alr
borne Gravity, Topographic and Magnetic Mapping of
an £ntire Continent, 1AG Symposium No. 110, 20
st 1991, Vienna, Austria (Springer-Verlag, New
1991}, pp. 203-214.

J. Brozena, M. Chalona, R, Forsberg, G. Mader, Fos 74,
18 (1993).

R. B. Smith, L W. Braile, /. Voicanol. Geotherm. Res.
61,121 {1994)

Modeled results from the GiSP2 core suggest that
the accumulation rate has only been slowly i
creasing over the last 9000 years. This result,
barring a change in average storm tracks, may well
be applicable to other parts of the inland ice. The
assumption that the ice thickness has been con
stant over this interval is perhaps less well sup-
ported by the available data. A rapid increase in ice
thickness (at approximately half the accumutationt
tate) would produce an age-depth relation in the
upper {younger) layers that showed slower than
expected thinning rates. This would translate into
an estimate that included basal melting using our
technique. However, this would predict a basal
melt rate that was essentially the same as the
thickening rate. The basal melting we identify is
larger than any measured thickening, and the spa
tial pattems of melting and thickening do not
match.

REPORTS
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A New Global Mode of Earth
Deformation: Seasonal Cycle
Detected

Geoffrey Blewitt,"?* David Lavallée,” Peter Clarke,?
Konstantin Nurutdinov?

We have detected a global mode of Earth deformation that is predicted by
theory. Precise positioning of Global Positioning System sites distributed world-
wide reveals that during February to March, the Northern Hemisphere com-
presses (and the Southern Hemisphere expands}, such that sites near the North
Pole move downward by 3.0 millimeters, and sites near the equator are pulled
northward by 1.5 millimeters. The opposite pattern of deformation occurs

during August to September. We identify thi

pattem as the degree-one spher-

ical harmonic response of an elastic Earth to increased winter loading of soil
moisture, snow cover, and atmosphere. Data inversion shows the load mo-
ment’s trajectory as a great circle traversing the continents, peaking at 6.9 X
1022 kilogram meters near the North Pole in winter, indicating interhemispheric
mass exchange of 1.0 X 107 + 02 X 10 kilograms.

Redistribution of mass over Farth face
generates changes in gravitational and str-
face fo that produce a stress response in
the solid Earth, accompanied by characteris-
tic patterns of surface deformation (/-3)
Here, we search for global deformation re-
sulting from Earth’s elastic response to a
change in the “load moment” (a dipole mo-
ment), defined as the load center of mass
vector multiplied by the load mass. This pre-
dicted degree-one spherical harmonic mo
(1, 4) has unique characteristics that distin-
guish if from tidal deformation. Our calcula-
tions predict that the known seasonal ex-
change of water and air between the Northern
and Southern hemispheres (5-7) is i
cient magnitude to force sich a mode with
annual period at the several-millimeter level,
which ought to be detectable by modern geo-

tic techniques. Moniforing this mode
should enable global characterization of the
hydrological cycle through direct inversion of
geodetic data, and enable detenmination of
mechanical properties of Earth on the global
scale

Previous investigations in space-based ge-
odesy have detected displacements of surface

height at the 10-mm level in response to
variation in atmospheric pressure (8) and
larg le terrestrial water storage (9). Such
results show statistically significant correla-
tion between observed site position variations
and mode} predictions. Althongh promising,
the residual discrepancies between data and
models remain at least as large as the predict-
ed signal. Apart from current uncertainties in
modeling gromndwater storage, another limi-
tation is the level of noise in globally r
enced site position data (9). We mit
these problems by seeking a deformation
mode with a theoretical fanctional form (al-
lowing for inversion) and large-scale spatio-
temporal coherence (enhancing the signal-to-
noise ratio)

The change in Farth’s shape due to the
gravitational and pressure stresses of surface
loading is theoretically characterized by
spherical hanmonic potential pertarbations
and load Love numbers (2). Load Love num-
ber theory is findamental to the Green's
function approach to foading models (Z),
which has facilitated numerical computation
of Earth deformation due to arbitrary load
distributions (3). Unlike tidal theory, loading
theory includes a degree-one deformation

"Nevada Bureau of Mines and Geology, and Seismeo-
logical Laboratory, University of Nevada, Reno, NV
89557, USA. “Department of Geormatics, University of
Newcastle, Newcastle upon Tyne, NET 7RU, UK.

*To whom correspondence should be addressed. E-
mail: gblewitt@unr.cdu

by movement of the load center of
mass with respect to the solid Farth center of
mass (7, 4, 10).

Letus define CM as the center of mass of
the solid Earth plus the load, and CE as the
center of mass of the solid Earth cnly. CM

14 DECEMBER 2001 VOL 294 SCIENCE  www.sciencemag.org

* Blewitt et al. (2001)

During February to March, the
Northern Hemisphere compresses
(and the Southern Hemisphere
expands), such that sites near the
North Pole move downward by 3.0
millimeters, and sites near the
equator are pulled northward by 1.5
millimeters. The opposite pattern of
deformation occurs during August to
September. We identify this pattern
as the degree-one spherical
harmonic response of an elastic
Earth to increased winter loading of
soil moisture, snow cover, and
atmosphere.



Results for Load Moment Vector
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How Can You Detect This?

* Redistribution of mass over Earth’ s surface
generates changes in gravitational and surface
forces that produce a stress response in the
solid Earth, accompanied by characteristic
patterns of surface deformation

* First-order pattern is spherical harmonic
degree 1

— Degree 1 loads can be described by a “load
moment’ vector.



Definitions

Load distributed in thin shell around earth
CM is center of mass of solid earth + load
CE is center of mass of solid earth only
Offset of CE with respect to CM is:

Arcp= -Mp AT,/ Mg = m/Mg

This results in a deforming potential V,
Vi(o,A) = gh.Arcrp = gh.m/Mg

— Where h is a unit vector pointing upward



Displacements in CE frame

* Displacements can be calculated easily for this
deforming load potential. In the CE frame:

A3y, = hiVi/g = hih.m/Mg

A3 = 1.V /g = l]lm/Mg

* Load Love numbers in CE frame are:
—h,” =-0.290; 1, =0.113
— Meaning of the signs:

e Positive load causes subsidence, h< 0
* Positive load causes inward displacement, | >0

— Displacement proportional to load moment
vector



Peculiarities

e Sphere deforms to Sphere

— This mode of deformation is unique, in that it
compresses the hemisphere centered on the load
moment, and expands the opposite hemisphere,
such that a perfect sphere deforms to another

perfect (but strained) sphere of identical
diameter.

— That is, the deformation is like a translation,
although no two points actually move the same
way.

* Equivalent to a seasonal geocenter variation



Applying the Theory

e GPS frame is not in CE or CM

— Approximately CF = Center of Figure
» Defined by the shape/position of the surface of Earth

* Transform equations to CF frame

— Subtract the average displacement Ar¢ in the CE frame,
determined by integration over surface of sphere
1. ,
A_I—'CF = §U2’1 + '21'1)m," .1[@
— Use equations in CF frame in an inverse problem to
estimate the parameters, equivalently

* 3 degree-1 spherical harmonic coefficients
* 3 components of the load moment vector



Degree-1 Deformations in Various
Frames

Blewitt (2003, JGR)
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Results for Load Moment Vector
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GPS Reflectometry

GPS Signal
/ Transmitted at 1.5 GHz

Specular Reflection

Antenna-H-2.5m

Reflected

Planar Surface

Kristine Larson, University of Colorado



Changes in Reflection Character

the reflections off bare soil produce this
SNR curve

add a snow layer
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Kristine Larson, University of Colorado



GPS Reflectometry for Tides

. - GPS phase center
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max water
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Kristine Larson, University of Colorado



meters

Tide Gauge Example

Friday Harbor Tide Gauge

Tide Gauge

Larson et al. (2012)



sea level (m)
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Snow Depth (cm)
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Coldfoot Snow Depth 2016

PBO H,O: ab33
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