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Abstract

Tidal, seasonal and long-term surface mass movements cause the earth to deform 

and the gravity field to change. Current geodetic satellites, GPS and GRACE, accurately 

measure these geophysical signals. I examine the effect on GPS solutions of using 

inconsistent reference frames to model ocean tidal loading (OTL). For seasonal loading, I 

choose two study areas, Nepal Himalaya and southern Alaska, and compare 

GPS-measured and GRACE-modeled seasonal hydrological ground loading deformation.

Globally distributed stations are employed to compare GPS coordinate solutions 

with OTL corrections computed in different reference frames: center o f mass of the solid 

Earth (CE), and center o f mass o f the Earth system (CM). A strong spectral peak at a 

period of -14 days appears when inconsistent OTL models are applied along with 

smaller peaks at -annual and -semi-annual periods. Users of orbit/clock products must 

ensure to use OTL coefficients computed in the same frame as die OTL coefficients used 

by the analysis centers; otherwise, systematic errors will be introduced into position 

solutions.

Continuous GPS measurements of seasonal deformation in Nepal Himalaya are 

compared with load model predictions derived from GRACE observations. The GPS 

seasonal height variation and GRACE-modeled seasonal vertical displacement due to the 

changing hydrologic load exhibit consistent results, for both amplitude and phase. 

GRACE indicates a long-term mass loss in the Himalaya region, which leads to crustal 

uplift since the earth behaves as an elastic body. We model this effect and remove it from 

GPS observed vertical rates. Then most GPS vertical rates can be explained by 

interseismic strain from the Main Himalayan Thrust.

In southern Alaska, vertical seasonal loading deformation observed by GPS stations 

and modeled displacements due to seasonal hydrological loading inferred from GRACE 

are highly correlated. The effects of atmosphere and non-tidal ocean loading are 

important. Adding the AOD1B de-aliasing model to the GRACE solutions improves the 

correlation between these two geodetic measurements, because the displacements due to



iv

these loads are present in the GPS data. Weak correlations are found for some stations 

located in areas where the magnitude of the load changes over a short distance, due to 

GRACE’S limited spatial resolution.
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Chapter 1 Introduction

The earth, behaving as an elastic body, deforms due to large surface mass 

variations. The Global Positioning System (GPS) has been extensively applied to 

monitor the crustal deformation due to tectonic, cryospheric and hydrological 

phenomena. The Gravity Recovery and Climate Experiment (GRACE) mission observes 

Earth's time-variable gravity field, which has been used to measure the Earth’s mass 

variation both on the surface and interior of Earth.

Due to global climate change, the cryosphere is experiencing considerable mass loss 

globally. Large surfece mass movements cause the elastic earth to deform and the gravity 

field to change. This current climate-driven ice and snow loss is superposed with other 

phenomena, mainly tectonics in locations like the Tibetan Plateau and southeast Alaska.

The central idea of this dissertation is to model the hydrological or/and cryospheric 

induced crustal deformation based on GRACE measured gravity data, and remove it 

from GPS measurements so as to derive tectonic-only deformation. Ground displacement 

due to the changing mass load can be expressed in terms of load Love numbers and 

GRACE-derived spherical harmonic coefficients for the gravity field (Wahr et al., 1998; 

Kusche and Schrama, 2005).

van Dam et al. (2007) compared GPS observed seasonal heights variations over 

Europe with GRACE modeled heights variations, and found that the annual signals for 

those two measurements did not show very good agreement. They attributed it to GPS 

data processing flaws, especially the spurious annual signals propagated into daily 

solutions during GPS data processing. Since that time, there have been a number of 

improvements to standard GPS processing, so it is a good time to reassess this question.

In order to reduce the aliased ocean tidal errors in GPS processing, I examine the 

effect of using inconsistent ocean tidal loading models on GPS coordinates in Chapter 2. 

With refined GPS data analysis, I present two case studies to correlate GPS and GRACE 

to analyze the hydrological and tectonic deformation in the Nepal Himalaya (Chapter 3), 

and seasonal hydrological loading in southern Alaska (Chapter 4).
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Chapter 2 has been published in the Journal o f Geodesy. I used a 6-year span of 

GPS data from 85 globally distributed stations to compare solutions using ocean tidal 

loading (OTL) corrections computed in different reference frames: center of mass of the 

solid Earth (CE), and center of mass of the Earth system (CM). Results show that 

significant biases can be introduced into GPS solutions when a user solution uses OTL 

coefficients computed in a different reference frame to those used by the analysis center 

in their product generation solution. To avoid this aliased periodic errors, researchers 

should ensure they adopt OTL coefficients computed in the same reference frame as 

those used by the analysis center that provides the orbit and clock products.

Chapter 3 has been published in the Journal o f  Geophysical Research. In this study, 

I use two kinds of geodetic techniques, continuous GPS and GRACE, to study seasonal 

mass change and its resulting vertical displacement in Nepal and southern Tibet. 

Quantitative comparisons between the observed GPS seasonal vertical deformation and 

GRACE-modeled seasonal deformation demonstrate that a consistent physical 

mechanism is responsible for the correlation between these two kinds of geodetic 

measurements. We also discuss the long-term mass loss revealed by GRACE 

measurements and its impacts on tectonic vertical rate evaluations. GRACE indicates a 

long-term mass loss (melting ice and snow) in this region. I model the consequent uplift 

caused by the load decrease, and remove this effect from observed GPS vertical rates. 

The residual vertical rates are mainly dominated by tectonic deformation due to the 

earthquake cycle in the thrusting. Comparison between observed and modeled (2D 

dislocation model) vertical rates show the interseismic slip o f the Main Himalayan 

Thrust can explain the most of the vertical motion of most GPS stations.

Chapter 4 has been published in the Geophysical Research Letters. The seasonal 

hydrological mass cycle in southern Alaska is significant. Both GPS and GRACE detect 

this seasonal variation. Seasonal vertical deformation of GPS timeseries in southern 

Alaska was reported by Freymueller et al. (2008), and published GRACE time series 

indicated strong seasonal gravity changes in southeast Alaska caused by seasonal 

hydrologic mass variations (e.g., Tamisiea et al., 2005; Luthcke et al., 2008). In this
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chapter, I compare the seasonal variation measured by GPS and GRACE across southern 

Alaska, and analyze the correlation between these two geodetic observations using an 

elastic loading model.

Chapter 5 summarizes the results and conclusions of this dissertation, and also 

indicates some potential follow-on work of combining GPS and GRACE to investigate 

cryospheric, hydrology and tectonic phenomena.
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Chapter 2 The Effect of Using Inconsistent Ocean Tidal Loading Models on GPS

Coordinate Solutions1

Abstract

We use up to a 6-year span of GPS data from 85 globally distributed stations to 

compare solutions using ocean tidal loading (OTL) corrections computed in different 

reference frames: center of mass of the solid Earth (CE), and center of mass of the Earth 

system (CM). We compare solution sets that differ only in the frame used for the OTL 

model computations, for three types of GPS solutions. In global solutions with all 

parameters including orbits estimated simultaneously, we find coordinate differences of 

-0.3 mm between solutions using OTL computed in CM and OTL computed in CE. 

When orbits or orbits and clocks are fixed, larger biases appear if  the user applies an 

OTL model inconsistent with that used to derive the orbit and clock products. Network 

solutions (orbits fixed, satellite clocks estimated) show differences smaller than 0.5 mm 

due to model inconsistency, but precise point positioning (PPP) solutions show 

distortions at the -1.3 mm level. The much larger effect on PPP solutions indicates that 

satellite clock estimates are sensitive to the OTL model applied. The time series of 

coordinate differences shows a strong spectral peak at a period of -14 days when 

inconsistent OTL models are applied and smaller peaks at -annual and -semi-annual 

periods, for both ambiguity-free and ambiguity-fixed solutions. These spurious 

coordinate variations disappear in solutions using consistent OTL models. Users of orbit 

and clock products must ensure that they use OTL coefficients computed in the same 

reference frame as the OTL coefficients used by the analysis centers that produced the 

products they use; otherwise, systematic errors will be introduced into position solutions. 

All modem products should use loading models computed in the CM frame, but legacy 

products may require loading models computed in the CE frame. Analysts and authors

'Fu, Y., J. T. Freymueller, and T. van Dam (2012), The effect o f using inconsistent ocean tidal loading 
models on GPS coordinate solutions, /  Geod., 86(6), 409-421, doi: 10.1007/s00190-011-0528-1.
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need to document the frame used for all loading computations in product descriptions 

and papers.

2.1 Introduction

Ocean tidal loading (OTL) is the periodic crustal displacement caused by the load of 

the ocean tides. OTL surface displacements can reach several cm in magnitude in the 

vertical component for coastal areas, and are smaller but still detectable in the horizontal 

components (Vey et al., 2002; Urschl et al., 2005). Additionally, any mismodeling of 

diurnal and semidiurnal tidal constituents can be propagated to longer-period signals in 

the GPS coordinate time series (Penna and Stewart, 2003; Penna et al., 2007; Yuan et al., 

2009), which results in spurious periodic variations. The magnitude of the OTL 

deformations makes correcting for them important during precise geodetic data analysis 

(e.g., van Dam et al., 1997; Dragert et al., 2000; King et al., 2008), especially because the 

measurement and modeling of variations in time series is becoming more important. 

Corrections for OTL deformation are usually made by computing a set of coefficients 

(amplitudes and phases o f the loading deformation for each tidal component), and 

subsequently removing this model from the GPS observations in the solution for 

coordinates and other parameters.

Isomorphic terrestrial reference frames can be defined with differing origins, 

including the center of mass of the solid Earth (CE), or the center o f mass of the whole 

Earth system (CM), which includes the ocean and other surface loads, such as 

atmosphere and continental water storage (Blewitt, 2003). The International Terrestrial 

Reference Frame (ITRF) is a CM frame in the sense of long-term secular motions, but 

does not account for short-term variations, such as seasonal variations or sub-daily 

variations (Dong et al., 2003). The Center of Figure (CF) frame, defined based on the 

center of figure of the solid Earth surface, can be well approximated by a 

no-net-translation condition on a global geodetic network. The CF frame is very nearly 

equivalent to CE, with the difference between CE and CF being only about 2% of the 

difference between CE and CM (Dong et al., 2003; Blewitt, 2003).
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Ocean loading corrections can be computed by convolving Green’s Functions with 

tidal variations over the global ocean domain (Goad, 1980). Green’s Functions are 

derived from load Love numbers in a specific reference frame, and describe the 

deformation of the Earth due to a point surface load. The most widely used Green’s 

Functions were obtained by Farrell (1972) in the CE frame. Load Love numbers and the 

resulting Green’s Functions can be transformed between the CE and CM frames based on 

the individual physical definition of geocenter (Dong et al., 1997; Blewitt, 2003). The 

Green’s functions differ in that the computed loading differs for the degree 1 

deformation. In the CM frame, movement of fluid mass is accompanied by an opposite 

motion of the center o f mass of the solid Earth, while in the CE frame the center of mass 

of the solid Earth is fixed (by definition). The geocentric component of the frame 

difference can be on the order of several millimeters in size, depending on how the tidal 

components add up (Schemeck et al., 2000). (H.-G. Schemeck provides tabulated 

coefficients for this “center of mass correction” for various tidal models and tidal 

components at http://froste.oso.chalmers.se/loadine/cmc.htmn. In this paper we will use 

OTL-CM to refer to an OTL model computed in the CM frame, and OTL-CE for a model 

computed in the CE frame.

The current IERS Conventions and the International GNSS Service (IGS) 

recommendations both suggest using OTL corrections computed in the CM frame (IERS 

Conventions, 2010; Kouba, 2009). However, older conventions were different. Many if 

not most papers do not specify in which frame their loading computations were 

calculated, even when OTL and other sub-daily variations are the focus of the paper. For 

a typical example, King et al. (2008) did not report which frame was used for their OTL 

computations. But we know they must have used the CE frame Greens functions. This 

conclusion can only be deduced by a reader who knows that only the CE frame Greens 

functions were available for the SPOTL (Some Programs for Ocean-Tide Loading) code 

(Agnew, 1997) at that time. Few studies have examined the difference between loading 

computations in the CM vs. CE frame. Schemeck et al. (2000) compared sets of precise 

point positioning (PPP) solutions using both OTL-CE and OTL-CM models, and found

http://froste.oso.chalmers.se/loadine/cmc.htmn
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that the solutions using OTL-CE provided a better match for the tidal variations observed 

in the solutions. They suggested that this resulted from the fact that the orbit and clock 

products held fixed in their PPP solutions were generated using OTL-CE models, and 

that consistency between the solutions that generated the products and the user’s solution 

is important. In this paper, we use PPP and other solutions to evaluate the effects of the 

frame used for OTL model computations, using an extensive global data set.

The frame used for OTL model computations needs to be kept distinct in the mind 

from the frame used for orbit integration, or any corrections applied to the orbits in 

preparing specific file formats. GPS satellites are gravitationally attracted by the mass of 

the whole Earth system, so their trajectories are physically relative to CM. GPS orbit 

files in the SP3 format are supposed to be in a crust-fixed reference frame, so the center 

of mass correction (difference between CM and CE) is removed in preparing these files, 

at least in the IGS reprocessed products (IERS Conventions, 2010). In this paper we do 

not discuss frame issues of the orbits themselves, but only the frame used to compute the 

OTL models. For consistency, all loading computations should be done in a CM frame, 

but when the frame for the loading computations is commonly not specified, it may be 

easy for inconsistency to arise, or for an incorrect theory to be applied.

In this study, we reprocessed a multi-year set of GPS data that included 85 globally 

distributed continuous stations with OTL modeled in both CE and CM, in order to 

examine the differences when using precise point positioning (Zumberge et al., 1997). 

We used shorter subsets of this data set for additional, more in-depth comparisons of 

different types of GPS solutions. In particular, we investigated solution strategies in 

which 1) the user computes a regional solution using fixed orbit products but estimates 

satellite clocks; and 2) the user estimates coordinates, orbits and all other parameters in a 

single solution, rather than using products derived by an external analysis center. We 

repeated our analysis for two different ocean tidal models and two different OTL 

computation programs to eliminate the possibility that the observed differences are due 

to the ocean tide models or to the software used to estimate the corrections.
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2.2 GPS data and processing strategy

We analyzed a set of 85 globally distributed continuous GPS stations in this study 

(Figure 2.1). We use a global distribution of sites because using a regional network may 

introduce considerable errors during frame alignment (Tregoning and van Dam, 2005). 

We reprocessed all data for these sites from the beginning of 2002 through the end of 

2007, 6 years in total, using the GIPSY/OASIS-II (Version 5.0) software in point 

positioning mode (satellite clocks and orbits fixed) to obtain daily coordinates and 

covariances. We then analyzed subsets of this data in network positioning mode (satellite 

clocks estimated, but orbits fixed) and using solutions in which we estimated all 

parameters simultaneously, including orbits. In point positioning, the user estimates site 

coordinates using fixed orbit and clock products that were derived by a separate global 

solution and that are usually provided by an external analysis center. Multiple sites can 

be analyzed together or one by one, giving the same result either way (Zumberge et al., 

1997). We used JPL’s reanalysis set of orbit and clock products, which were determined 

using a consistent set of models over the entire time span, including absolute antenna 

phase center models for both GPS receiver and satellite antennas (Schmid et al., 2007). 

We included antenna plus radome specific phase center models where they were 

available. We used the GMF tropospheric mapping function (Boehm et al., 2006), and 

adopted a priori dry tropospheric delay estimates from the Global Pressure and 

Temperature (GPT) model (Boehm et al., 2007). The solutions shown here do not 

include ambiguity resolution, although we test the impact of ambiguity resolution later in 

the paper. All solution series used exactly the same data, and in a variety of tests we vary 

the orbits, clocks, and OTL model used.

For our base set of solutions, we used JPL’s fiducial free orbit and clock products 

(in the native GIPSY format). We transformed each daily solution into the ITRF2005 

reference frame, estimating our own frame alignment transformation. Because we 

transform each solution into ITRF using a global set of reference sites, these comparisons 

highlight distortions of the network rather than differences in the solutions that can be 

removed by a 7-parameter transformation. A comparison o f solutions that used the
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fiducial products that are already in ITRF, would be very similar except that any 

frame-like bias between the solutions would remain as normally no frame alignment 

transformation is applied to those solutions. In other comparisons, we aligned the 

OTL-CE solution to the OTL-CM solution using a standard 7-parameter transformation 

so that we could directly evaluate both distortions and frame-like biases between the 

solutions.

We used the ocean tide models FES2004 and TPXO7.0 to calculate OTL 

corrections for all GPS stations, in both the CE and the CM frames, using two different 

software packages. The OTL model amplitudes and phases from the FES2004 tide model 

(including the tidal components M2, S2, N2, K2, K l, 01, PI, Q l, MF, MM and SSA) 

were computed using Hans-Georg Schemeck’s web tool 

(http://www.oso.chalmers.se/~loading/). The OTL model amplitudes and phases using 

TPXO7.0 (Egbert and Erofeeva, 2002) (components M2, S2, N2, K2, K l, 01, PI, Q l, 

MF, MM) were computed using the SPOTL software (Agnew, 1997). The Green’s 

functions provided with SPOTL are in the CE frame. We developed our own set of CM 

Green’s functions to use with this program. We compared the SPOTL calculations for 

TPXO7.0 to those using Schemeck’s online tool. The results agreed very closely for both 

the CE and CM frames (e.g. the difference in amplitude for the M2 component between 

SPOTL and Schemeck’s online tool is less than 1.5% of its amplitude). This result is 

consistent with the work of Penna et al. (2008) that also assessed different algorithms for 

computing OTL.

2.3 Comparison results

2.3.1 Comparison between solutions using different frames during point positioning

Using JPL’s reanalysis orbit/clock products, Figure 2.2 depicts the differences 

between solutions for station TIDB (Canberra, Australia) using OTL derived in the CE 

frame and the CM frame. The only difference between these solutions is the OTL 

coefficients used. All the GPS stations investigated in this study, independent of their

http://www.oso.chalmers.se/~loading/
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proximity to the ocean, show very similar patterns. The patterns are similar because the 

OTL displacements computed in CM and CE differ only by a degree 1 deformation. 

While all the stations show similar patterns, the phase of peaks o f the difference varies 

over the globe. This result holds for solutions derived using either the FES2004 or 

TPXO7.0 models, consistent with the conclusion of Thomas et al. (2007) that the present 

ocean tide models give very similar results at the global scale.

The most obvious periodic component in Figure 2.2 has a period of about 14-days, 

appearing consistently in East, North and Height. The vertical component has larger 

peak-to-peak amplitudes, but differences in the horizontal components can reach about 

one third of that observed in the height. The power spectrum (Figure 2.3) for the 

difference (Figure 2.2) shows a spectral peak at 26.71 cycles per year (period of 13.67 

days), and also reveals ~annual and -semiannual components. Penna and Stewart (2003), 

Stewart et al. (2005) and Penna et al. (2007) demonstrated that, with a discrete 24-hour 

GPS data processing strategy, mismodeled diurnal and semidiurnal tidal constituents 

could be aliased into errors in longer periods in the timeseries. They predicted that 

propagated tidal deformation would appear at about 14-days (due to the aliasing of M2 

and 01), semiannual (due to the aliasing of S2, K2 and PI) and annual periods (due to 

the aliasing of S2 and Kl). These are the peaks that we observe in the vertical coordinate 

differences between the two solution sets (Figure 2.3). Other studies (Amiri-Simkooei et 

al. 2007; Ray et al. 2008; Tregoning and Watson, 2009) have shown that the observed 

-annual and -semiannual peaks in power spectra of GPS timeseries are really GPS 

draconitic annual (-351.4 days) and semiannual (-175.7 days) periods. A GPS draconitic 

year is the period for the GPS constellation to repeat its orientation relative to the Sun 

(Ray et al., 2008). For simplicity, we will refer to these peaks as -annual, -semi-annual, 

and -14-day or -bi-weekly.

Figure 2.4 depicts the amplitudes of the ~14-day periodic variation in differences 

between solutions using OTL-CE and OTL-CM, as a function of latitude. GPS stations 

located at lower latitudes show larger amplitudes. Similar latitude-dependence of the
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effects of mismodeling signals at tidal frequencies was found by Penna et al. (2007) and 

Tregoning and Watson (2011).

Solutions using OTL-CE and OTL-CM models differ by periodic variations, but 

which solution contains this spurious periodic variation? The stacked power spectrum for 

the detrended station timeseries is shown in Figure 2.5. The 48 GPS stations used for the 

stack (solid diamonds in Figure 2.1) were chosen based on the criteria that their 

timeseries should be continuous without obvious gaps or sudden offsets of coordinates 

due to strong earthquakes or receiver antenna changes. The stacked power spectrum 

(Figure 2.5) clearly illustrates that the ~ 14-days periodic variation is present only in 

solutions using OTL-CE frame. There is no spectral peak around this period in the 

solutions from the solutions using OTL-CM. This obvious difference between solutions 

using OTL-CE and OTL-CM does not depend on the tidal model, with similar results 

using both FES2004 and TPXO7.0 (Figure 2.5). The amplitude of the ~14-day peak in 

the power spectrum is reduced by 41% from OTL-CE solutions to OTL-CM solutions for 

FES2004, and by 40% from for TPXO7.0. Therefore, the difference between frames is 

much larger than the difference between ocean load models in the same frame. This 

result means that the choice of frame for OTL computations is more significant than the 

choice of ocean tide model. JPL uses the FES2004 ocean tide model and OTL-CM 

coefficients in the solutions it uses to generate its current and reanalysis orbit and clock 

products (S. Desai, personal communication, 2010). JPL's use of OTL-CM coefficients is 

consistent with current conventions. Our results show that point positioning users 

introduce systematic errors into their solutions if they do not use the same OTL 

coefficients used in the solution that generated the orbit and clock products.

For other periodic components, the amplitudes of the stacked power spectrum for 

the detrended timeseries derived using OTL-CM are also smaller than those derived 

using OTL-CE. For the annual component, the amplitude is decreased by 1.13% by 

changing from OTL-CE to OTL-CM for FES2004, and by 1.06% for TPXO7.0. The 

semiannual is reduced by 3.25% by changing from OTL-CE to OTL-CM for FES2004, 

and by 3.44% for TPXO7.0.
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2.3.2 Testing the importance of consistency in OTL coefficients

JPL currently uses OTL-CM coefficients in the solutions that generate its products, 

but the older JPL legacy orbit products employed OTL-CE coefficients (S. Desai, 

personal communication, 2010). We use this difference to test the hypothesis that the 

differences we observe result from inconsistencies between the user solution and the 

solution that generated the orbit and clock products. We reprocessed data for all of 2002 

using two different orbit/clock products: JPL’s legacy products (eci orbit) determined 

using OTL-CE, and JPL’s reanalysis products (pos orbit) determined using OTL-CM. 

For each set of orbit and clock products, we compared solutions using OTL coefficients 

modeled in the CE and CM frames, giving us 4 different combinations of OTL 

coefficients used for the user and product solutions (Figure 2.6). The ocean tide model 

FES2004 is adopted here. We label the solution sets based on the tide model, frame for 

OTL computations, and the orbit set used, for example FES04CM_POS means the 

FES2004 tide model, OTL computed in CM, and the reprocessed orbits (pos format).

Figure 2.6 displays the stacked power spectrum of the -14-day period component 

for the four different combinations. It is clear that the amplitude of the position variations 

at this period is smaller for the solutions in which the same OTL coefficients were used 

in the product solution and the user solution, FES04CM_POS and FES04CE_ECI. This 

confirms that significant spurious periodic signal will be introduced into the GPS 

position solutions if the user solution employs OTL coefficients that differ from those 

used in the product solution. The solutions using the reanalysis products, 

FES04CM_POS, display markedly lower noise compared to the solutions using the 

legacy products, FES04CE_ECI. Indeed, there are many differences between the two sets 

of orbit products. Thus, from this comparison alone we cannot be sure how much of the 

observed scatter is due to the use of any particular frame for computing the OTL 

coefficients. However, it is clear that a user’s solution in point positioning mode needs to 

use OTL coefficients that are consistent with those used in the solution that generated the
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orbit and clock products. This confirms the suggestion of Schemeck et al. (2000) that 

such consistency should be very important.

We generated a 1-year (2006) set of solutions with orbits, clocks and positions 

estimated to test whether using one frame for OTL computations gives an intrinsically 

better result, using ocean tide model TPXO7.0. In a single-step global solution, there is 

no possibility of having an inconsistency in OTL coefficients as all parameters are 

estimated simultaneously in the solutions. We integrated orbits for each day based on the 

IGS reprocessed orbits (igl), and estimated global solutions including adjustment to the 

orbits, using the same global stations as before. All processing models were the same as 

in the point positioning case, except that the solution was done in network mode with 

satellite clocks, orbit initial conditions and solar radiation pressure models estimated, 

along with all station parameters. We did not estimate Earth orientation parameters, but 

instead used IERS final values. One set of solutions used OTL-CM coefficients and the 

other set used OTL-CE, with no other differences.

We compared solutions by aligning each daily OTL-CE solution to the OTL-CM 

solution with a 7-parameter transformation and examining the residual differences after 

alignment. This comparison elucidates the distortion of the two solutions relative to each 

other, removing any differences that are described purely by translation, rotation or 

scaling of the network. The coordinate differences after transformation are very small, 

mostly 0.1-0.4 mm with a mean WRMS difference o f -0.25 mm (Figure 2.7, green bars). 

These differences are much smaller than the differences between the point positioning 

solutions (Figure 2.7, red bars). Analysis of the stacked power spectrum (Figure 2.8, top) 

indicates that the biases at ~14-day period shown in Figure 2.6 clearly disappear. The 

magnitudes of the power for the global solutions, TPXO_CE and TPXO_CM differ at the 

level of 0.01 mm2 or less, so they are indistinguishable, and both are, in fact, very close 

to the best result in point positioning mode, FES04CM_POS. All these results suggest 

that the use of consistent OTL coefficients is more important than using one particular 

frame or the other; that is, an inconsistency between the product solution and user 

solution introduces larger errors than does using the wrong theory consistently. Our time
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series of global solutions is too short to demonstrate that using the correct theory 

(OTL-CM coefficients) produces a superior result than consistently using OTL-CE 

coefficients, but we assume this to be the case.

23.3 Network solutions with clocks estimated

Many users do not employ point positioning mode, but rather fix orbits based on 

external products, and either estimate satellite clock errors or remove them by 

double-differencing. If the choice of frame for the OTL model computations affects only 

the orbit product and not the satellite clocks, then this type o f solution will exhibit the 

same biases as PPP solutions if the user solution uses OTL coefficients computed in a 

different frame. However, if  the choice of OTL model coefficients mainly affects the 

clock parameters, the impact of inconsistency in this type of solution would be much 

smaller. To test the effects on this type of solution, we ran a 1-year (2006) series of 

network solutions with both clocks and positions estimated. JPL’s reanalysis orbits were 

held fixed, but satellite clock parameters were estimated. We fixed a single reference 

clock, usually that at the site ALGO. The solutions were repeated using each of the 

OTL-CM and OTL-CE model coefficients.

We used a 7-parameter transformation to compare the coordinate differences of the 

two different solution sets. The residual coordinate differences after transformation 

(Figure 2.7, blue bars) have a mean WRMS of ~0.3mm, very similar to what we 

observed for the global solutions with orbits estimated and much smaller than the 

differences we find for PPP solutions. The network solutions and PPP solutions differ 

only in that the satellite clocks are fixed to the values from the product solution in the 

PPP solution, but are estimated in the network solution. This result shows that the 

satellite clock estimates must be significantly different in solutions that use OTL-CM and 

OTL-CE, and that the difference is large enough to cause -1.3 mm distortions of the 

network when inconsistent OTL models are used in the user and product solutions.

Figure 2.9 compares the frame parameters determined from transforming solutions 

using OTL-CE into alignment with solutions using OTL-CM (Figure 2.7 compares the
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coordinate residuals after this transformation). The transformation parameters for 

network solutions with orbits, clocks and coordinates estimated (green line, Figure 2.9) 

are smaller than other two solutions, being much less than 0.1 mm. For the solutions that 

use fixed orbits (network solutions or PPP), the translation parameters are on the order of 

0.3 mm or smaller, and the rotation parameters are equivalent to surface displacements of 

the same order. There is a small systematic bias of the z-axis rotation parameter for the 

PPP equivalent to a -0.3 mm displacement at the equator. The cause of this bias is 

unknown, but presumably it reflects a mean time bias that could impact time transfer. We 

do not observe any systematic geocenter offset between the two solution sets of a size 

equivalent to the magnitude of the center o f mass correctipn (several mm), because the 

geocenter translation o f the daily frame is the geocenter offset averaged over the 24 hour 

solution period, not the instantaneous offset at one epoch.

When all parameters are estimated simultaneously in a single solution, the 

differences between solutions using OTL-CM and OTL-CE are of the order of -0.3 mm, 

which are small, yet much larger than the GGOS (Global Geodetic Observing System) 

goal, 0.1 mm accuracy at the global scale (Gross et al., 2009). The same level of network 

distortion is found for network solutions that used fixed orbits, although these also 

include frame biases equivalent to -0.3 mm displacements. PPP solutions have frame 

biases of the same order as the network solutions, but a much greater level of network 

distortion (-1.3 mm). While the satellite orbit parameters must be different between 

solutions using OTL-CM and OTL-CE models, this difference is small enough that 

biases remain at the sub-millimeter level when inconsistent OTL models are used in the 

product and user solutions. The much larger degree of distortion in the PPP solutions 

means that the effect on the satellite clock parameters must be substantially larger than 

the effect on the orbits. This result seems counter-intuitive, but we suggest that it is 

because the bias introduced by inconsistent OTL models is similar for most stations that 

observe a given satellite at a given epoch. Each satellite is visible to stations only within 

a -66°-76° radius about the nadir point, depending on the elevation cutoff angle (10°-0°). 

Stations on the opposite side of the Earth would have an opposite bias but do not observe



17

the satellite. The common-mode part of the bias at each epoch (defined by the stations 

actually observing the satellite) will bias the satellite clock estimate for that epoch. In the 

limit of a sufficiently small regional network solution, the bias from inconsistent OTL 

models would be completely common mode, and would be removed by 

double-differencing or be indistinguishable from the satellite clock error.

2.3.4 Ambiguity Resolution
Tregoning and Watson (2009, 2011) found that ambiguity resolution affected the 

propagation of periodic modeling errors into station coordinates. Specifically, 

ambiguity-free solutions showed higher power than ambiguity-fixed solutions at the 

periods characteristic of tidal aliasing variations. To test the effect of ambiguity 

resolution on GPS coordinates with OTL corrections computed in inconsistent reference 

frames, we used the Ambizap algorithm to implement GPS carrier phase ambiguity 

resolution together with PPP (Blewitt, 2008). Ambizap carries out ambiguity resolution 

on a baseline-by-baseline basis and applies the resulting coordinate changes to the 

combined PPP solution; the result is equivalent to a network-based ambiguity resolution. 

We ran a 1-year-long solution series (calendar year 2006) using JPL’s reanalysis 

orbit/clock products, but with OTL corrections computed in CM and CE, respectively. 

We then compared solutions before and after ambiguity resolution with Ambizap.

We computed the vertical coordinate differences between OTL-CM and OTL-CE 

ambiguity-fixed solutions. A typical example (station TIDB) is given in Figure 2.10 (top, 

blue line). Compared with the result of ambiguity-free solution (red line), the difference 

at 14-day period is still in the ambiguity-fixed result (blue line), although the amplitude 

is reduced slightly. However, for about 1/4 of the stations the amplitude of the periodic 

difference was slightly increased. Overall, the ambiguity-fixed solutions show smaller 

differences at all frequencies, consistent with a lower overall noise level, but the 

reduction in power due to ambiguity resolution at the ~14 day period was smaller than at 

other periods (Figure 2.10, bottom).



18

The stacked power spectra (Figure 2.10, bottom) indicate that significant systematic 

errors are still introduced in ambiguity-fixed solutions if inconsistent OTL models are 

applied (red solid line). The smaller effect in ambiguity-fixed solutions is similar to that 

seen by Tregoning and Watson (2009, 2011) for atmospheric loading effects. However, 

the ambiguity-fixed solutions show the same essential characteristics as the 

ambiguity-free solutions, in that the use of inconsistent OTL models introduces 

significant systematic errors.

2.4 Discussion

2.4.1 Theoretical Interpretation
GPS satellites are gravitationally attracted by the mass of the whole Earth system 

that includes the ocean, the atmosphere and other external and internal mass 

redistributions. The satellite trajectories are intrinsically determined with respect to the 

CM. Therefore, for consistency all corrections applied in the coordinate model 

(especially loading corrections) ought to utilize the CM reference frame. Current IERS 

conventions require IGS Analysis Centers to use OTL-CM corrections when generating 

orbit/clock solutions (IERS Conventions, 2010; Kouba, 2009). Our study indicates that 

users need to use OTL coefficients that are consistent with those used by the analysis 

center that generated the orbit and clock products, especially when using point 

positioning. Using inconsistent OTL coefficients will introduce periodic systematic 

errors at the periods characteristic of aliased ocean ticfyl loading, mainly ~ 14-days, 

-semi-annual and -annual periods. The GPS solutions themselves are biased at specific 

periods because, during the 24-hour positioning process, the frame bias does not exactly 

average to zero over the course of the time period of the GPS solution (Penna and 

Stewart, 2003; Stewart et al., 2005; Penna et al., 2007). This bias is over and above any 

errors that result from limitations of the tidal models themselves, which do not depend on 

the frame. Several recent studies have demonstrated that modem tidal models and OTL 

computation software produce very similar results (Thomas et al., 2007; Penna et al.,
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2008; Fok et al., 2010). The difference between solutions using OTL-CM and OTL-CE 

coefficients is much larger than the difference that results from using different tidal 

models.

Figure 2.11 shows predicted OTL displacements of station TIDB for the first five 

days of 2005. The displacements predicted by the OTL-CM and OTL-CE models are 

clearly different, and the differences are shown with a green curve. The difference curve 

(green) is the geocenter difference between the two frames, also termed the “center of 

mass correction” or “frame origin tides” (Schemeck et al., 2000), expressed in the local 

east-north-up coordinate system at this site. Because this difference results from a 

degree-1 deformation, OTL models for all sites around the world show a similar 

magnitude variation (in terms of the 3D vector). If  one correction is applied in the 

solution that generated the orbit and clock products, and the other is applied in a user 

solution making use of those products, biases related to the green curve will be 

introduced into the GPS observation model, which will distort the estimated parameters 

in that solution. With a 24-hour processing period, mismodeled tidal signals are 

propagated to longer-period noise in the GPS daily solutions (Penna and Stewart 2003; 

Penna et al. 2007), as revealed by the spectral analysis in Figure 2.3 and Figure 2.5. 

These biases distort the network (Figure 2.7) and induce spurious variations in frame 

parameters (Figure 2.9).

Schemeck et al. (2000) examined a set of point positioning solutions and compared 

observed tidal variations to models using OTL coefficients computed in both CM and 

CE. They expected to find the geocentric component in their solutions, but instead found 

that the observed variations agreed better with the OTL-CE model. They believed the 

reason for this to be that they used orbit and clock products generated from a solution 

generated using OTL-CE coefficients; thus the OTL-CM model was not consistent with 

the product solution. Our results show that their reasoning was correct. The orbit and 

clock products generated from a global solution essentially “lock in” the OTL model 

used in that product solution. Any user solution must use OTL coefficients consistent 

with the product solution. The choice of frame for the OTL model computations is much
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more important than the choice of tidal model. We find that the satellite clock parameters 

show larger differences than the orbit parameters, so the impact of inconsistencies 

between the product and user solutions is much larger for PPP solutions than for network 

solutions in which satellite clocks are estimated or removed by double-differencing.

2.4.2 Effect of frame transformations

The observed coordinate differences shown in Figure 2.2 and analyzed in this paper 

demonstrate that introducing biases through inconsistency in OTL models causes 

distortions of the network that cannot be removed by a 7-parameter frame transformation 

(Figure 2.7). Figure 2.12 shows vertical coordinate differences for TIDB from point 

positioning solutions, both before and after aligning the fiducial-free solution to 

ITRF2005. Before the frame alignment, each day’s fiducial-free solution is in no 

particular frame, depending on the loose constraints applied in the solution that generated 

the orbit and clock products. Because we are comparing two solutions that are identical 

except for the OTL model applied, the two solutions being compared each day are 

nominally in the same frame. The patterns for the timeseries of the differences are very 

similar, and the amplitudes diminish slightly after the frame alignment. This confirms 

that most of the solution differences result from distortions in the network introduced by 

inconsistency in the OTL models. However, a portion of the bias from the OTL model 

frame error is absorbed into the frame transformation, and therefore into estimates of 

geocenter variation.

Tregoning and van Dam (2005) demonstrated that 80% of the geocenter motion can 

be recovered with a standard seven-parameter transformation for a global network, and 

the distribution of transformation sites can have a major impact on the transformation 

results. Thus, the globally distributed GPS sites used in this study improve our ability to 

distinguish surface displacements due to OTL from geocenter motion, during the process 

of transforming a non-fiducial solution into ITRF2005. If a small regional solution is 

used instead of a global solution, the coherence of the loading effect over long spatial 

wavelengths would not be preserved during the process of transformation. Subsequently,
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most of the coherent loading signals would be absorbed into the estimate of geocenter 

motion (Tregoning and van Dam 2005). This would impair the estimates for both the 

loading deformation and the geocenter.

2.5 Conclusions

Our study has shown that significant biases can be introduced into GPS solutions 

when a user solution uses OTL coefficients computed in a different reference frame to 

those used by the analysis center in their product generation solution. The choice of 

frame for the OTL model computations has a substantial effect on estimated satellite 

clock parameters, and a smaller effect on the estimated satellite orbits. For global 

solutions in which orbits, clocks and coordinates are estimated simultaneously, there are 

coordinate differences of -0.3 mm between solutions using OTL-CM and OTL-CE 

coefficients. When orbits and/or clocks determined from an external product solution are 

fixed, biases will be introduced into the user solutions if an OTL model is applied that is 

not consistent with the model used in the product solution. For network solutions the 

overall frame biases and distortion of the network remains at the sub-mm level, but for 

PPP solutions we find distortions of the network at the -1.3 mm level because the fixed 

satellite clocks are now inconsistent with the applied observation model.

Solutions in which inconsistent OTL coefficients are used display significant 

differences at several periodic components that are characteristic of aliasing of OTL 

errors. Power spectrum analysis for our 6-year detrended timeseries of continuous GPS 

positions shows that the most distinguishable difference occurs at a period of about -14 

days. Using JPL’s current and reanalysis orbits products, which use OTL coefficients 

computed in the CM frame in accordance with IERS Conventions, we find a significant 

spectral peak at -14-day period in the solution with OTL coefficients computed in the 

CE frame, but no peak at this period in the solutions using OTL computed in the CM 

frame. This result stands true for both ambiguity-free and ambiguity-fixed solutions. In 

addition, there are small differences at -annual and -semiannual periods. This 

phenomenon has been confirmed using both ocean tide models FES2004 and TPXO7.0,
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calculated using independent software. All of these improvements coincide well with the 

predicted periods o f aliasing signals from OTL errors.

In any solution that uses fixed orbits or fixed orbits and satellite clocks, it is the 

analyst’s responsibility to maintain consistency with the analysis center that generated 

the products. The need for consistency makes it critical both for analysis centers that 

generate orbit and clock products and researchers using these products to report which 

frame was used to compute the OTL coefficients in their analysis. Authors should also 

make clear which frame they used. The same is true for any other loading model applied 

at the observation level, such as the tidal component of atmospheric loading (Tregoning 

and Watson, 2009, 2011). Both users and analysis centers that produce precise orbits and 

clocks should use OTL-CM coefficients for theoretical consistency and adherence to 

current IERS conventions. However, users of legacy products in which OTL-CE 

coefficients were used in the product generation will induce significant errors in their 

solutions if they do not maintain consistency and also use OTL-CE coefficients. This 

need for consistency may limit the degree to which PPP solutions can be used to assess 

other changes or improvements in observation models, such as the 2nd or higher order 

ionospheric effects (e.g., Kedar et al., 2003; Fritsche et al., 2005).
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Figure 2.1: Globally distributed continuous GPS stations adopted in this study. We 

processed 6-years of GPS data using OTL coefficients obtained in different frames. Solid 

diamonds denote sites used in the stacked power spectral analysis (-48 sites). White 

diamonds depict stations with nonnegligible temporal ga]i>s or sudden coordinate offsets 

in the timeseries that were not used in the stack.
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Figure 2.2: Differences between GPS solutions determined using OTL-CM and OTL-CE 

coefficients, for the station TIDB. Top: 6-year time series of differences using the ocean 

tide model FES2004. Bottom: A 2-year time series comparing the FES2004 (blue) and 

TPXO7.0 (red) models; at this scale, the two models give nearly identical results.
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Figure 2.3: Power spectrum of vertical coordinate differences from the 6-year timeseries 

computed using OTL-CM and OTL-CE corrections, for the station TIDB. A sharp peak 

appears at a frequency of about 26.71 cycles per year. This represents a period of about 

13.67 days.



30

Figure 2.4: Amplitude of the -14 day periodic variation in the difference between 

solutions using OTL-CM and OTL-CE coefficients, as a function of latitude. Blue 

dash-dot line is a five-point moving average.
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Figure 2.5: Stacked power spectrum for the vertical coordinate timeseries. (Top) Stacked 

power spectrum for the vertical coordinate timeseries, using all stations in the stack. 

(Bottom) A detailed of the top panel highlighting the ~14-day period. GPS stations used 

for stack are marked with solid diamonds in Figure 2.1.
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Figure 2.6: Stacked power spectrum showing the -14-day period component of 1-year 

detrended vertical coordinate timeseries for GPS solutions derived using two different 

orbit products: JPL’s legacy products (eci), derived using OTL-CE coefficients, and 

JPL’s reanalysis products (pos), derived using OTL-CM coefficients. For each set of 

orbits, we compare the noise spectra for solutions using OTL-CM and OTL-CE 

coefficients, giving four sets o f solutions. The two solution sets with inconsistency in the 

OTL coefficients show significant noise peaks at -14-day period, while the solutions 

using consistent OTL coefficients do not.
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Figure 2.7: Histograms of WRMS (mm) of vertical coordinate differences after 

application of a 7-parameter transformation between solutions with OTL modeled in two 

different frames. All the data are from the same year: 2006. Red bars represents the 

WRMS distortions for PPP solutions between FES04CE_POS and FES04CM_POS; 

green bars show WRMS distortions for network solutions with orbits, clocks and 

coordinates estimated, and blue bars for network solution with clocks and coordinates 

estimated.
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Figure 2.8: Stacked power spectra showing the ~14-day period component from 1-year 

detrended vertical coordinate timeseries, for global solutions with orbits, clocks and 

coordinates estimated (upper), and network solutions with clocks and coordinates 

estimated (bottom). FES04CM_POS (dashed line) is the same as that shown in Figure 

2.6 and is plotted here for comparison; it depicts the result in point positioning using 

JPL’s reanalysis products (pos) and the OTL-CM model.
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Figure 2.9: Time series of frame parameters over a half-year period determined from a 

7-parameter transformation between solutions using OTL-CM and OTL-CE models. [TX 

TY TZ] are translation parameters (in mm); [RX RY RZ] represent rotation parameters 

(in 10'10 rad). The panel in (row 2, column 2) depicts the magnitude of the 3D translation 

vector (square root of (TX2 + TY2 + TZ2)). The red line is for transformation between 

FES04CEPOS and FESCMPOS, the green line is for transformation of network 

solutions (orbits, clocks and coordinates estimated), and the blue line shows the results 

for network solutions (orbits fixed, satellite clocks and coordinates estimated).
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Figure 2.10: Comparison between ambiguity-fix and ambiguity-free solutions. Top: 

Vertical coordinate difference between solutions using OTL-CM and OTL-CE, for 

ambiguity-fix solutions (blue), and ambiguity-free solutions (red). Bottom: Stacked 

power spectra showing the -14-day period component from 1-year detrended vertical 

coordinate timeseries; Solid lines are ambiguity-fixed result; dash lines are the same as 

FES04CE_POS and FES04CMPOS in Figure 2.6, and for ambiguity-free solutions.
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Figure 2.11: Predicted OTL displacement of station TIDB for the first 5 days of 2005. 

Displacements for OTL-CE (red) and OTL-CM (blue) were calculated from ocean tide 

model TPXO7.0 using the SPOTL program, using the appropriate CE or CM Green’s 

functions. The difference (CE-CM) is also plotted with a green line at the bottom of 

figures for each component, and illustrates the time-dependent bias introduced into the 

GPS observation model when inconsistent OTL coefficients are used in a processing 

strategy with orbits and clocks fixed to values estimated in a separate solution.

M/WWWV

 C E  r C M  c e - cm|



38

2003 2003 1 2003 2 2003.3 2003.4 2003.5 2003.6 2003 7 2003.8 2003.0 2004

Figure 2.12: Comparison between solutions before and after aligning to ITRF. Vertical 

coordinate differences between solutions using OTL-CM and OTL-CE before aligning to 

ITRF2005 (red line), and after transforming to ITRF2005 (blue line), for station TIDB, 

for 2003. Most of the solution differences represent distortions of the network.
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Chapter 3 Seasonal and Long-term Vertical Deformation in the Nepal Himalaya 

Constrained by GPS and GRACE Measurements1

Abstract

We analyze continuous GPS measurements in Nepal, southern side o f the Himalaya, 

and compare GPS results with GRACE observations in this area. We find both GPS and 

GRACE show significant seasonal variations. Further comparison indicates that the 

observed seasonal GPS height variation and GRACE-derived seasonal vertical 

displacement due to the changing hydrologic load exhibit very consistent results, for both 

amplitude and phase. For continuous GPS stations whose observation time span are 

longer than 3 years, the average WRMS reduction is ~45% when we subtract 

GRACE-derived vertical displacements from GPS observed timeseries. The comparison 

for annual amplitudes between GPS observed and GRACE-derived seasonal 

displacements also shows consistent correlation. The good seasonal correlation between 

GPS and GRACE is due to the improved GPS processing strategies and also because of 

the strong seasonal hydrological variations in Nepal. Besides the seasonal signal, 

GRACE also indicates a long-term mass loss in the Himalaya region, assuming no GIA 

effect. This mass loss therefore will lead to crustal uplift since the earth behaves as an 

elastic body. We model this effect and remove it from GPS observed vertical rates. With 

a 2D dislocation model, most GPS vertical rates, especially in the central part of Nepal, 

can be interpreted by interseismic strain from the Main Himalayan Thrust, and several 

exceptions may indicate the complexity of vertical motion in this region and some 

potential local effects.

3.1 Introduction
Seasonal hydrospheric mass movements cause periodic displacements of the 

lithosphere. Global Positioning System (GPS) coordinate variations, principally for the

'Fu, Y., and J. T. Freymueller (2012), Seasonal and long-term vertical deformation in the Nepal Himalaya 
constrained by GPS and GRACE measurements, J. Geophys. Res., 117, B03407,
doi:10.1029/2011JB008925.
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vertical component, have been used to investigate global (Blewitt et al., 2001; Dong et 

al., 2002; Wu et al., 2003) and local (Grapenthin et al., 2006) seasonal deformation 

modes, and the relationship between seasonal load and strain within active tectonic areas 

(Heki, 2001; Bettinelli et al., 2008). With the development of satellite gravimetry, 

especially the Gravity Recovery and Climate Experiment (GRACE), the time-variable 

gravity field and mass variation from the surface water and ice, can be quantitatively 

estimated (Chen et al., 2006; Luthcke et al., 2008; Bruinsma et al., 2010).

The GRACE-derived time-variable gravity field coefficients can be converted to 

harmonic coefficients for crustal deformation in three components, E, N, H (Kusche and 

Schrama, 2005; van Dam et al., 2007), which provides a way to quantitatively compare 

and correlate GRACE and GPS measurements. Van Dam et al., (2007) compared GPS 

observed heights over Europe with GRACE predicted heights, and found the annual 

signals for those two measurements did not show good agreement; this was thought to be 

due to spurious annual signals propagated during GPS processing. Khan et al., (2010) 

realized that the GRACE measurements in Greenland underestimated the uplifts for GPS 

stations, and attributed this difference to the varied spatial sensitivity of GPS and 

GRACE for changing loads. With better GPS processing strategies and improved 

correction models (atmosphere delay, atmosphere loading, etc) applied, considerable 

global agreement between GPS and GRACE has been observed in the regions where 

hydrologic seasonal effects are significant and local effects are small (Tregoning et al., 

2009; Tesmer et al., 2011).

The Himalaya, as the planet’s highest mountain range, was created by the collision 

between the Indian and Eurasian plates during the last 40 million years (Molnar and 

Tapponnier, 1975). It also contains one of the largest collections of glaciers outside the 

Arctic and Antarctic, with glacier coverage area of 34,600 km2 (Thomas and Rai, 2005). 

Glaciers and snowpack in the Himalaya and Tibet feed the great Asian rivers and supply 

water to millions of people for living. Therefore the Himalaya and Tibet are called the 

“Water Tower of Asia” (Thomas and Rai, 2005). In addition, the seasonal hydrological 

cycle around the high mountains of the Himalaya is significant: during the summer
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season from June through September, the high Himalaya range blocks the northward 

moisture-rich monsoon winds, so that moist air is raised in altitude and cooled down in 

temperature; this results in strong precipitation, especially on the southern side of the 

range. Additionally, the annual cycle of accumulation and melt of mountain snow and ice 

contributes to the seasonal hydrological variations.

In this study, we use two kinds of geodetic techniques, continuous GPS and 

GRACE, to study the seasonal mass change and its resulting vertical displacement in 

Nepal and southern Tibet. We also discuss the long-term mass loss revealed by GRACE 

measurements and its impacts on tectonic vertical rates evaluations.

3.2 Geodetic Measurements

3.2.1 Continuous GPS observations and data analysis
Caltech and other groups have installed ~30 continuous GPS stations in Nepal 

(Table 3.1), and some of them have continuous observations for more than one decade. 

These GPS data are publicly available through Caltech’s Tectonics Observatory website 

and the UNAVCO archive. We used the GIPSY/OASIS II software (Version 5.0) to 

process the GPS data and estimate station coordinates for these stations and others in the 

surrounding area in point positioning mode. We adopted JIfL’s reanalysis orbit and clock 

products, which were determined using a consistent set o f models over the entire time 

span, including absolute antenna phase center models for both GPS receiver and satellite 

antennas (Schmid et al., 2007). We used the GMF tropospheric mapping function 

(Boehm et al., 2006), and adopted a priori dry tropospheric delay estimates from the 

Global Pressure and Temperature (GPT) model (Boehm et al., 2007). Ocean tide loading 

effects were corrected using ocean tide model TPXO7.0 with Greens Functions modeled 

in the reference frame o f CM (center of the mass of the whole Earth system) to maintain 

consistency with JPL’s orbit/clock products and therefore avoid systematic errors (Fu et 

al., 2012). Non-tidal ocean variations and atmospheric loading are not removed in the
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daily GPS analysis, and their effects remain in the GPS time series along with 

deformation due to other load variations that have periods > 1 day.

In order to remove the effects of atmospheric loading on the GPS coordinates, we 

computed the displacements due to atmospheric loading using data and programs 

developed by the GGFC (Global Geophysical Fluid Center) (van Dam 2010, 

http://geophy.uni.lu/ncep-loading.html), which utilized the NCEP (National Center of 

Environmental Protection) reanalysis surface pressure data set. The GRACE solutions 

adopted in this study have two different temporal resolutions: 10 days (GRGS) and a 

month (CSR, GFZ and JPL). We first derive the daily-averaged atmospheric loading, and 

then average those daily results into 10-day and monthly corrections and remove them 

from 10-day and monthly averaged GPS solutions.

3.2.2 GRACE models
We employed the second release of 10-day gravity fields models (RL02) derived by 

the Space Geodesy Research Group (GRGS), in France. Spherical harmonic coefficients 

up to degree and order 50 for the gravity field are provided every 10 days. The details of 

the GRACE data processing can be found in Bruinsma et al. (2010). No further 

smoothing or filtering is required for GRGS products, because they have been stabilized 

during their data analysis. Because LAGEOS observations are incorporated in the 

GRGS’s gravity solutions, lower degrees, especially C20, are well constrained (Bruinsma 

et al., 2010). We replace the degree-1 components with results obtained by Swenson et 

al. (2008).

We also compared GRACE Level-2 RL-04 solutions from several other groups: 

CSR (Center for Space Research, Austin, USA), GFZ (GeoForschungsZentrum, 

Potsdam, Germany), and JPL (Jet Propulsion Laboratory, USA). For those monthly 

products, we replace C20 terms with the results from observations of Satellite Laser 

Ranging (Cheng and Tapley, 2004), and Degree-1 terms using Stokes coefficients 

derived by Swenson et al. (2008). For GRACE monthly solutions from CSR, GFZ and

http://geophy.uni.lu/ncep-loading.html
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JPL, we adopted 400 km as the averaging radius to implement Gaussian smoothing, 

which suppresses errors at high degrees (Wahr et al., 1998; van Dam et al., 2007).

3.2.3 Displacements due to the changing load

Displacement in height due to the changing mass load can be expressed in terms of 

spherical harmonic coefficients for the gravity field and load Love numbers (Kusche and 

Schrama, 2005; van Dam et al., 2007).

Ah{8,<j>) = R f X P , m{cose)[C lm cos (m t) + Slm sin (1)
/=1 m-0 l + Kt

in which R is the Earth radius; Pim are fully normalized Legendre functions for 

degree / and order m ; Clm and Slm are spherical harmonic coefficients of the

gravity field, and h,' and k', are Load Love numbers at degree I ; we adopt Load Love 

numbers provided by Farrell (1972), which are computed in the center of mass of solid 

earth frame. Similar equations can be used to compute the horizontal displacements (e.g., 

Kusche and Schrama (2005)).

We also tested loading computations with half space models, and spherical earth 

models using cylindrical loads, with a load history based on GRACE mascon solutions. 

We found both of these computational methods to be problematic. The spatial extent of 

the load was too large for a half space model, although the data could be fit well if the 

Young’s modulus was increased as more distant loads were included in the computation. 

Using disk loads proved to be less computationally efficient than the Love number 

approach given that loads over a large region had to be considered.

3.3 Comparison between GPS and GRACE-derived seasonal height variations
Figure 3.1 shows the locations of continuous GPS stations in the Nepal Himalaya, 

and four example time series of daily solutions for GPS sites CHLM, GUMB, KKN4, 

DAMA. Besides the long-term linear trends, which are mainly dominated by tectonic 

processes, all GPS timeseries show significant seasonal variations. The peak-to-peak 

seasonal amplitude can be more than two centimeters, which reflects the strong seasonal
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hydrological fluctuations in Nepal. Steckler et al. (2010) studied similar seasonal 

phenomenon in Bangladesh with hydrographic, GPS and GRACE data. The average 

peak-to-peak vertical seasonal displacement in Bangladesh (5~6 cm) are larger than 

those in Nepal (2-4 cm), due to the very large seasonal river loading in Bangladesh.

The vertical displacements are computed at the GPS sites from the GRACE-derived 

gravity field coefficients using equation (1), and four selected stations (CHLM, GUMB, 

DRCL, TIMP) are shown in Figure 3.2. CHLM and GUMB are the same sites whose 

GPS timeseries are shown in Fig. 1. DRCL and TIMP are two more distant sites selected
i

for comparison. Solutions from GRGS, CSR, GFZ and JPL exhibit very similar and 

consistent results, although there are several obvious outliers in 2004 for the GFZ 

solutions. In addition to the remarkable seasonal oscillations, a general uplift trend is also 

predicted. In this computation, we assume that the secular change in the gravity field is 

due to present-day surface mass load changes (Matsuo and Heki, 2010), with no 

contribution from Glacial Isostatic Adjustment (GIA) or tectonic processes like crustal 

thickening (see section 3.5.2).

In Figure 3.3, we compare the 10-day averaged detrended GPS height timeseries 

and GRACE-derived seasonal (detrended) vertical deformation due to the load change. 

GRACE solutions from GRGS, CSR, GFZ, JPL are all shown together. Results for nine 

example stations are plotted in Figure 3.3, in which “SIMC” is a composite time series 

combining two sites SIMR and SIM4 located 136.84 meters apart. In all cases, there is a 

very close correspondence between the observed GPS and GRACE variations. To 

emphasize this, we choose a group of GPS stations based on the criteria that the 

observation span is longer than 3 years, and plot the stacked 10-day averaged GPS and 

GRACE-derived seasonal (detrended) vertical timeseries for these stations (Figure 3.4). 

The GPS and GRACE data clearly display very similar and consistent seasonal patterns 

for both magnitude and phase. For the remainder of this paper, we will use the average 

seasonal variations measured by GRACE, computed by fitting a model with a linear 

trend and annual and semi-annual periodic terms, for comparison to the seasonal 

variations observed by GPS. The seasonal variations should come from the same
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physical cause (seasonal mass transport) for both height and gravity change, whereas the 

long-term trends of the two measurements are expected to differ because the trends from 

tectonics and GIA will in general be different for these two observables.

We adopted two measures to quantitatively compare the consistence between GPS 

and GRACE measurements. First, we remove GRACE-derived seasonal deformation 

from GPS observed detrended height timeseries, and compute the reductions of WRMS 

(weighted root mean squares) bases on the following equation (van Dam et al., 2007, 

Tregoning et al., 2009; Tesmer et al., 2011).

WRMS^,^ = WRMSops -WRMSarwusL (2) 
nduc,l°" WRMSaps

We use this measure to quantitatively evaluate whether different GRACE solutions 

can be distinguished, and to identify which GRACE solution to employ for further 

discussion. We exclude the GFZ solution because of its clear outliers in 2004. For the 

GPS stations whose observation time is longer than 3 years, the average WRMS 

reductions for GRACE solutions from GRGS, CSR and JPL are 46.2%, 45.4%, 45.5%, 

respectively, which indicates that GRGS’s GRACE solution is slightly more consistent 

with the GPS measurements; the difference between CSR and JPL is very small. WRMS 

reductions are substantial regardless of the GRACE solution used, reflecting nearly a 

factor of 2 reductions in WRMS. So we adopt the GRACE solution from GRGS in this 

paper because of its better agreements with GPS and also its better temporal resolution 

(10 days).

WRMS reductions are plotted for each station in Figure 3.5. All stations show 

significant and consistent WRMS reduction. The WRMS reduction is significantly larger 

than that observed for Europe by van Dam et al. (2007), because of the improved GPS 

processing strategies adopted in this study, and also because the seasonal variations in 

Nepal are much larger than those for western Europe.

The corrected time series include random measurement noise in addition to possible 

remaining systematic errors. We assess how much variation remains in the time series by
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comparing the WRMS of the whole time series to the short-term WRMS based on days 

or weeks of data. Because the time series are also expected to include colored noise (Mao 

et al., 1999; Williams et al., 2004), this provides a conservative assessment of how close 

to the noise floor the corrected time series are. We quantify the short-term WRMS based 

on a short time period (1 week, or 2 weeks). Seasonal (annual and semiannual) effects 

are very small during such short period, so the expected WRMS mainly reflects the basic 

noise level without residual seasonal effects. A typical example, site CHLM, is shown in 

Figure 3.6. The WRMS of the whole timeseries (shown in Figure 3.1) for CHLM is 8.63 

mm; the WRMS of the first week and first two weeks in 2010 are 2.91 mm and 3.10 mm, 

respectively; so for CHLM, the WRMS from short-term noise amounts to ~33% of the 

WRMS for the full timeseries. All other stations exhibit similar results. The average 

percentage for the selected group (observation time span longer than 3 years) is 29.56% 

for one-week period, and 31.55% for two-week period. After removing the GRACE 

seasonal model, the WRMS of the whole time series is reduced to ~53.8% of the original 

time series, which is only ~1.75 times larger than the short-term WRMS. On other 

words, after correcting the seasonal effects with GRACE data, the WRMS of GPS 

timeseries is reduced from ~3 times the short-term noise level to -1.75 times the 

short-term noise level. The remaining noise in the corrected time series arises from a 

combination of longer-term correlated noise, errors in the seasonal hydrological 

corrections, and interannual variations in the load. Past studies on GPS coordinate noise 

(Mao et al., 1999; Williams et al., 2004) suggest that the GPS noise is a combination of 

white noise plus either flicker noise or a more general power law noise, and the 

coordinate uncertainty can be underestimated if the time-correlated noise is neglected.

Secondly, we also compare the annual amplitudes for both GPS and 

GRACE-derived seasonal displacements (Figure 3.7). For this comparison, we fit both 

the GPS and GRACE-derived deformation timeseries with linear, annual and 

semi-annual components, and then extract and compare the amplitudes of their annual 

components. If the measurements of GPS and GRACE perfectly match each other, then 

all the dots in Figure 3.7 should lie in the “slope = 1” lipe (blue dashed line in Figure
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3.7). With the actual observed data and their uncertainties, we use the weighted total least 

squares method (Krystek and Anton, 2007) to derive the best fit line and its uncertainty 

(red dash-dot line in Figure 3.7), whose slope is -0.90 ± 0.11. Our best fit slope does not 

exclude a linear 1:1 relationship

3.4 Long-term uplift due to the mass loss

Besides the significant seasonal variations discussed above, there is also a long-term 

uplift contained in GRACE-derived vertical displacement (Figure 3.2), which is 

primarily due to the mass loss in the Himalaya (Matsuo and Heki, 2010), and potential 

GIA effects. Under the influence of climate change, snow and ice in the high mountains 

of the Himalaya is melting rapidly. Observations from both field records (Dyurgerov and 

Meier, 2005) and satellite gravimetry (GRACE) (Matsuo and Heki, 2010) have 

confirmed this rapid ice loss. Matsuo and Heki (2010) reported the average ice loss rate 

can reach ~47Gt/yr, equivalent to ~0.13mm/yr global sea level rise.

The earth, behaving like an elastic body, uplifts in a response to the load loss. We 

compute the GRACE-derived long-term uplift using the trend from the GRGS solutions 

for all continuous GPS sites used in this paper (Figure 3,8, top). The results indicate an 

overall uplift for the whole region, at the -1 mm/year level. Then we remove this 

cryospheric-induced uplift from GPS actual observed vertical rates to derive the 

corrected vertical velocities (Figure 3.8, bottom), which can be compared to the 

predictions o f models that were fit to the horizontal GPS velocities. Here we assume that 

GIA is negligible (see section 5.2). We use CATS, a timeseries analysis software 

package (Williams, 2008), to estimate the velocities and their uncertainties assuming a 

power-law noise model, and the results are included in Table 3.1 (column 6). The 

average spectral index for continuous GPS sites in Nepal is -0.42, very similar to results 

from other regions. Zhang et al. (1997) found that the mean spectral index for GPS 

stations in southern California is about -0.4.
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3.5 Discussion

3.5.1 Tectonic interpretation for the corrected vertical rates, assuming no GIA 

effect

The tectonic process in Nepal Himalaya is dynamic and dominated by the strong 

convergence between the Indian and Eurasian plates. The underthrusting Indian 

lithosphere slides on the Main Himalayan Thrust (MHT) fault, which extends from a 

shallow depth under Nepal to the mid-crust under southern Tibet (Avouac 2003; N&bSlek 

et al., 2009). During the interseismic period, the upper part of MHT is locked, and the 

lower part is creeping (Bettinelli et al., 2006). So the current observed GPS vertical rates 

(seasonal components removed) should be composed of both tectonic impact and the 

response of mass loss.

We model the vertical rates for continuous GPS stations based on previous studies 

of interseismic slip of the MHT (Jouanne et al., 1999; Jouanne et al., 2004; Bettinelli et 

al., 2006), using a 2-dimensional dislocation model (Singh and Rani, 1993). The 

parameters o f the MHT and the comparison between modeled and observed vertical rates 

are given in Table 3.2 and in Figure 3.9. GPS stations in Nepal with long enough 

observation and uncertainty of vertical rate smaller than 0.85 mm/year are selected for 

this comparison. Most of the corrected vertical velocities, especially in the central part of 

Nepal, agree with the model predictions for interseismic strain from the MHT. However, 

there are several discrepancies in the western and eastern Nepal, which may reflect the 

lateral variation of the MHT and some local effects, such as groundwater extraction. 

Rodell et al. (2009) reports rapid groundwater extraction in India, and Nepal is also 

dependent on groundwater for irrigation (Shah et al., 2006). Studies indicate that 

withdrawal of groundwater produces localized subsidence, in which can be large relative 

to tectonic deformation (Bawden et al., 2001, Watson et al., 2002). Besides, the lateral 

variations o f large earthquake occurred along the Himalayan arc (Bilham et al., 2001) 

may indicate different part of the arc is experiencing varied interseismic status.
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In order to verify whether the goodness of fit of the interseismic slip model is 

improved after correction for the uplifts due to load decrease, we compare the theoretical 

results from interseismic slip model of Bettinelli et al. (2006) and vertical rates of 

continuous GPS, both before and after correction. We find that the overall weighted 

misfit decreases by 25.0% for all the stations in Figure 3.9; for western and central 

Nepal, the model goodness of fit is improved and the misfit decreases by 11.2% and 

35.1%, respectively. But the misfit in eastern Nepal actually increases by 34.4%, 

although this is based on only 3 sites. Because of the small number of sites, it is not clear 

whether the increase in misfit is significant. If it is, it might be attributed to either the 

inaccuracy of interseismic model, like the lateral slip variation along the arc, or the actual 

long-term load decrease in eastern Nepal may be not as significant as western and central 

parts.

3.5.2 GIA and other effects
In this study, we have ignored possible effects of GIA, which can cause both gravity 

change and vertical motion. Whether there was a large ice sheet in the Himalaya and 

Tibet during the last glacier period is still debated (e.g., Derbyshire et al. (1991) and 

Kuhle (1998)). Kaufmann and Lambeck (1997), based on a maximum large ice sheet 

model, predicted that present vertical and horizontal extension rates in Tibet due to GIA 

could reach 7 mm/year and 2 mm/year. Kaufmann (2005) presented a similar model. 

However, even for these models with extremely large past ice masses, the predicted 

effects in Nepal are small, no more than 2 mm/yr uplift rate. GIA effects are most likely 

smaller than predicted by these models. Field study of glacier geology (Derbyshire et al., 

1991) also indicates a smaller ice sheet model at the last glacier cycle, which would not 

produce significant present vertical displacement (Kaufmann and Lambeck, 1997). In 

addition, GPS and absolute gravity surveys in southern and southeast Tibet (Sim et al., 

2009) also do not observe the uplift and gravity changes that the GIA model (Kaufmann, 

2005) predicts. Regardless of the ice model, GIA effects on the present gravity change 

should not be significant in Nepal, so we neglect them for our study here.
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Matsuo and Heki (2010) argued that the tectonic uplift of Tibetan Plateau is too 

slow to seriously interrupt the isostatic equilibrium process, and thus would have only a 

small effect for the gravity change. The GRACE-derived negative gravity change (Fig. 3 

of Matsuo and Heki 2010, in terms of equivalent water height) is clearly located in the 

high mountain areas, and there is no obvious isostatic effect over the entire plateau. So 

the long-term gravity change related to tectonic isostatic equilibrium should be small 

relative to cryospheric effect, and probably contributes negligibly to the current GRACE 

observations. Therefore we assume the long-term gravity change revealed by GRACE 

data is mainly because the mass loss in the study area, and ignore the tectonic impacts on 

gravity change. This assumption is realistic because the cryosphere-induced gravity 

change in the Himalaya is much more rapid and significant.

3.5.3 Seasonal variations in horizontal displacements
Bettinelli et al. (2008) found seasonal variations in GPS north displacement in 

Nepal Himalaya, and interpreted it as due to the lithospheric response to hydrological 

load variation. They also demonstrated a correlation between seasonal seismicity 

variation and seasonal strain change produced by surface hydrological load.

Here we also calculate GRACE-derived horizontal deformation, and compare it 

with the GPS measurements. The GRACE solution from GRGS is used here. Figure 3.10 

shows an example (site KKN4) of the comparison between GPS observed and 

GRACE-derived horizontal displacements (left), and also the stacked detrended 

horizontal timeseries (right) using the same sites as Figure 3.4. The magnitude of 

GRACE seasonal variation in north is about 2~3 times of that in east. GPS and GRACE 

clearly show significant and consistent seasonal variations in the north component, and 

the average WRMS reduction in north is ~32.6%. The correlation between GPS and 

GRACE in the east component is weak, with the average WRMS reduction only ~2.3%. 

This mainly reflects to the lower signal to noise ratio for the east component. The 

correlation between GPS and GRACE in the north component further confirms that the
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seasonal signal in GPS is caused by the hydrological load in Nepal Himalaya, which has 

been mainly analyzed and discussed in terms of vertical deformation in this paper.

3.5.4 Removing hydrological loading deformation from GPS measurements using 

GRACE data
In our study, we have tried to model seasonal and long-term deformation due to 

hydrological effects based on GRACE observations, and compare that with the observed 

GPS height variation. In addition, we also attempt to remove GRACE-derived 

hydrological vertical rates from GPS measurements. Using this method, we manage to 

separate tectonic and hydrological effects, both of which contribute to the vertical 

velocity field. The good seasonal correlation between GPS and GRACE signals indicates 

that the long-term uplifts revealed by GRACE measurements are probably true and 

mixed in the GPS measurements.

Due to a warming climate, the cryosphere is experiencing considerable mass loss 

globally. Large surface mass movements cause the elastic earth to deform, and this 

hydrology-induced deformation is superposed with other phenomena, mainly tectonics. 

In this paper, we present a way to remove this hydrological effect using GRACE 

measurements. This method can be applied for other similar purposes. For example, 

seasonal variations for campaign GPS measurements usually can not be well constrained 

because of their limited observations, mostly once per year. GRACE has continuous 

measurements since its launch in March 2002, and can provide detailed seasonal 

variation for gravity field and its resulting seasonal displacement due to load changes. 

Therefore, in order to achieve better linear velocities for continuous or campaign GPS 

sites, GRACE-derived seasonal variations for vertical deformation can be used to correct 

seasonal influences on the GPS time series. We choose the continuous GPS station 

CHLM for example. In Figure 3.11, we compare the results for all three components: 

East, North, and Height. In each component, the upper timeseries (blue) is the original 

observation, and the lower (red) is the corrected timeseries with seasonal effects removed 

using GRACE-derived seasonal variations. The misfit (y2 divided by degrees of freedom)
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between data and a linear fit decreases by 32% (from 7.13 to 4.85) in height, by 42% 

(from 13.24 to 7.63) in north; and there is almost no decrease in east (from 7.77 to 7.66). 

The north component of the corrected time series shows some residual in-phase 

variations, which suggests that the GRACE-based load correction was too small. This 

could happen due to smoothing in the GRACE solution if the wavelength o f the load is 

smaller than the smoothing length scale used in the GRACE solution. Although the 

example shown here is for a continuous site, the good results in height and north indicate 

that our method also can be employed for GPS campaign measurements. We have tested 

this for campaign sites with long measurement histories in the Himalaya and Tibet, and 

in many cases the WRMS reduction for campaign sites is ~50% in height, for sites where 

measurements were carried out at different times of year.

3.6 Conclusions

We combine GPS and GRACE measurements to study vertical motions in the Nepal 

Himalaya. Both GPS and GRACE observe strong seasonal variations. We utilize 

GRACE data to model the resulting vertical displacements due to the changing 

hydrological loads. Quantitative comparisons between the observed GPS seasonal 

vertical deformation and GRACE-derived seasonal deformation demonstrate that a 

consistent physical mechanism is responsible for the correlation between these two kinds 

of geodetic measurements. Besides the significant seasonal signal, GRACE also exhibits 

a long-term mass loss in this region, which is principally due to the melting ice and snow 

in high mountains of the Himalaya. We calculate the consequent uplift caused by the 

load decrease, and remove this hydrological effect from observed GPS vertical rates. The 

residual vertical rates are mainly dominated by tectonic deformation due to the 

earthquake cycle in the thrusting. We then employ a 2-D dislocation model to compute 

the tectonic vertical rates based on previous studies; those studies estimated fault models 

from the GPS horizontal velocities. Comparison between observed and modeled vertical 

rates suggests that the interseismic slip of MHT is able to explain the most of the vertical 

motion of most GPS stations, although the whole arc shows some lateral variations.
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Correction for the long-term uplift predicted by the GRACE data improves the 

agreement between GPS vertical rates and the models based on horizontal data. The GPS 

vertical velocities are still too noisy to discriminate between the different horizontal slip 

models, but they may contribute to the estimation of models based on 3D velocities once 

loading effects are removed.
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Figure 3.1: Locations of continuous GPS stations in Nepal, and example timeseries for 

sites CHLM, GUMB, KKN4 and DAMA (red diamonds in the location map). GUMB 

and DAMA have longer observational time than CHLM and KKN4.
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CHLM GUMB

Figure 3.2: GRACE-derived vertical displacement time series due to the changing load 

calculated for four GPS stations, CHLM, GUMB, DRCL, TIMP. CHLM and GUMB are 

the same sites as shown in Figure 3.1. DRCL and TIMP are two more distant sites 

chosen for comparison. Results from different GRACE solution providers (GRGS, CSR, 

GFZ and JPL) are all presented.



Figure 3.3: Comparison between 10-day averaged GPS detrended heights and 

GRACE-derived detrended seasonal vertical displacements. Red dots with error bar: 

10-day averaged GPS observed detrended vertical deformation. Solid line: best fit 

(annual plus semi-annual components) for GPS detrended timeseries; GRACE solutions 

from four data centers are demonstrated with different colors. “SIMC” is a composite 

timeseries combining SIMR and SIM4.
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Figure 3.4: Stacked 10-day averaged GPS seasonal (detrended) vertical timeseries and 

GRACE-derived seasonal vertical timeseries, for the sites with data spans > 3 years (see 

Table 3.1).
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Figure 3.5: WRMS reductions for GPS detrended heights after removing 

GRACE-derived detrended displacements.
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Figure 3.6: Short-term WRMS of station CHLM, computed based on data from the first 

week of 2010 (blue) and the first two weeks of 2010 (red), respectively.
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Figure 3.7: Comparison of annual amplitude between GPS observed heights and 

GRACE-derived vertical displacements. “Slope = 1” line (blue dashed) represents the 

ideal case in which GPS and GRACE perfectly match each other. The best fit line and its 

uncertainty (red dash-dot line) is derived using a weighted total least squares method 

with the actual measurements.
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Figure 3.8: Vertical velocity field in Nepal Himalaya. Top: GRACE-derived long-term 

uplift rates because of the mass loss in the Himalaya area. Bottom: corrected vertical 

velocities after subtracting the GRACE-derived long-term uplift rate due to load changes; 

the brown lines indicate the frontal faults of the Main Himalayan Thrust fault system 

from Lave and Avouac (2001).
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Figure 3.9: Comparison between GPS observed and modeled vertical rates in Nepal. 

Dots with error bar: corrected GPS height rates with GRACE-derived long-term uplift 

removed. Continuous line and blue symbols: modeled vertical rates based on previous 

studies that used horizontal GPS velocities.



68

T im  (Ym t ) Time (Year)

Figure 3.10: Comparison between GPS-observed and GRACE-derived horizontal 

seasonal displacements. Left: Comparison between GPS observed and GRACE-derived 

horizontal seasonal (detrended) displacements for site KKN4. Right: Stacked GPS 

seasonal (detrended) horizontal timeseries and GRACE-derived seasonal horizontal 

timeseries, for the same sites as Figure 3.4.
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Figure 3.11: Comparison of linear fit between actual GPS observed timeseries (blue) and 

corrected timeseries (red) with seasonal effects removed, based on GRACE-derived 

seasonal variations. In order to better show the seasonal variations, we plot the detrended 

timeseries for the horizontal components; the horizontal velocities in ITRF2008 are 

given.
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Table 3.1: Information of continuous GPS stations in Nepal Himalaya.

Station Latitude Longitude Observation time

WRMS Reduction 
in

Height/North/East
(%)

GPS 
Vertical 

Rates (nun/y)

GRACE
-derived

uplift
(nun/y)

BMCL* 28.65 81.71 2007.21-2010.93 35.91/40.38/-4.16 0.65 ±0.73 1.26
BRN2 26.51 87.27 2009.38-2009.85 N/A N/A 0.82
BRTG 26.43 87.28 2004.20-2008.92 N/A -1.50 ±0.79 0.82
BYNA 29.47 81.20 2009.29-2010.29 42.74/39.40/-1.45 N/A 1.23
CHLM* 28.20 85.31 2004.24-2010.91 52.12/48.00/6.65 4.60 ±0.37 0.74
DAMA’ 27.60 85.10 1997.90-2010.26 43.28/41.^9/2.66 2.16 ± 0.21 0.86
DLPA* 28.98 82.81 2007.35-2010.90 50.75/23.29/-5.71 4.61 ±0.55 0.94
DNGD 28.75 80.58 2008.34-2010.73 36.69/14.10/5.56 1.08 ±0.62 1.54
DRCL 29.73 80.50 2008.20-2010.94 47.56/24.96/-1.50 3.87 ±0.68 1.37
GNTW 29.17 80.62 2008.32-2010.94 22.98/11.91/2.17 2.61 ±1.23 1.45
GRHI* 27.95 82.49 2007.34-2010.90 43.63/-14.83/-1.43 4.95 ±0.58 1.20

GUMB* 27.90 85.87 1997.90-2010.26 48.05/33.91/7.97 6.07 ±0.21 0.76
JMLA* 29.27 82.19 2007.37-2010.89 44.24/26.13/-0.57 3.10 ±0.73 1.02
JMSM* 28.80 83.74 2004.33-2010.90 50.23/24.16/12.51 3.79 ±0.33 0.81
KKN4* 27.80 85.27 2004.22-2010.74 49.33/37.04/-6.71 2.05 ±0.29 0.82
KLDN’ 27.76 83.60 2004.28-2010.15 33.43/38.78/10.15 1.25 ±0.21 1.03
LHAS 29.65 91.10 1995.38-2007.07 31.36/26.19/8.79 0.62 ±0.27 0.69
LHAZ’ 29.65 91.10 1999.92-2011.23 38.40/42.40/3.69 2.04 ±0.17 0.69
MST2 29.17 83.95 2009.81-2009.82 N/A N/A 0.69
MSTG 29.17 83.89 2004.32-2009.80 N/A N/A 0.70
NPGJ* 28.11 81.59 2007.38-2010.88 47.71/33.01/6.62 -2.14 ±0.58 1.37
ODRE* 26.86 87.39 2004.86-2010.16 54.43/24.51/7.14 -1.29 ±0.35 0.81
RBIT 26.84 89.39 2003.81-2005.99 37.42/8.28/4.08 N/A 0.78
RMJT 27.30 86.55 2009.84-2009.84 N/A N/A 0.80
RMTE 26.99 86.59 2008.73-2010.15 55.36/25.44/20.06 2.19± 1.16 0.83
SIM4* 27.16 84.98 2004.23-2010.26 51.92/32.06/0.64 -0.16 ±0.33 0.93
SIMR* 27.16 84.98 1997.91-2005.37 24.09/15.96/7.69 3.90 ±0.48 0.93
SMKT 29.96 81.80 2008.37-2010.89 45.76/12.16/10.41 5.38 ±0.64 0.95
SRNK 28.26 83.93 2005.28-2010.83 27.64/15.05/6.82 0.94 ± 0.42 0.89
SYBC 27.81 86.71 2008.76-2009.89 54.20/48.96/-2.54 N/A 0.74
TIMP* 27.47 89.63 2002.38-2008.26 45.60/41.69/-4.84 -1.92 ±0.45 0.78
TPLJ* 27.35 87.70 2004.19-2010.17 46.14/49.37/3.19 1.55 ±0.32 0.77

N/A: the observation time span is too short or signals are too noisy.

Stations marked with an asterisk (*) are the sites used for the stack in Figures 3.4 and 3.10.
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Table 3.2: Parameters of the Main Himalayan Thrust fault model adopted based on 

previous studies.

Model
Fault Geometry of the creeping zone 

Depth (km) Dip(°)
Velocity of 

Dip slip 
(min/year)

Jouanne et al., 1999 17 9 20.5
Jouanne et al., 2004 19 9.5 19
Bettinelli et al., 2006 20.9 10.3 16.3
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Chapter 4 Seasonal Hydrological Loading in Southern Alaska Observed by GPS

and GRACE1

Abstract
We compare vertical seasonal loading deformation observed by continuous GPS 

stations in southern Alaska and modeled vertical displacements due to seasonal 

hydrological loading inferred from GRACE. Seasonal displacements are significant, and 

GPS-observed and GRACE-modeled seasonal displacements are highly correlated. We 

define a measure called the WRMS Reduction Ratio to measure the fraction of the 

position variations at seasonal periods removed by correcting the GPS time series using a 

seasonal model based on GRACE. The median WRMS Reduction Ratio is 0.82 and the 

mean is 0.73 ± 0.26, with a value of 1.0 indicating perfect agreement of GPS and 

GRACE. The effects of atmosphere and non-tidal ocean loading are important; we add 

the AOD1B de-aliasing model to the GRACE solutions because the displacements due to 

these loads are present in the GPS data, and this improves the correlations between these 

two geodetic measurements. We find weak correlations for some stations located in areas 

where the magnitude of the load changes over a short distance, due to GRACE’S limited 

spatial resolution. GRACE models can correct seasonal displacements for campaign GPS 

measurements as well.

4.1 Introduction
Geodetic observations have been used to study the seasonal hydrological mass cycle 

and its loading effects, such as the Global Positioning System (GPS) seasonal position 

variations in Japan (Heki, 2004), Amazon basin (Bevis et al., 2005) and Iceland 

(Grapenthin et al., 2006). The NASA/DLR Gravity Recovery and Climate Experiment 

(GRACE) has been used to study the ground seasonal deformation together with GPS 

(e.g. Davis et al. (2004)). Although van Dam et al. (2007) reported poor correlation

‘Fu, Y., J. T. Freymueller, and T. Jensen (2012), Seasonal hydrological loading in southern Alaska 
observed by GPS and GRACE, Geophys. Res. Lett., 39, L I5310, doi:10.1029/2012GL052453.
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between GPS and GRACE over Europe and attributed it to GPS processing flaws, more 

recent studies have shown consistent seasonal displacements between GPS and GRACE 

in West Africa (Nahmani et al., 2012), and the Nepal Himalaya (Fu and Freymueller, 

2012), because of strong seasonal hydrological loading and improved GPS processing.

Mountainous and located at high latitude, southern Alaska has a long winter season 

for snow and ice accumulation and a warm summer season for melting, an ideal situation 

for strong seasonal hydrologic mass variation. Seasonal vertical deformation of GPS 

timeseries in southern Alaska was reported by Freymueller et al. (2008). Previous 

GRACE studies indicate clear seasonal gravity changes in southeast Alaska caused by 

seasonal hydrologic mass variations (Tamisiea et al., 200S, Chen et al., 2006, Luthcke et 

al., 2008, Davis et al., 2012). In this paper, we investigate the seasonal variation observed 

by GPS and GRACE across southern Alaska, and analyze the correlation between these 

two geodetic observations using an elastic loading model.

4.2 Data

4.2.1 GPS data
Sixty-four former and current continuous GPS stations in southern Alaska (Figure 

4.1) are analyzed in this study. Thirty of them are Plate Boundary Observatory (PBO) 

GPS stations, and others are installed and maintained by a variety of other organizations 

(see Table 4.1). We used GPS data between July 2002 and December 2011. We employ 

the GIPSY/OASIS-II (Version 5.0) software in point positioning mode to obtain daily 

coordinates and covariances, and then transform the daily free network solutions into 

ITRF2008 (Altamimi et al., 2011). We estimate this daily frame alignment 

transformation ourselves, using a set of reliable ITRF stations (~30 stations each day). 

The complete analysis procedure is as described in Fu and Freymueller (2012). We 

correct for solid earth tides and ocean tidal loading (Fu et al., 2012) in the GPS 

processing, but not atmospheric pressure loading or any other loading variations with
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periods >1 day. We average the GPS daily solutions to weighted 10-day averages (using 

GIPSY’s utility stamrg) to compare with the GRACE solutions.

4.2.2 GRACE data

We use spherical harmonic coefficients of the Earths gravity field estimated from 

GRACE data (Bruinsma et al., 2010) and load Love numbers (Farrell, 1972) to model the 

elastic displacements due to the changing load (Wahr et al., 1998; Kusche and Schrama, 

2005). In order to maintain consistency with the loading effects present in the GPS 

solutions, we add GRACE’S Atmosphere and Ocean De-aliasing Level-IB (AOD1B) 

solution (GAC solution) to the GRACE spherical harmonic solutions. By doing this, both 

atmospheric and non-tidal ocean loads are present in both GPS and GRACE solutions.

We use the second release of 10-day gravity fields models (RL02) provided by the 

Space Geodesy Research Group (GRGS), a scientific consortium of 10 French research 

teams. Spherical harmonic coefficients up to degree and order 50 for the gravity field are 

provided every 10 days. The North-South striping noise is reduced with an improved 

data editing and solution regularization, and no further smoothing is required since it has 

been stabilized during the data process. Bruinsma et al. (2010) described the GRACE 

data processing strategies. We replace the degree-1 components with results obtained by 

Swenson et al. (2008). All the analyses in this paper use the GRACE solutions from 

GRGS for its better temporal resolution. Our previous study of the Himalaya (Fu and 

Freymueller, 2012) found that this GRACE solution showed slightly better agreement 

with GPS than other solutions. We also show GRACE Level-2 RL-04 solutions from 

CSR (Center for Space Research, Austin, USA) for comparison (Figure 4.1). For its 

monthly products, we replace C20 terms with the results from observations of Satellite 

Laser Ranging (Cheng and Tapley, 2004), and Degree-1 components using Stokes 

coefficients derived by Swenson et al. (2008). We adopted 350 km as the averaging 

radius for Gaussian smoothing for the CSR solution (Wahr et al., 1998). Example 

timeseries for GRACE-modeled vertical seasonal displacements are given in Figure 4.2.
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4.3 Results

We compare the GPS observed and GRACE modeled vertical seasonal (detrended) 

displacements, and find that both show significant and consistent seasonal variations 

(Figure 4.1). We fit annual and semiannual variations to the GRACE displacement 

predictions, and use this seasonal correction for analysis rather than the raw timeseries. 

In order to quantitatively evaluate the consistency between GPS-observed and 

GRACE-modeled seasonal height variations, we define a measure termed the “WRMS 

(Weighted Root-Mean-Squares) Reduction Ratio”, expressed as follows:

R ntin  _ WRMSaps -  WRMSgps_grace s
mMS-reduc,i0" WRMSgps -  w r m s cps_GPS/u ( }

WRMScps is the WRMS of the GPS detrended timeseries, including its seasonal

variations; WRMSgps_grace is the WRMS of the GPS timeseries with seasonal effects

corrected by seasonal GRACE-modeled detrended displacements; WRMSGPS_GPSfii is the

WRMS of the GPS timeseries with seasonal signals removed by fitting annual plus 

semiannual terms to the GPS timeseries. The WRMS Reduction Ratio reflects the 

agreement of the GPS and GRACE timeseries in both amplitude and phase, and scales 

the improvement relative to the amplitude of seasonal variations actually present. A 

value of 1.0 would indicate perfect agreement between GPS-observed and 

GRACE-modeled annual plus semi-annual seasonal displacements. Theoretically, the 

WRMS Reduction Ratio can not exceed 1, because the fit of GPS timeseries with annual 

and semiannual terms can not be worse than any other model of annual and semiannual 

terms.

Figure 4.3 shows examples of the WRMS reductions for 14 GPS stations. The top 

of each bar indicates WRMSaps; the dots demonstrate WRMSgps_grace ; the bottom of each

bar denotes WRMSGPS_GPS))i, which is not zero because of noise remaining in the GPS

timeseries and also interannual variations. When the dot is close to the bottom of the bar, 

it indicates that the seasonal variation in the GPS and GRACE are very similar.
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Figure 4.4 depicts the WRMS Reduction Ratios for all the continuous GPS sites 

analyzed in this study; values are provided in Table 4.1. The WRMS decreases for 62 out 

of 64 stations when corrections based on GRACE are applied, with a median WRMS 

Reduction Ratio of 0.82 and a mean WRMS Reduction Ratio of 0.73 ± 0.26. The only 

two sites with negative WRMS Reduction Ratios are AC03 and SELD (at the SW tip of 

the Kenai Peninsula, Figure 4.4), with -0.03 and -0.02, respectively. The consistency of 

seasonal signals between GPS and GRACE demonstrates that the seasonal position 

oscillations in southern Alaska are mainly caused by long-wavelength hydrological mass 

loading, which is due to snow and ice accumulation during the winter season and melt 

during the spring and summer seasons. This seasonal cycle is also accompanied by 

massive long-term mass losses (Arendt et al., 2002; Chen et al., 2006; Larsen et al., 

2007; Luthcke et al., 2008; Berthier et al., 2010).

Figure 4.4 indicates that stations close to high mountains and heavily glaciated areas 

show better agreements between GPS and GRACE; and distant stations show weaker 

correlation. This is due to the discrepancy of spatial resolutions for two geodetic tools. 

Within the mountainous coastal areas, the long-wavelength seasonal hydrological 

loading (snow and ice) is uniform for most places, so the GRACE solutions, which are 

averaged over a larger spatial area, accurately represent the loads at any specific point 

measured by GPS. However, in areas where the magnitude of the load changes over a 

short distance, the spatial averaging of GRACE can result in inaccurate predicted 

displacements. The sites AC03 and SELD are good examples of this problem. These sites 

are located at low elevation along the coast, so snow accumulation is relatively low 

within 30-40 km of the sites. However, coastal mountains that accumulate very large 

snow loads extend from -60 to 200 km to the east of these sites. Because GRACE cannot 

resolve such short-wavelength variations in the loads, the displacements predicted from 

GRACE overestimate the amplitude of the seasonal variations at these sites. The same is 

true for all other low-elevation stations in the Cook Inlet area (ellipse in Figure 4.4). This 

low-lying area is surrounded by mountains with large accumulations of snow, and
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GRACE over-predicts the amplitudes of seasonal displacements across the entire region 

by varying amounts.

Interannual variations of seasonal oscillations are also apparent (Figure 4.1). One 

example is the low “peak” in 2008 for station ELDC, and the low “trough” in early 2009 

(see figure 4.1); it is clear that both GPS and GRACE show the same interannual 

variations. The summer of 2008 was wet and cold over most o f southern Alaska, so there 

was less melting than usual in summer 2008 and a resulting heavier-than-average snow 

load throughout the next year. The period from 2002-2005 also showed more rapid uplift 

than the period since 2005 for many sites (see LEVC in Figure 4.1). A correction based 

the time series may produce even better results.

In this study, we do not correct for atmospheric and non-tidal ocean loading effects 

during GPS data processing. Instead, we combine the GRACE and AOD1B solutions 

(Flechtner, 2007) so that atmospheric and non-tidal ocean loading effects are included in 

both the GPS and GRACE solutions. Figure 4.5 shows three example GPS sites (AC57, 

AB42 and GUS2) comparing the GRACE-modeled height displacements with and 

without the AOD1B model. It is clear that the seasonal fit of the GRACE solutions with 

AOD1B (blue dashed lines) agrees with the GPS seasonal variations (black dashed lines) 

better than the solutions without AOD1B (cyan dashed lines), for both amplitude and 

phase. The WRMS Reduction Ratio also improves for AC57 from 0.75 using GRACE 

solutions without AOD1B to 0.96 with AOD1B included; the improvements are from 

0.81 to 0.95 for AB42; and from 0.73 to 0.96 for ATW2. The mean WRMS Reduction 

Ratio improves from 0.67 to 0.73 for all continuous stations analyzed in this paper. 

Consistent treatment of atmospheric and non-tidal ocean loading is essential for 

comparing or combining GPS and GRACE solutions.

4.4 Discussion
GPS campaign measurements, or GPS episodic measurements, usually re-survey the 

bench marks once per year at most. When estimating the velocity for a campaign GPS 

site, seasonal effects are ignored due to limited observations. However, for the GPS
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campaign stations located where seasonal hydrologic loading is significant, and if the 

sites were surveyed at different times of year, the estimated linear velocities can be 

biased by neglecting the seasonal impacts.

We can use GRACE continuous measurements to model the seasonal ground 

displacements, and use them to correct the seasonal effects for campaign GPS data. 

Figure 4.6 shows an example for GPS campaign site FS32 located near the Juneau 

Icefield (see Figure 4.1). The upper GPS timeseries (blue) show the original observed 

data. With seasonal impacts corrected based on GRACE measurements, the misfit (x2 per 

degree of freedom) decreases by 64% (from 8.89 to 3.23) in the seasonally corrected 

timeseries (red). The most evident improvement occurs in 2009 (see highlight box in 

Figure 4.6); the GPS site was measured at a different time of year in 2009, and its 

seasonal effect can be corrected well with GRACE data.

4.5 Conclusions.

GRACE-modeled vertical displacements due to seasonal hydrologic loading show 

high correlation with GPS observed seasonal position variations, which confirms that the 

hydrological mass cycle is the main cause of seasonal ground deformation in southern 

Alaska. Loading models based on GRACE data can effectively remove seasonal effects 

in both continuous and campaign GPS measurements in this region of very large seasonal 

hydrological load variations. Loading models based on GRACE perform well except in 

areas where the magnitude of the seasonal load changes over short spatial distances; this 

limitation is a consequence of the lack of spatial resolution in GRACE. Because the 

seasonal deformations can be so large, periodic seasonal displacements should be 

considered in regional reference frame realization (Freymueller, 2009).
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Figure 4.1: Distribution of Continuous GPS station and example timeseries. Top left: 

distribution of continuous GPS stations (blue diamonds) in southern Alaska; white-color 

regions denote glaciated areas. Brown circles are sites used for the AOD1B study (Figure 

4.5). Black star is the campaign site used for Figure 4.6. Three examples (AC06, ELDC 

and LEVC) of GPS vertical seasonal (detrended) timeseries and their GRACE-modeled 

seasonal vertical displacements are shown. GRACE solutions from GRGS and CSR are 

used.
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Figure 4.2: Four examples (AC06, POT3, ELDC and LEVC) for GRACE-modeled 

vertical seasonal displacements. Their locations are also given in the upper figure.
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Figure 4.3: Selected examples of the WRMS reduction when removing GPS seasonal 

variation using GRACE-modeled seasonal displacements. Selected stations are 

distributed from west to east (southeast).
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Figure 4.4: The WRMS Reduction Ratios for all continuous GPS stations in southern 

Alaska. The Ellipse (northwest) highlights low-elevation coastal stations of Cook Inlet, 

where GRACE consistently overestimates the amplitude of the seasonal variations.
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Figure 4.5: Seasonal variations for three example stations (AC57, AB42 and GUS2, see 

Figure 4.1 for their locations), plotted by fractional year. GRACE-modeled vertical 

displacements (and their best-fit lines) using solutions with AOD1B and without AOD1B 

are plotted together for comparison.
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Figure 4.6: Timeseries of campaign GPS site FS32, see Figure 4.1 for its location. Top: 

(blue) original observed GPS timeseries. Bottom: (red) corrected timeseries with 

seasonal loading deformation removed based on GRACE data. An obvious improvement 

for the measurements in 2009 is highlighted.
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Table 4.1: Information of continuous GPS stations analyzed in this study for southern 

Alaska. Site locations, observational time, and their WRMS Reduction Ratios when 

seasonal vertical deformations are removed using GRACE-modeled seasonal 

displacements are provided. Stations with antenna covered by snow during winter are not 

used in this study. “LEVC” is a composite time series combining two sites LEVI and

LEV5.

Station Latitude Longitude Elevation
(m) Observation Time WRMS 

Reduction Ratio Agency*

AB35 60.079 -142.389 536.72 2007.65-2011.43 0.8712 PBO
AB42 59.340 -138.898 773.25 2006.58-2011.98 0.9569 PBO
AB43 58.198 -136.640 26.93 2007.38-2011.98 0.9630 PBO
AB44 59.528 -135.228 304.12 2005.62-2011.98 0.8968 PBO
AB48 56.245 -134.646 5.26 2005.76-2010.99 0.2500 PBO
AB49 55.580 -133.068 17.54 2006.33-2011.98 0.4980 PBO
AB30 58.416 -134.545 51.49 2005.62-2011.98 0.8738 PBO
AB51 56.797 -132.913 75.81 2005.76-2011.98 0.9715 PBO
AC03 59.770 -151.864 19.59 2007.92-2011.65 -0.0384 PBO
AC06 59.763 -150.890 631.40 2005.70-2011.98 0.9425 PBO
AC09 59.868 -144.523 368.87 2007.65-2011.98 0.3763 PBO
AC11 61.807 -148.331 790.83 2005.57-2011.98 0.8853 PBO
AC15 60.481 -149.724 151.41 2005.79-2011.98 0.8991 PBO
AC16 60.518 -148.093 34.05 2007.54-2011.98 0.7315 PBO
AC20 60.929 -149.352 43.64 2005.54-2011.98 0.7513 PBO
AC23 60.475 -150.877 80.76 2007.46-2011.98 0.2094 PBO
AC32 61.473 -150.736 1347.74 2006.86-2011.98 0.8003 PBO
AC35 59.375 -150.793 408.40 2006.53-2011.98 0.9172 PBO
AC36 60.955 -150.608 46.45 2008.12-2011.98 0.3019 PBO
AC43 59.521 -149.628 69.52 2007.65-2011.98 0.8179 PBO
AC44 61.242 -149.567 832.13 2008.61-2011.98 0.7618 PBO
AC46 61.986 -151.524 619.73 2006.66-2011.98 0.5895 PBO
AC47 60.081 -152.623 922.24 2007.73-2011.98 0.7804 PBO
AC48 60.645 -147.343 379.52 2007.65-2011.98 0.9043 PBO
AC51 61.498 -151.835 957.38 2007.70-2011.98 0.8229 PBO
AC53 61.768 -150.068 57.47 2006.69-2011.98 0.0699 PBO
AC57 61.138 -145.742 826.34 2006.47-2011.98 0.9695 PBO
AIS1 55.069 -131.599 32.16 2002.58-2008.09 0.7365 USCG
AIS5 55.069 -131.599 32.36 2008.09-2011.98 0.8559 USCG

ALSC 59.186 -138.318 28.32 2007.43-2011.65 0.9744 GI-UAF
ATW2 61.597 -149.132 97.06 2002.58-2011.98 0.9635 PBO
BCDL 58.425 -130.025 802.09 2004.89-2011.92 0.8090 PBC-GSC
BIS1 56.854 -135.539 66.58 2002.58-2008.47 0.2287 USCG
BIS5 56.854 -135.539 66.77 2008.47-2011.98 0.1672 USCG

BMCP 58.782 -136.479 20.18 2006.42-2011.43 0.5907 GI-UAF
CHI3 60.237 -146.646 94.55 2002.58-2007.70 0.7457 USCG
CHI4 60.237 -146.646 91.19 2002.58-2007.70 0.8256 USCG

CMJV 61.165 -149.844 57.90 2002.58-2009.13 0.7090 C-CORS
ELDC 58.971 -135.222 13.37 2006.44-2011.73 0.9196 GI-UAF
EYAC 60.548 -145.749 146.02 2005.40-2011.98 0.7028 PBO
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Table4.1 continued...

GUS1 58.417 -135.697 19.67 2002.83-2008.47 0.9239 USCG
GUS2 58.417 -135.697 19.88 2002.58-2008.47 0.9547 USCG
GUS5 58.417 -135.697 19.98 2008.47-2011.98 0.8463 USCG
GUS6 58.417 -135.697 20.19 2008.47-2011.98 0.8539 USCG
JNU1 58.362 -134.585 15.48 2003.10-2011.98 0.9231 FAA
KEN1 60.675 -151.350 56.03 2002.58-2007.68 0.6365 USCG
KENS 60.675 -151.350 56.31 2007.68-2011.98 0.8484 USCG
KEN6 60.674 -151.350 56.69 2007.68-2011.98 0.8439 USCG
LEVC 56.465 -133.092 25.37 2002.58-2011.98 0.7993 USCG
LEV2 56.465 -133.092 25.19 2002.75-2007.62 0.7013 USCG
MDFC 60.121 -136.958 896.98 2006.75-2011.73 0.7961 GI-UAF
PALM 61.585 -149.119 81.23 2006.20-2011.02 0.8989 C-CORS
POT3 61.056 -146.696 35.74 2002.58-2007.68 0.8930 USCG
POT4 61.056 -146.697 37.04 2002.75-2007.68 0.9383 USCG
POTS 61.056 -146.696 35.98 2007.70-2011.98 0.9457 USCG
POT6 61.056 -146.697 37.25 2007.70-2011.98 0.7187 USCG
QUIC 58.908 -136.586 23.74 2006.44-2011.40 0.9038 GI-UAF
SELD 59.445 -151.706 20.37 2008.01-2010.88 -0.0265 PBO
SPCG 61.291 -152.022 1342.73 2004.69-2011.98 0.9068 AVO
SPCR 61.200 -152.209 1004.32 2004.69-2011.98 0.8890 AVO
TBON 61.179 -149.785 93.14 2006.20-2011.95 0.7948 C-CORS
TSEA 61.187 -149.894 42.94 2002.58-2011.98 0.6628 C-CORS
WHIT 60.750 -135.222 1427.38 2002.64-2011.76 0.3827 GSC
ZAN1 61.229 -149.780 80.19 2002.97-2011.98 0.5364 FAA

aPBO, Plate Boundary Observatory;

USCG, US Coast Guard/NGS(CORS);

GI-UAF, Geophysical Institute, University of Alaska Fairbanks;

PBC-GSC, Province of British Columbia, and Pacific Geoscience Center, Geological 

Survey of Canada;

C-CORS, Cooperative CORS (CMJV: Crazy Mountains Joint Venture; TSEA: The 

Surveyor’s Exchange; PALM, TBON: Alaska Dept, of Transportation);

FAA, Federal Aviation Administration;

AVO, Alaska Volcano Observatory;

GSC, Geological Survey of Canada.
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I have identified a potential spurious noise source of GPS coordinate solutions. 

Aliased periodic errors at periods of -  14-day, semiannual and annual can be propagated 

into GPS daily timeseries if  orbit/clock users adopt an inappropriate reference frame to 

model Ocean Tidal Loading (OTL). With improved data processing strategies, GPS and 

GRACE observations have been shown to measure highly correlated seasonal 

hydrological loadings, in both Nepal Himalaya and southern Alaska.

Chapter 2 showed that significant biases can be introduced into GPS solutions when 

a user solution uses OTL coefficients computed in a different reference frame to those 

used by the analysis center in their product generation solution. The choice of frame for 

the OTL model computations has a substantial effect on estimated satellite clock 

parameters, and a smaller effect on the estimated satellite orbits.

Solutions in which inconsistent OTL coefficients are used display significant 

differences at several periodic components that are characteristic of aliasing of OTL 

errors. Power spectrum analysis for our 6-year detrended timeseries of continuous GPS 

positions shows that the most distinguishable difference occurs at a period of about -14 

days. Using JPL’s current and reanalysis orbits products, which use OTL coefficients 

computed in the CM frame in accordance with IERS Conventions, we find a significant 

spectral peak at ~14-day period in the solution with OTL coefficients computed in the 

CE frame, but no peak at this period in the solutions using OTL computed in the CM 

frame. This result stands true for both ambiguity-free and ambiguity-fixed solutions. In 

addition, there are small differences at -annual and -semiannual periods.

Therefore, in any solution that uses fixed orbits or fixed orbits and satellite clocks, it 

is the analyst’s responsibility to maintain consistency with the analysis center that 

generated the products. The need for consistency makes it critical both for analysis 

centers that generate orbit and clock products and researchers using these products to 

report which frame was used to compute the OTL coefficients in their analysis. Authors 

should also make clear which frame they used.

Chapter 5 Conclusions
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This finding limits the degree to which PPP solutions can be used to assess other 

small changes or improvements in observation models. PPP solutions can be used for this 

purpose only when the orbit and clock parameters are not affected by the differences in 

models. The errors of using inconsistent reference frame to model OTL may be 

misinterpreted by other sources. For example, the correction for 2nd or higher order 

ionospheric effects (e.g. Fritsche et al., 2005) may need to be re-evaluated.

Chapter 3 combines GPS and GRACE measurements to study vertical motions in 

the Nepal Himalaya. Both GPS and GRACE observe strong seasonal variations. I adopt a 

load model based on GRACE data to model the resulting vertical displacements due to 

the changing hydrological loads. Quantitative comparisons between the observed GPS 

seasonal vertical deformation and GRACE-derived seasonal deformation demonstrate 

that a consistent physical mechanism is responsible for the correlation between these two 

kinds of geodetic measurements. Besides the significant seasonal signal, GRACE also 

exhibits a long-term mass loss in this region, which is due to the melting ice and snow in 

the high mountains of the Himalaya. We calculate the consequent uplift caused by the 

load decrease, and remove this hydrological effect from observed GPS vertical rates. The 

residual vertical rates are mainly dominated by tectonic deformation due to the 

earthquake cycle on the Main Himalayan Thrust. We then use a 2-D dislocation model to 

compute the tectonic vertical rates based on previous studies; those studies estimated 

fault models from the GPS horizontal velocities. Comparison between observed and 

modeled vertical rates suggests that interseismic strain from the MHT is able to explain 

most of the vertical motion of most GPS stations, although the whole arc shows some 

lateral variations. Correction for the long-term uplift predicted by the GRACE data 

improves the agreement between GPS vertical rates and the models based on horizontal 

data. The GPS vertical velocities are still too noisy to discriminate between the different 

horizontal slip models, but they may contribute to the estimation o f models based on 3D 

velocities once loading effects are removed.

In Chapter 4, GRACE-modeled vertical displacements due to seasonal hydrologic 

loading show high correlation with GPS observed seasonal height variations, which
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confirms that the hydrological mass cycle is the main cause o f seasonal ground 

deformation in southern Alaska. Loading models based on GRACE data can effectively 

remove seasonal effects in both continuous and campaign GPS measurements in this 

region of very large seasonal hydrological load variations. Loading models based on 

GRACE perform well except in areas where the magnitude of the seasonal load changes 

over short spatial distances; this limitation is a consequence of the lack of spatial 

resolution in GRACE.

Because the seasonal deformations in specific regions, such as the Nepal Himalaya 

(Chapter 3), southern Alaska (Chapter 4), the Amazon River area (Bevis et al., 2005) and 

western Africa (Nahmani et al., 2012), can be so large, periodic seasonal displacements 

should be considered in regional reference frame realization (Freymueller, 2009). 

GRACE data (and potentially hydrology models) provide measurements to quantify the 

seasonal surface mass variations, which can be used to model its resulting seasonal 

crustal displacements. Hence, further study of incorporating seasonal variations in 

Regional and Global Terrestrial Reference Frame based on GRACE data (and hydrology 

models) seems promising.

How to use GPS and GRACE data to separate the effects of Glacial Isostatic 

Adjustment (GIA), current mass transport and tectonics globally and regionally is an 

essential task for geodesy community (Wu et al., 2010), but still challenging. In southeast 

Alaska, the Geophysical Institute of UAF is maintaining dense GPS (continuous and 

campaign mode) measurements (Elliott et al., 2010), and it should be an ideal study area 

to perform such research, especially because Chapter 4 has shown that GPS and GRACE 

can be successfully correlated in terms of seasonal hydrological loading.
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