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Abstract 

 

 

Detail variations of polar ice mass balance during the last couple of decades have 

been revealed from the satellite geodetic observation. However, it is still uncertain 

the continent-wide Antarctic and Greenland ice mass balance before the satellite 

gravimetry and altimetry missions. In this study, we estimate long-term (1979-2010) 

spherical harmonic gravity coefficients (∆C21 and ∆S21) using numerous geophysical 

models and in-situ data including polar ice mass variations and compare them with 

those estimated from observed polar motion excitations. Excitations of polar motion 

associated with wind and current are estimated with ERA-Interim and GECCO2, 

respectively, and they are corrected from observed excitations. ∆C21 and ∆S21 

estimated from residual excitations are mainly due to fluid mass redistribution on the 

Earth’s envelope, and they are compared with modeled gravity coefficients 

associated with atmospheric pressure (ERA-Interim), ocean bottom pressure 

(GECCO2), terrestrial water storage (GLDAS-2), groundwater depletion, mountain 

glaciers and polar ice sheets. Ice mass variations in polar ice sheets during 1979-

2010 were estimated based on surface mass balance from numerical models (ERA-

Interim and RACMO2) and multiple ice dynamic observations. The observed and 

modeled gravity coefficients agree very well over inter-annual time scale. In addition, 

both ∆C21 from observation and model show similar quadratic variations indicating 

that polar ice mass balance used here is reasonable (correlation coefficient of 0.80). 

However, there exists non-negligible difference for the quadratic trend in ∆S21. Its 
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cause is not certain, but it may indicate uncertainty to depict the distinct ice mass 

variations in the East and West Antarctica in the current models and in-situ data. 
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Chapter 1. Introduction 

 

 

Earth rotation vector is continuously changing due to variations of angular 

momentum of solid Earth and its fluid envelope. Restless wind and current perturb 

angular momentum of the Earth system and result in changes of pole position (polar 

motion) and its rotation rate (length of day) to conserve angular momentum within 

Earth system. Similarly, Earth mass redistribution affects Earth’s moment of inertia 

and thus polar motion (PM) and length of day (LOD) variations are occurred. Earth 

mass is redistributed by various geophysical causes such as post glacial rebound 

(PGR) [Chen et al., 2013; Mitrovica et al., 2005], ice mass balance over high latitude 

[Nerem and Wahr, 2011; Shepherd et al., 2012] and altitude regions [Dyurgerov, 

2002; Jacob et al., 2012], terrestrial water storage variations [Chen and Wilson, 2005; 

Chen et al., 2000] and atmosphere and ocean bottom pressure [Chen et al., 2004; 

Gross et al., 2003; 2005]. 

For inter-annual and shorter time scales, hydrosphere and atmosphere are 

major contributors to PM [Chen et al., 2012; Gross et al., 2003] while causes of 

decadal and longer PM variations were uncertain [Gross et al., 2005; Nastula et al., 

2011]. However, during the last decade, satellite gravity observation from GRACE, 

launched in March 2002, has revealed that significant ice mass loss has been 

occurred in Antarctic Ice Sheet (AIS) and Greenland Ice Sheet (GrIS). In particular, 

acceleration of ice mass loss was reported in both ice sheet [Chen et al., 2009; Seo 

et al., 2015b; Seo et al., 2015c], and this was able to explain the recent anomalous 

PM [Adhikari and Ivins, 2016; Chen et al., 2013]. Those studies indicate that ice 
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mass loss and resulting sea level rise under warming climate would be a primary 

contributor to long-term PM variations along with PGR. 

Because PM has been observed astronomically and geodetically since the 

late 19th century [Gross and Vondrák, 1999], PM response to Earth mass 

redistribution would be important to understand long-term polar ice mass variations 

that have been poorly understood. This significant application of PM is only possible 

when Earth’s angular momentum from other causes is reasonably estimated by 

observations and numerical models. Recent development of weather and climate 

models is promising [Chen et al., 2012; Dill et al., 2013]. Furthermore, effort to 

compile sparse in-situ data for long-term ice mass change should be useful [Box et 

al., 2004; Rignot et al., 2011]. 

Recently, Seo et al. [2015a] integrated surface mass redistribution from 

atmosphere, hydrosphere and cryosphere with many numerical models and in-situ 

data to estimate Earth dynamic oblateness (J2) from 1979 to 2010. Comparison 

between model estimate and observation of J2 indicated that polar ice mass variation 

is the dominant cause of J2 increase during the three decades. In addition, remarkable 

agreement between observed and estimated J2 leads that polar ice mass variations 

from multiple sources of numerical models and observations would be reasonable. 

The previous study, however, only examined J2 which is associated with a 

degree 2 zonal spherical harmonic (SH) coefficient (C20) for mass redistribution of 

the Earth system. PM can provide additional SH gravity coefficients, C21 and S21, 

and thus constrains estimates of polar ice mass variations. In this study, we estimate 

C21 and S21 from numerical models and observations including mass balance over 

AIS and GrIS [Seo et al., 2015a] and compare them with those derived from PM. 

Because causes of linear trend and seasonal cycle in C21 and S21 are relatively well 
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known [Chen et al., 2005; Chen et al., 2012], we remove the two components from 

C21 and S21. Since decadal variations of LOD is strongly affected by north-south 

movement of liquid outer core and resulting angular momentum is poorly known 

[Chen et al., 2005; Hide et al., 1993], LOD is not examined in this study. 
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Chapter 2. Data and method 

 

 

2.1 PM excitations 

 

International Earth Rotation and Reference Systems Service (IERS) provides daily 

Earth Orientation Parameters (EOP) describing perturbation of Earth rotation with 

respect to non-rotating reference frame [Bizouard and Gambis, 2011; Gambis, 2004]. 

We use the latest EOP releases, EOP 08 C04, available from 1962 to present. EOP 

includes PM parameters ( 𝑝𝑝1,𝑝𝑝2)  to transform body-fixed terrestrial frame to 

intermediate reference frame which reference pole is the celestial intermediate pole 

[Gross, 2013]. 

Geophysical interpretation of PM parameters ( 𝑝𝑝 = 𝑝𝑝1 − 𝑖𝑖𝑝𝑝2)  is 

conveniently made by excitation functions (𝜒𝜒 = 𝜒𝜒1 + 𝑖𝑖𝜒𝜒2), and the two are equated 

by 

𝑝𝑝 + 𝑖𝑖
𝜎𝜎𝑐𝑐

𝑑𝑑�⃗�𝑝
𝑑𝑑𝑑𝑑

= 𝜒𝜒,  𝜎𝜎𝑐𝑐 = 2𝜋𝜋𝐹𝐹𝑐𝑐/(1 + 𝑖𝑖
2𝑄𝑄𝑐𝑐

) 

in which 𝑄𝑄𝑐𝑐 is a quality factor of 175, and 𝐹𝐹𝑐𝑐 is a Chandler frequency of 0.843 

cycles per year [Chen et al., 2012]. 

Time series of PM parameters (𝑝𝑝) are dominant at the Chandler and annual 

frequencies [Munk and MacDonald, 1960]. After the discrete linear filter [Wilson, 

1985], daily excitation functions (𝜒𝜒 ) are computed. Figure 1 shows monthly 

excitation functions resampled from daily excitation functions to compare them with 

monthly numerical model outputs later. A linear trend and seasonal cycle are 

removed. High frequency variability in 𝜒𝜒2  is much larger than that in 𝜒𝜒1 , and 

abrupt increase of 𝜒𝜒1 is shown since 2005 [Chen et al., 2013].



  

 

5 

 

 

 

Figure 1. Monthly excitations 𝝌𝝌𝟏𝟏  (a) and 𝝌𝝌𝟐𝟐  (b) from daily polar motion 
parameter. A linear trend and seasonal cycle are removed. Units are in radians. 
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2.2 Observed ∆C21 and ∆S21 from PM 

 

PM excitations associated with wind and current are estimated to remove their effect 

from observed PM excitations. This reduction is necessary to yield gravity 

coefficients, ∆C21 and ∆S21 associated with surface mass redistribution, from the 

observed PM excitations. First, PM excitations result from angular momentum 

exchange between atmosphere and solid Earth is synthesized using monthly wind 

fields from ERA-Interim data [Simmons et al., 2007]: there are zonal and meridional 

wind fields at 37 pressure layers from 1000 mb (surface) to 1 mb (top). The 

excitations from oceanic currents are also calculated using the German contribution 

of the Estimating the Circulation and Climate of the Ocean (GECCO2) [Köhl, 2015; 

Stammer et al., 2004]: the zonal and meridional current data are available for 50 

layers from 5 m (surface) to 5906.25 m (bottom). Here, GECCO2 is used in place of 

ECCO because the former is forced by NCEP reanalysis fields from 1948 to 2014 

[Large and Yeager, 2009] while the latter is assimilated products dependent upon 

satellite altimetric observation since 1992. 

PM excitations from eastward (U) and northward (V) wind or current is 

calculated [Chen et al., 2004; Eubanks, 1993] via 

�
𝜒𝜒1
𝜒𝜒2� =

1.5913𝑅𝑅
(𝐶𝐶 − 𝐴𝐴)Ω0

��𝑈𝑈(𝜙𝜙, 𝜆𝜆,ℎ) �− cos 𝜆𝜆 sin𝜙𝜙
− sin 𝜆𝜆 sin𝜙𝜙�

+ 𝑉𝑉(𝜙𝜙, 𝜆𝜆,ℎ) � sin𝜆𝜆
− cos𝜆𝜆��𝜌𝜌𝑅𝑅

2 cos𝜙𝜙𝑑𝑑𝜙𝜙𝑑𝑑𝜆𝜆𝑑𝑑ℎ 

in which ϕ, λ and h are latitude, longitude and pressure level, respectively. R and 

Ω0 are the Earth’s mean radius and angular velocity, respectively. C and A are the 

Earth’s principal moments of inertia. U and V  are the zonal and meridional 
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velocities of motion, and ρ is a density of air or sea water. 

Figures 2a and 2b show the estimated excitations from wind (blue) and 

current (red) after removing linear trends and seasonal cycles. Figures 2c and 2d 

shows the difference between observed excitations (Figures 1a and 1b) and estimated 

motion excitations (Figures 2a and 2b) yielding excitations associated with surface 

mass redistribution. Comparison between Figure 2 and Figure 1 shows that motion 

excitations are minor in PM excitations. 

Mass excitations shown in Figures 2c and 2d are associated with Earth’s 

moment of inertia that can be represented by degree 2 and order 1 gravity spherical 

harmonics (SH) coefficients, ∆C21 and ∆S21 [Chen et al., 2005] : 

�ΔC21
Δ𝑆𝑆21

� = −(1 + 𝑘𝑘2′ )�
3
5

(𝐶𝐶 − 𝐴𝐴)
1.098𝑅𝑅2𝑀𝑀 �

𝜒𝜒1
𝜒𝜒2� 

where 𝑘𝑘2′  (-0.301) is load Love number and M is the Earth’s mass. 
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Figure 2. Estimated excitations 𝝌𝝌𝟏𝟏 (a) and 𝝌𝝌𝟐𝟐 (b) from wind 
(blue) and current (red). (c) and (d) are mass excitations 𝝌𝝌𝟏𝟏 and 
𝝌𝝌𝟐𝟐, respectively, after removing motion excitations ((a) and (b)) 
from observed excitations (Figure 1). A linear trend and seasonal 
cycle are removed. Units are in radians. 
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2.3 Synthetic ∆C21 and ∆S21 

 

To understand observed ∆C21 and ∆S21 from PM excitations during 1979-2010, we 

synthesize various surface mass redistribution data including numerical models and 

in-situ data compilations. First, as used for wind fields, monthly surface pressure (SP) 

fields from ERA-Interim are used to consider atmospheric mass redistribution. 

Oceanic response to the surface pressure is assumed to be inverted barometer (IB) 

[Greatbatch, 1994]. For oceanic mass redistribution, GECCO2 ocean bottom 

pressure (OBP) fields are used. 

Terrestrial water storage (TWS) is included for ∆C21 and ∆S21 estimates 

from the output of the Global Land Data Assimilation System Version 2 (GLDAS-2) 

[Rodell et al., 2004; Rui and Beaudoing, 2015]. GLDAS-2 TWS is available from 

January 1948 to December 2010 and suitable for long-term TWS study because it is 

forced by a climatologically consistent data [Rui and Beaudoing, 2015]. GLDAS-2 

does not include TWS in Antarctica, and also we replace GLDAS-2 TWS over 

Greenland and glaciated region with glacier mass balance data. To consider only 

mass redistribution, each mean field for SP, OBP and TWS during 1979-2010 is 

estimated and removed from each monthly field during 1979-2010. 

Annual mass balance rates for mountain glaciers [Dyurgerov, 2002] are 

available from the National Snow & Ice Data Center (NSIDC) 

(http://nsidc.org/data/G10002) during 1961 to 2003, and they are used to calculate 

annual mass variations of mountain glaciers. Glacier mass variations can be extended 

after 2003 using GRACE Release 5 (RL05) solutions provided by the Center for 

Space Research, University of Texas at Austin, after leakage effect correction using 

unconstrained forward modeling [Chen et al., 2014]. The forward modeling is 

http://nsidc.org/data/G10002
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effective to diminish leakage error for Arctic/Alaska glaciers where leakage into 

oceans is significant. However, other mountain glaciers are still contaminated by the 

leakage error from hydrological signal. Therefore, we estimate ∆C21 and ∆S21 from 

mountain glaciers during 1979-2003 and 1979-2010, separately. The latter period 

can be extended only for Arctic/Alaska glaciers using GRACE. 

Polar ice mass balance before GRACE can be estimated from surface mass 

balance (SMB) and ice discharge. Seo et al. [2015a] complied various model outputs 

and observation data to estimate multi-decadal polar ice-sheet mass balance and 

showed that the estimate reasonably agrees with Earth oblateness observations from 

satellite laser ranging (SLR) satellites [Cheng et al., 2013]. They used ERA-Interim 

precipitation [Simmons et al., 2007] and RACMO2 precipitation and meltwater 

runoff [van Angelen et al., 2012] for SMB over AIS and GrIS, respectively. They 

also collected various ice discharge data [Enderlin et al., 2014; Rignot et al., 2008a; 

Rignot et al., 2008b] based on satellite remote sensing and in-situ observations. 

We also newly add groundwater depletion data. Wada et al. [2010] 

simulated annual groundwater depletion rate at grid points from 1960 to 2010. The 

groundwater depletion rate is defined by the difference between groundwater 

recharge and abstraction rates. The recharge was estimated by the global 

hydrological model PCR-GLOBWB [Bierkens and van Beek, 2009; van Beek and 

Bierkens, 2009], and the abstraction was estimated by groundwater stress including 

irrigation, livestock, domestic and industrial water demand [Alcamo et al., 2000]. 

Finally, to enforce global water mass conservation between land and oceans, 

ocean mass is adjusted by the amount of total terrestrial mass anomaly including soil 

moisture, groundwater and ice. Furthermore, we additionally consider the spatial 

pattern of the adjusted ocean mass resulting from self-gravitation of fluid on Earth’s 
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envelope [Farrell and Clark, 1976]. Figure 3a shows surface mass redistribution at 

September 1998 considering all surface mass fields described above. Similar to PM 

excitations, we remove linear trends and seasonal cycles at each grid value. Figure 

3b is simulated ocean mass redistribution based on global water mass conservation 

and self-gravitation at the same month. It shows that global mean sea level dropped 

during the month due to positive water mass anomaly over land. However, the 

pattern of sea level change is distinct: there are the largest sea level decreases near 

the Gulf of Alaska and both offshores of the South America. Regional sea level rises 

are also observed near Ross ice shelf, the yellow sea and the Baltic sea. Because 

linear trends are removed from the synthetic data at grid points, we don’t include a 

PGR model that only considers linearly varying Earth’s mass redistribution. 

Using the synthetic monthly global mass redistribution (∆𝜎𝜎(𝜃𝜃,𝜙𝜙) ) as 

shown in Figure 3, the synthetic ∆C21 and ∆S21 are computed from January 1979 to 

December 2010 via [Wahr et al., 1998] 

�∆𝐶𝐶21∆𝑆𝑆21
� =

3·0.697
4𝜋𝜋𝑅𝑅𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎5

�∆𝜎𝜎(𝜃𝜃,𝜙𝜙)𝑃𝑃�21(cos𝜃𝜃) �cos𝜙𝜙
sin𝜙𝜙� sin𝜃𝜃 dθdϕ

where 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎  is the average density of the Earth, and the 𝑃𝑃�21  is normalized 

associated Legendre functions for degree 2 and order 1. 
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Figure 3. (a) Synthetic surface mass redistribution at September 1998. (b) Estimated 
ocean mass redistribution from global water mass conservation and self-gravitation 
at September 1998. 
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Chapter 3. Result 

 

 

We first examine time series of ∆C21 and ∆S21 from PM excitations. Figure 4 shows 

observed ∆C21 (a) and ∆S21 (b) after applying 11-month moving average to suppress 

measurement noise. ∆S21 shows stronger 2~3-year period variations than ∆C21, and 

both exhibit apparent variations during 1986 to 1990. For decadal time scale, both 

observed coefficients show similar pattern: negative anomalies during 1980-1990, 

positive anomalies during later period until 2005 and abrupt decline starting at 2005. 

To understand the observed ∆C21 and ∆S21 in detail, we estimate those 

gravity coefficients from each synthetic data in Figure 5. Similar to Figure 4, 11-

month moving average is applied. Top panels of Figure 5 show synthetic ∆C21 and 

∆S21 from surface pressure (blue), ocean bottom pressure (red) and terrestrial water 

storage (green), which show strong inter-annual but weak decadal variabilities. In 

particular, amplitudes from SP and TWS in ∆S21 are much larger than those in ∆C21. 

This is likely because ∆S21 is more sensitive to terrestrial mass variations than ∆C21 

as shown in Figure 6. Bottom panels of Figure 5 exhibit ∆C21 and ∆S21 from AIS 

(blue), GrIS (red), Arctic/Alaska glaciers (green) and groundwater (magenta). All 

show long-term variabilities particularly associated with quadratic trends while the 

contribution from groundwater depletion is minor for ∆C21. ∆C21 from the glaciers 

and AIS are similar to each other while that from GrIS shows opposite variations 

and abrupt decline starting at 2005. Therefore, the distinct decrease of observed ∆C21 

(Figure 4) is associated with ice mass change in GrIS [Chen et al., 2011]. In 
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Figure 4. Observed ∆C21 (a) and ∆S21 (b), estimated from mass excitation (Figures 
2c and 2d). 11-months moving average is applied. 
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Figure 5. Estimated ∆C21 (a) and ∆S21 (b) from surface pressure (blue), ocean bottom 
pressure (red) and terrestrial water storage (green), which show strong inter-annual 
variability. (c) and (d) exhibit ∆C21 and ∆S21 from Antarctic ice sheet (AIS) (blue), 
Greenland ice sheet (GrIS) (red), Arctic/Alaska glaciers (green) and groundwater 
(magenta), which show long-term variability. Similar to Figure 4, 11-months moving 
average is applied. 
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Figure 6. Modes of spherical harmonics gravity coefficients ∆C21 (a) and 
∆S21 (b), which corresponds to mass excitations of 𝝌𝝌𝟏𝟏  and 𝝌𝝌𝟐𝟐 , 
respectively. 
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general, the variation of ∆S21 in the association with the glaciers is similar to that of 

∆C21. However, the long-term variations of ∆S21 resulting from AIS and GrIS are 

opposite to those of ∆C21. This is also due to different sensitivity of ∆C21 and ∆S21 

for both ice sheets as shown in Figure 6. In particular, the large quadratic trend in 

∆S21 associated with AIS is attributed to both ice mass loss in West Antarctica 

[Mouginot et al., 2014; Rignot et al., 2008a] and ice mass gain in East Antarctica 

[Shepherd et al., 2012; Zwally et al., 2005]. Since ∆S21 covers most Europe, Asia and 

North/South Americas (Figure 6), groundwater depletion is important for the gravity 

coefficient. 

We now compare ∆C21 and ∆S21 from PM excitations to those from 

synthetic data. Figure 7 shows observed time series from PM excitations (blue) and 

the estimated ones including surface pressure (SP), ocean bottom pressure (OBP) 

and terrestrial water storage (TWS) (red) without including groundwater effect. For 

∆C21, there are some phase misfit between observation and model during the earlier 

period. However, in general, the inter-annual variations for both ∆C21 and ∆S21 

between observation and model agree well with each other. Chen et al. [2005] also 

showed the similar results during the period of 1980-2002. On the other hand, there 

are evident discrepancies in longer periods. Chen et al. [2005] assumed that the 

misfit is associated with core-mantle coupling [Hide et al., 1993] and showed that 

improved agreement after removing the long period (> 8 years) variabilities in the 

coefficients from PM excitation. Here, we attempt to explain the difference using 

mass variations in glaciers, ice-sheets and groundwater depletion. Figure 8 exhibits 

∆C21 and ∆S21 from PM excitations and those estimated from glaciers, ice-sheets 

and groundwater depletion. For ∆C21, there is a clear contribution from ice and 

groundwater variations. However, in ∆S21, long-term variation from the ice and 
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Figure 7. Comparison between observed and modeled ∆C21 (a) and ∆S21 (b). Blue 
lines are the same as shown in Figure 4, and red lines are sum of surface pressure, 
ocean bottom pressure and terrestrial water storage (Figures 5a and 5b). 
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Figure 8. Comparison between observed and modeled ∆C21 (a) and ∆S21 (b). Blue 
lines are the same as shown in Figure 4, and red lines are sum of AIS, GrIS, 
Arctic/Alaska glaciers and groundwater depletion (GW). 
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groundwater is not apparent. This is because effects from AIS is opposite to those 

from GrIS and the glaciers with the similar amplitudes as shown in Figure 5. Now 

we estimate ∆C21 and ∆S21 including all mass redistribution data and compare them 

with ∆C21 and ∆S21 of PM observations (Figure 9). In general, synthetic ∆C21 and 

∆S21 depict the inter-annual variability in those from PM excitations, but there is still 

large discrepancy in ∆S21 during 1990-1995. For decadal time scale, the synthetic 

∆C21 is similar to the observed one, but for ∆S21 decadal variations do not agree with 

each other. As indicated in the Figure 9, the correlation coefficient of ∆C21 between 

observation and model is high (0.80), and that of ∆S21 is much lower (0.56). 

We also examine the agreement between observation and model in the 

frequency domain. First, Figures 10a and 10b show the power spectra of observed 

and modeled ∆C21 and ∆S21 using a multitaper (6 taper) method. As implied in the 

time series in Figure 9, the power spectra also indicate the good agreements in ∆C21 

while there is large discrepancy in ∆S21 particularly for bands lower than 0.2 cycle 

per year (cpy) and higher than 0.7 cpy. Correlation between observation and model 

as a function of frequency is analyzed using coherence spectrum in Figure 10c and 

10d. The solid black lines are the coherence, and the dashed black lines represent 95% 

confidence level estimated based on Monte Carlo method (1000 trials). ∆C21 shows 

significant correlation lower band than 0.4 cpy. Contrast to power spectrum in Figure 

10a, the correlation in higher frequency than 0.6 cpy is not significant, and this is 

likely due to the phase difference between model and observation shown in Figure 

7a. On the other hand, ∆S21 exhibits poor correlation over lower band than about 0.2 

cpy while there is significant correlation over the higher frequency band. 
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Figure 9. Comparison between observed and modeled ∆C21 (a) and ∆S21 (b). 
Modeled ∆C21 and ∆S21 include all mass redistribution data from surface pressure, 
ocean bottom pressure, terrestrial water storage, polar ice sheets, Arctic/Alaska 
glaciers and groundwater. 
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Figure 10. Power spectra of ∆C21 (a) and ∆S21 (b) from observed (blue) and modeled 
(red) data, and coherences between observed and modeled ∆C21 (c) and ∆S21 (d) 
(solid black) and their 95% confidence level (dash black). 
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Results here shows that ice mass variations in Arctic/Alaska glaciers, both 

ice sheets and groundwater can explain long-term variations in ∆C21 and ∆S21. 

However, there is still large misfit in ∆S21 for decadal time scale. One plausible cause 

for the discrepancy is the missing contributions from other mountain glaciers that we 

didn’t include in the above analysis because their data is only available up to 2003 

[Dyurgerov, 2002]. Figure 11 exhibits the two gravity coefficients from Artic/Alaska 

glaciers (blue), groundwater (red) and other mountain glaciers (green) from 1979 to 

2003. It clearly shows that long-term variation from mountain glaciers is larger than 

that from groundwater depletion particularly in ∆S21. This is because other mountain 

glaciers except in Arctic/Alaska regions are mostly located on Himalayas and Andes 

where ∆S21 is strongly influenced by mass change over the area as shown in Figure 

6. Figure 12 shows ∆C21 and ∆S21 from observation and model additionally including 

effect from all mountain glaciers. Overall, the discrepancy is reduced, but the long-

term differences are still apparent. Blue lines of Figure 13 show the residuals of ∆C21 

(a) and ∆S21 (b), the difference between observation and model (shown in Figure 12). 

Black lines and numbers represent the acceleration coefficients (2nd order polynomial 

coefficients) with 95% confidence interval of the blue lines. The acceleration 

coefficient for the residual ∆C21 is not significant, and thus synthetic data here 

reasonably depicts long-term ∆C21 variations. However, the significant acceleration 

coefficient in the residual ∆S21 indicate that there are long-term mass (or motion) 

variations that current geophysical models and observations cannot explain such as 

the core-mantle coupling [Hide et al., 1996; Hide et al., 1993] and/or unknown ice 

mass variations in polar ice sheets. 
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Figure 11. Estimated ∆C21 (a) and ∆S21 (b) from Arctic/Alaska 
glaciers (blue), groundwater depletion (red) and other mountain 
glaciers (green) during 1979-2003. Long-term variation from 
mountain glaciers is larger than that from groundwater depletion in 
∆S21. 
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Figure 12. Comparison between observed and modeled ∆C21 (a) and ∆S21 (b) from 
1979 to 2003. Modeled ∆C21 and ∆S21 additionally include effect from other 
mountain glaciers. 
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Figure 13. Residuals of ∆C21 (a) and ∆S21 (b) from the difference between 
observation and model shown in Figure 12. Black lines are the 2nd order polynomial 
trends. 
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Chapter 4. Conclusion 

 

 

Causes of PM excitations (𝜒𝜒1, 𝜒𝜒2) longer period than several years have not been 

certain [Gross et al., 2005; Nastula et al., 2011]. Core-mantle coupling is one 

possible hypothesis to explain them [Hide et al., 1996], but any geophysical model 

has not successfully quantified its effect. Since 2002, satellite gravity remote sensing 

reveals that significant ice mass loss has been occurred in polar ice sheets [Chen et 

al., 2006; Chen et al., 2008], and that the associated mass redistribution is a main 

contributor to recent anomalous PM [Adhikari and Ivins, 2016]. Comparison 

between satellite gravity and PM shows that long-term variations of PM excitations 

that geophysical models cannot depict are possibly attributed to polar ice mass loss 

under contemporary warming climate. 

Therefore, a remaining question is to explain long-term PM excitations 

before GRACE era. Seo et al. [2015a] suggested that polar ice mass variations can 

be estimated using multiple sources of surface mass balance and ice discharge over 

the AIS and GrIS. They also showed that observed Earth’s dynamic oblateness (J2) 

agreed remarkably with synthetic one from various geophysical models including 

the estimated polar ice mass variations. In this study, with newly available 

groundwater depletion data as well as the similar models for atmosphere, 

hydrosphere and cryosphere to those used in the previous study, we compare ∆C21 

and ∆S21 from PM excitations with those from models. Observed ∆C21 is remarkably 

similar to estimated ∆C21. However, for observed ∆S21, there are still long-term 

variations that models cannot explain. 
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The cause for the discrepancy is not certain, but it may indicate uncertainty 

in AIS ice mass changes. Polar ice mass variations were estimated using numerical 

models and sparse in-situ observations [Seo et al., 2015a]. This simplified estimate 

would incur limited spatio-temporal resolution in such a large continental scale ice 

mass balance. In particular, it would be difficult to depict the distinct evolution of 

ice mass change in East and West Antarctica [Mouginot et al., 2014; Shepherd et al., 

2012; Zwally et al., 2005]. Based on the remarkable agreement between models and 

observation for J2 [Seo et al., 2015a], the total ice mass budget of the AIS is likely 

reasonable. Under this constrain, the misfit in ∆S21 would imply that West Antarctica 

and Antarctic Peninsula might have experienced more ice mass loss while East 

Antarctica have gained more ice mass than the estimates. Therefore, further study is 

necessary to understand the distinct ice mass variations in the East and West 

Antarctica during the last three decades. 
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국문초록 

 

지구자전축 변화를 이용한 남극과 그린란드의 
장기간 (1979-2010) 빙하 질량 변화 추정 

 

서울대학교 대학원 

과학교육과 지구과학전공 

염 국 현 

 

 

위성측지관측으로 지난 20년간 극지방의 빙하 질량 변화를 자세히 알게 

되었지만, 그 이전 시대의 남극 대륙과 그린란드의 질량 변화는 여전히 

불명확하다. 본 연구에서는, 1979년부터 2010년까지 구면조화 중력계수

(∆C21, ∆S21)를 모델자료를 이용하여 계산한후 관측값과 비교하여 장기

간 극지방의 빙하 질량 변화를 추정하였다. 관측 값은 극 운동을 관측하

여 얻은 여기 성분으로 구하고, 모델 값은 다수의 지구물리학적 모델들

과 실측자료를 포함하여 계산하였다. 관측된 극 운동의 여기 성분은 바

람과 해류에 의한 영향도 포함되어 있어, ERA-Interim과 GECCO2로 

각각 얻은 바람과 해류 자료를 이용하여 그 효과를 보정하였다. 보정 후

의 ∆C21 과 ∆S21은 주로 지구 표면 유체의 질량 재분배에 의한 것이므

로, 대기압(ERA-Interim), 해양저압력(GECCO2), 대륙물수지(GLDAS 

-2), 지하수 고갈량, 산악 빙하, 극지방 빙상 등의 모델들로 계산된 중
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력계수와 비교할 수 있다. 1979년부터 2010년까지 극지방의 얼음 질량 

변화는 다양한 빙하 동역학 관측 값과 모델들(ERA-Interim, RACMO2)

로 구한 표면 질량 변화량으로 추정하였다. 그 결과, 관측 중력계수와 

모델 중력계수는 수년시간 규모에서는 유사한 크기와 변화를 보여줬다. 

특히, ∆C21의 경우 경년주기 이상의 장주기 변화에서도 관측 값과 모델 

값이 매우 유사한 양상을 보여줘 (상관계수 0.80), 연구에 사용한 극지

방의 질량 변화 추정이 타당하다는 것을 의미한다. 하지만, ∆S21은 무시

할 수 없을 만큼의 장주기 변화 차이가 발견된다. 이러한 차이의 원인은 

확실하지는 않지만, 모델과 관측 값으로 구한 동 남극과 서 남극의 얼음 

질량 변화가 불확실함을 의미할 수 있어, 관련된 후속 연구가 필요하다.  
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