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Abstract 20 

Estimates of post-Last Glacial Maximum (LGM) sea-level rise are not balanced by the estimated 21 

amount of ice melted since the LGM.  We quantify this “missing ice” by reviewing the possible 22 

contributions from each of the major ice sheets.  This “missing ice” amounts to 18.1+/-9.6 m of 23 

global sea-level rise.  Ocean expansion accounts for 2.4+/-0.3 m of this discrepancy while 24 

groundwater could contribute a maximum of another 1.4 m to this offset.  After accounting for 25 

these two potential contributors to the sea-level budget, the shortfall of 15.6+/-9.7 m suggests 26 

that either a large reservoir of water (e.g. a missing LGM ice sheet) has yet to be discovered or 27 

current estimates of one or more of the known LGM ice sheets are too small.  Included within 28 

this latter possibility are potential inadequacies of current models of glacial isostatic adjustment.  29 

Key words: Eustatic; Sea Level; Antarctica; Pleistocene; Lowstand 30 

 31 

1. Introduction 32 

Constraining the amount of sea-level rise since the Last Glacial Maximum (LGM) is 33 

important for monitoring current ice sheets (Shepherd et al., 2012), understanding early human 34 

migrations (Lambeck et al., 2011), and calibrating models (Peltier, 1994; Kageyama et al., 2006) 35 

and geochemical proxies (Mix, 1987).   Two approaches are generally used to reconstruct sea 36 

levels during the LGM.  Early attempts used a direct approach, which dated ancient shoreline 37 

features or sea-level “index” points (Fairbanks, 1989; Yokoyama et al., 2000) in areas thought to 38 

be far enough away from the past ice sheets as to represent the global “average” sea level, which 39 

in turn is representative of the total ocean volume change (i.e., ice-equivalent sea-level 40 

change)(Fairbanks, 1989).  This approach has since been improved by accounting for glacial 41 
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isostatic adjustment (GIA), which is the deformation of the Earth’s surface and gravitational field 42 

(hence equipotential) due to the redistribution of ocean, ice, and mantle material during the 43 

growth and decay of ice sheets.  GIA can be important even at sites far away from the LGM ice 44 

sheets (Peltier, 1994; Lambeck and Chappell, 2001; Austermann et al., 2013).  The second 45 

approach is to reconstruct the configuration of the LGM ice sheets and sum the volume of water 46 

stored above flotation at the LGM (Denton and Hughes, 1981; Clark and Tarasov, 2014).  47 

However, these two approaches are not necessarily independent of one another as the second 48 

approach is used to determine the GIA component of sea-level change and hence improve sea-49 

level estimates derived from the first approach (Lambeck and Chappell, 2001).  50 

Direct measurements of the elevation of sea level at the LGM are based largely on 51 

estimates from Barbados (Fairbanks, 1989; Austermann et al., 2013), the Sunda Shelf (Hanebuth 52 

et al., 2000), and the Bonaparte Gulf (Yokoyama et al., 2000).  When corrected for GIA 53 

(Lambeck et al., 2014; Nakada et al., 2016), including the impacts of 3-dimensional 54 

heterogeneity within the mantle (Austermann et al., 2013), these records [typically] imply a 55 

LGM lowstand between 130 m and 134 m.  In contrast, although the amount of ice within each 56 

individual ice sheet at the LGM is still a matter of debate, the various estimates of the ice-57 

equivalent sea-level change locked up in the LGM ice sheets sum to considerably less than 130 58 

m (Clark and Tarasov, 2014) (Table 1; Figs. 1 and 2).   The first global compilation (Denton and 59 

Hughes, 1981) of ice sheets at the LGM suggested they account for between 127 and 163 m of 60 

ice-equivalent sea-level change, but as field mapping and dating methods have improved over 61 

the years, particularly within Antarctica, those estimates have generally decreased (Table 1).   62 

This problem has led several authors to argue for a hypothetical “missing ice sheet” 63 

potentially over the present-day East Siberian margin (Clark and Tarasov, 2014).  However, 64 
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before searching for a yet undiscovered ice mass, it is important to review the other contributors 65 

to global sea-level rise; namely, the contributions to sea-level change caused by global ocean 66 

density changes accompanying ocean warming and freshening since the LGM and potential 67 

groundwater storage. The purpose of this paper is to 1.) quantify the amount of missing ice, 2.) 68 

discuss the possible role of ocean warming in the sea-level budget at the LGM in context with an 69 

accompanying paper (Gebbie et al., submitted), 3.) provide an estimate for the maximum 70 

contribution of groundwater to the LGM sea-level budget, and 4.) discuss future directions for 71 

addressing the “missing ice” problem. 72 

 73 

2. Quantifying LGM ice volumes 74 

2.1 Current estimates of LGM ice volumes 75 

Most early studies that sought to balance the LGM sea-level budget assumed that the 76 

volume of ice leftover after accounting for the ice held within the North American, Greenland, 77 

and Eurasian Ice Sheets should be attributed to the Antarctic Ice Sheet (Nakada and Lambeck, 78 

1988; Peltier, 1994; Nakada et al., 2000). However, based on the relatively modest (<32 m) 79 

elevation of raised beaches across Antarctica, Colhoun et al. (1992) suggested only minimal 80 

expansion of the Antarctic Ice Sheet across the continental shelf at the LGM, sufficient to 81 

explain only 0.5-2.5 m of the LGM lowstand. This led Andrews (1992) to pose the question 82 

“where is the missing water?” 83 

Offshore studies have subsequently documented significant ice sheet expansion out to the 84 

continental shelf edge over many parts of Antarctica (Anderson et al, 2002; 2013; The RAISED 85 

Consortium, et al., 2014), but the LGM volume of this ice sheet is still poorly constrained. Based 86 
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on GIA model predictions of near-field relative sea-level change, Bassett et al. (2007) inferred a 87 

post-LGM sea-level contribution of 27.15 m from Antarctica; sufficient to close the global sea-88 

level budget (Table 1). However, GIA modeling studies that additionally seek to honor glacial 89 

geological constraints on past Antarctic ice thickness yield smaller estimates of 7.5-13.6 m (Ivins 90 

and James, 2005; Whitehouse et al., 2012b; Ivins et al., 2013; Argus et al., 2014)(Table 1). 91 

Several recent studies use numerical modeling techniques to estimate the volume of the LGM ice 92 

sheet (Whitehouse et al., 2012a; Golledge et al., 2013; Gomez et al., 2013; Maris et al., 2014; 93 

Briggs et al., 2014), and these typically also yield relatively low values (Table 1). 94 

Based on studies published since 2010, the average post-LGM sea-level contribution 95 

from Antarctica is estimated to be 9.9+/-1.7 m (one standard deviation; Table 1).  Estimates of 96 

the total ice-equivalent sea-level rise held within the other large ice sheets at the LGM have 97 

remained relatively steady over the past ~20 years, with 76.0+/-6.7 m and 18.4+/-4.9 m post-98 

LGM sea-level rise predicted to have been sourced from North America and Fennoscandia, 99 

respectively (Table 1). The exception is the estimate by Simon et al. (2016), which suggests a 100 

much smaller LGM North American Ice Sheet complex (Table 1).  Excluding Simon et al. 101 

(2016), the average sea-level contribution from the North American Ice Sheet complex is 79.3 m 102 

instead of 76.0 m.  Estimates of Greenland’s contribution have increased but it remains a minor 103 

component of the sea-level budget at the LGM (Table 1).  All other ice masses are thought to 104 

have contributed no more than 5.5+/-0.5 m sea-level rise since the LGM (Denton and Hughes, 105 

1981; Peltier et al., 2015). 106 

2.2. Ice volume to sea-level rise conversions 107 

The compiled studies of meltwater volume differ in the methods used to convert from ice 108 

volume to ice-equivalent sea-level rise.  With the exceptions of the studies by Ivins and James 109 
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(2005) and Lambeck et al. (2014), the conversions used ranged between 2.466 and 2.519 m/106 110 

km3 of ice, which would cause variations in ice-equivalent sea-level rise of less than 2.8 m 111 

assuming a post-LGM change in ice volume of 52 x 106 km3 (Table 2).   112 

However, the conversion by Lambeck et al. (2014) results in 5.8 m more sea-level rise 113 

than that of Hughes et al. (2016) at the LGM.  This discrepancy in converting ice to sea level 114 

partly arises from the assumed shape and area of the ocean since the LGM.  Some studies (e.g. 115 

Denton and Hughes, 1981; Hughes et al., 2016) use an ocean area equivalent to the modern 116 

ocean area while others account for the changing shape of the ocean as it floods the continental 117 

shelf through the deglaciation (e.g. Lambeck et al., 2014).  This difference in approaches is 118 

nontrivial as the difference between using a modern ocean area (3.619 x 108 km2; Eakins and 119 

Sharman, 2010) versus an LGM ocean area (~3.385 x 108 km2 using ICE-5G with the VM2 earth 120 

model) is 9 m of ice-equivalent sea-level rise for the same volume of ice (assuming an ice-ocean 121 

density ratio of 0.89 and an ice volume of 52 x 106 km3).  Determining an appropriate ocean 122 

shape and area to use is not a trivial problem (Peltier, 1994; Milne et al., 2002; Mitrovica, 2003; 123 

Gomez et al., 2013).  One of the complications in determining the shape and area of the ocean is 124 

the influence of Earth deformation due to changes in ice and water loading (Milne et al., 1999).  125 

Further complications arise when considering the influence of marine-based ice on LGM ocean 126 

areas (Milne et al., 1999).   127 

Another source of discrepancy among conversions may arise from different assumptions 128 

about which portions of ice sheets contributed to the rise in sea levels.  Not all additional ice (e.g. 129 

marine-grounded ice below flotation) contributes to sea-level rise (Milne et al., 1999).  Thus, 130 

some ice should not be included in the equivalent sea-level rise term and may bias the average 131 

conversion calculated using the volume of additional ice at the LGM, thus making a uniform 132 
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conversion from additional ice to an equivalent sea-level rise inappropriate.  As not all studies 133 

stated what conversions were used and some conversions are based on quoted volumes of 134 

additional LGM ice that include both floating and grounded ice, we have not accounted for this 135 

discrepancy in our analysis but note an additional offset of up to ~5 m (but likely closer to 2 m) 136 

may be due to differences in the ice to seawater conversion.  137 

2.3 Shortfall in the LGM ice sheet volumes 138 

We estimate the amount of “missing ice” at the LGM by averaging the contributions of 139 

each ice sheet to the total meltwater budget from only those studies published since 2010.  140 

Implicit in this approach is the assumption that all the ice sheets reached their largest LGM 141 

configurations at the same time, which is not true.  For example the Eurasian Ice Sheet likely 142 

reached its maximum ice extent at 21 ka (Hughes et al., 2016) while the North American Ice 143 

Sheets reached their maximum extent 22 ka (Stokes et al., 2016) or potentially even earlier (e.g. 144 

Tarasov et al., 2012).   However, by assuming they all reached their largest LGM configuration 145 

at the same time, we are able to place constraints on the maximum contribution from the ice 146 

sheets. By limiting our analysis to only those studies published since 2010, we also assume that 147 

with time, and presumably more data and better models, estimates are improving.  We also 148 

assumed that all the models were independent and all of similar validity.  This assumption is 149 

clearly incorrect and future efforts should attempt to weight better-constrained ice-sheet models 150 

more strongly than weaker models.  In the absence of published probability distribution functions 151 

for most of the studies, we also assumed a Gaussian distribution to the sea-level contributions.  152 

As a starting point, we make these assumptions, which results in a value of 113.9+/-8.5 m of ice-153 

equivalent sea level held within the ice sheets (Table 1).  Although not ideal, the error quoted 154 

assumes that the uncertainty of each ice sheet’s size is equal to the standard deviation of 155 
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estimates published since 2010.  As an alternative approach, we applied a Monte Carlo 156 

simulation by randomly selecting LGM ice volumes from the published estimates and the 157 

potential ice volumes within the ranges set by their uncertainties. This approach yields the same 158 

mean of 113.9 m with a standard deviation of 9.4 m and a 95% confidence interval of 95.1 – 159 

131.7 m (Fig. 3). Only 3.8% of the sampled totals lead to an ice-equivalent sea-level rise of 130 160 

m or greater. Our calculations include the contributions from the major ice centers in North 161 

America, Eurasia, Antarctica, and Greenland, as well as a 5.5+/-0.5 m contribution from smaller 162 

ice caps across other areas in the Northern and Southern Hemispheres (Denton and Hughes, 163 

1981; Peltier et al., 2015).  Assuming a post-LGM global mean sea-level change of 132 +/- 2 m 164 

leaves a discrepancy of 18.1+/- 9.6 m (one standard deviation using the Monte Carlo simulation) 165 

and a nominal 95% confidence interval of -0.1 to 37.3 m of unaccounted-for ice needed to 166 

balance the sea-level budget during the LGM (Fig. 3).   167 

 168 

3. Ocean Density Changes at the LGM 169 

3.1 Density changes in the LGM ocean 170 

 One potential contribution to deglacial sea-level rise not considered in previous studies is 171 

ocean expansion due to density changes in the global oceans.  The factors responsible for LGM 172 

ocean density changes include temperature, salinity, and loading (or compressibility) of the 173 

underlying oceans by the added meltwater since the LGM.  The most direct effect is that of 174 

temperature.   This effect originates from the increasing density with decreasing temperature of 175 

saltwater, which unlike freshwater does not experience a maximum density at 4°C.  Several 176 

approaches have been taken to estimate past ocean temperatures.  These make use of a range of 177 
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records, including the δ18O record of marine sediments, microfossil-based transfer functions, 178 

planktonic Mg/Ca paleothermometers, alkenones, noble gas ratio records from ice cores, and 179 

pore-fluid measurements of Cl and δ18O of seawater.  180 

The three most widely accepted approaches to determining the temperature of the global 181 

oceans during the LGM include the work of Clark et al. (2009), MARGO Project Members 182 

(2009), and Adkins et al. (2002).  Clark et al. (2009) subtracted an assumed sea-level δ18O signal 183 

- based on 127.5+/-7.5 m of assumed sea-level change - from the global seawater δ18O signal 184 

derived from Lisiecki and Raymo (2005).  The residual δ18O signal suggests that the LGM deep-185 

ocean average global temperature was 3.25+/-0.55°C cooler than present. The second approach 186 

by the MARGO Project Members (2009) compiled site-specific proxy measurements of LGM 187 

temperature change across the globe.  They estimated that the global average surface ocean 188 

temperature was 1.9+/-1.8°C cooler during the LGM.  The third study by Adkins et al. (2002) 189 

used Cl and δ18O measurements within seafloor porewater coupled with foraminiferal δ18O to 190 

calculate intermediate and deep water temperatures at four sites. The latter two studies found that 191 

temperature change between the LGM and present varied with respect to depth within the oceans 192 

as well as location within the major ocean basins (Adkins et al., 2002; MARGO Project 193 

Members, 2009).  MARGO Project Members (2009) found that Atlantic surface temperatures 194 

changed by 2.4+/-2.2°C since the LGM and Pacific sea surface temperatures changed by 1.5+/-195 

1.8°C since the LGM.  The deeper oceans may have seen even larger changes: pore fluid-based 196 

estimates suggest the deep Atlantic was 4.0+/-0.5°C cooler during the LGM and the deep 197 

Southern Ocean was 1.7+/-0.9°C cooler (Adkins et al., 2002).  A more recent estimate by 198 

Bereiter et al. (2018) uses noble gases trapped within ice cores to estimate an average ocean 199 

temperature of 2.57+/-0.24 °C cooler during the LGM. 200 
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Another potential influence on past ocean densities is salinity change due to dilution.  201 

Estimates of the decrease in ocean salinity since the LGM vary from 0.95+/-0.03 g/kg in the 202 

Deep Atlantic to 2.40+/-0.17 g/kg in the Southern Ocean (Adkins et al., 2002).  The single 203 

intermediate-depth estimate from the Atlantic Ocean suggests a 1.16+/-0.10 g/kg change (Adkins 204 

et al., 2002). However, the effect of salinity change on seawater density must be calculated 205 

carefully.  Munk (2003) points out that studies of ongoing sea-level rise due to recent ocean 206 

warming must take care not to count the salinity effect twice – once by adding the volume of 207 

meltwater assuming a density of freshwater and a second time by correcting for a salinity change 208 

to the rest of the ocean.  The third important factor controlling ocean density changes is the 209 

compression of the deep ocean by the additional ~130 m of sea level.  This effect compensates 210 

for the post-LGM expansion that arises due to ocean warming (Gebbie et al., in review).   211 

3.2 Impacts of ocean density changes on global sea-level rise 212 

In a companion study, Gebbie et al. (in review) use a 3-dimensional ocean inverse model 213 

to investigate the relative roles of temperature change, salinity change, and meltwater loading on 214 

LGM ocean density and post-LGM sea-level rise.   They consider four different scenarios of 215 

LGM ocean conditions and determine the reduction in the amount of ice required to obtain a sea-216 

level rise of 130 m after accounting for ocean expansion.  Specifically, we define the ocean 217 

density effect of sea-level change in each scenario as η – ηice, where η is the total sea-level rise of 218 

130 m and ηice is the sea-level rise due to the extra volume of water held in the ice sheets. All 219 

four scenarios of the LGM temperature and salinity fields are constrained by sea-surface 220 

temperature estimates from the MARGO Project Members (2009).  In addition, one of them 221 

(G12) is also constrained by the porewater measurements of Atkins et al. (2002) and δ18O 222 

constraints (Gebbie, 2012).  Two of these scenarios (G14, G14A) are constrained by over 241 223 
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δ18O measurements as well as δ13C and Cd/Ca measurements (Gebbie, 2014).  The fourth 224 

scenario contains additional δ18O and δ13C measurements but not Cd/Ca measurements (Gebbie 225 

et al., 2015).  In the 4 scenarios, the global mean temperature profiles have different vertical 226 

structures, but they show an ocean warming of 1.0 to 3.5 degrees over the deglaciation consistent 227 

with the proxy measurements (Adkins et al., 2002). Gebbie et al. (in review) arrive at values of 228 

2.56, 2.36, 2.06, and 1.96 m for the ocean density effect (Gebbie et al., in review).   229 

Gebbie et al. (in review) also show that these values of the ocean-density effect are well 230 

explained by a linear function of temperature and salinity change in the water that remained in 231 

the ocean throughout the glacial cycle (i.e. not including the ~130 m-thick layer converted from 232 

ice since the LGM). Here we re-formulate their analysis and relate it to the difference in global-233 

mean temperature at all depths including that added due to ice-sheet melting thus a 0.4 °C offset 234 

with the regression analysis in their study. In this way, the results can be used in combination 235 

with any current or future estimates of global ocean temperature change since the LGM (e.g. 236 

Bereiter et al., 2018).  We assume that the temperature change is well represented by θ�m-θ�g, the 237 

LGM (θ�g) -to-modern (θ�m) change in global-mean Conservative Temperature (units of °C). We 238 

assume that the deglacial freshening and pressure increased by the same amount in all four 239 

scenarios. Any addition of salt is detectable if the LGM global-mean salinity is different from 240 

that expected by dilution:  241 

S’= S�m - S�g + 1.16 g/kg,    (1) 242 

where S’ is a salinity measure of the imbalance, S�m is the salinity of the modern ocean, S�g is the 243 

salinity of the LGM ocean, and 1.16 g/kg is the expected salinity change without any deglacial 244 

source. 245 
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Putting this together, we hypothesize that the ocean-density effect (η- ηice), assuming salt 246 

is conserved (see Gebbie et al., in review, for the case where salt is not conserved), is explained 247 

by the following linear equation, 248 

η- ηice   ≈  a1 (θ�m-θ�g) + a2,           (2) 249 

where a1 and a2 represent the effects of the addition of heat and mass, respectively.   Given the 250 

four scenarios of Gebbie et al. (in review), we have four independent constraints on the two 251 

unknown coefficients. Using an overdetermined least squares method, we find that a1 = 0.52 ± 252 

0.01 m/°C and a2 = 1.00 ± 0.04 m.  This linear function of global-mean quantities reproduces the 253 

3D ocean model analysis of Gebbie et al. (in review) with a root-mean-square error of less than 4 254 

cm.  255 

The coefficient, a1, gives the sensitivity of sea-level rise to the LGM-to-modern 256 

temperature change. The positive value of a1 indicates that the more the deglacial ocean warms, 257 

the more it expands, and the less meltwater (greater values of η- ηice) is needed to give the 258 

assumed 130 meters of sea-level rise. The coefficient, a2, is positive due to expansion caused by 259 

the seawater becoming less saline due to dilution by meltwater, but this effect is partially 260 

compensated by contraction due to the increase in pressure (Gebbie et al. in review).   261 

We use these regression results to assess the uncertainty in the expansion of the ocean 262 

due to warming since the LGM. Assuming salt is conserved (e.g., S�m - S�g = -1.16 g/kg), and that 263 

global-mean ocean temperature change (θ�m-θ�g) was 2.57 ± 0.24°C, the regression predicts an 264 

ocean-density effect of 2.2 to 2.5 m (Figure 4). This estimate can be broken down into the 265 

individual temperature and mass contributions using the coefficients within Equation (2).  The 266 

temperature contribution is simply a1 multiplied by the warming, or 1.3 m.  The second term, a2 267 
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or 1.0 m, arises from three quantities caused by adding mass to the ocean.  These include the 268 

deglacial increase in freshwater, the additional loading of the ocean due to sea-level rise, and an 269 

offset to account for the differences in densities between freshwater and seawater.  Gebbie et al. 270 

(in review) discusses in detail how these three quantities factor together.    As the Berieter et al. 271 

(2018) study is not the only estimate of global LGM ocean cooling, we also consider those of 272 

Clark et al. (2009)(3.25 ± 0.55°C) and Elderfield et al. (2012)(2.5 ± 1.0°C).  Using these 273 

estimates gives a more conservative error range of 1.8-3.0 m (~95% confidence interval) or 2.4 ± 274 

0.3 m (one standard deviation) for the total ocean-density effect.  Note that changes in the salt 275 

budget would lead to greater uncertainties. Although not insignificant, this process alone is 276 

insufficient to balance the sea-level budget at the LGM. 277 

4. Groundwater Changes 278 

4.1 Background 279 

Another factor often ignored in the total sea-level budget is the potential role of 280 

groundwater (Hay and Leslie, 1990).  Currently, estimates for the contribution of groundwater 281 

depletion to 20th and 21st century sea-level rise vary between 0.075 and 0.8 mm/yr (Konikow, 282 

2011; Wada et al., 2010), depending on the time frame used.  However, few studies have 283 

addressed its potential to contribute to longer-term sea-level changes (Hay and Leslie, 1990).  284 

One recent assessment estimates the total groundwater stored in the continental crust to be 22.6 285 

million km3 (Gleeson et al., 2015).  This volume of water is enough to raise sea levels by ~63 m 286 

assuming a global ocean area of 3.619 x 108 km2 (Eakins and Sharman, 2010).  A significant 287 

amount of that groundwater is known to be circulating within the hydrologic cycle with an 288 

estimated 210.5-837.6 million km3 of water recharged since the LGM, although roughly a third 289 

of the current groundwater reservoirs are relicts from the LGM (Befus et al., 2017).  Estimating 290 



 

14 
 

the volume of groundwater at the LGM is a difficult task and direct measures of the groundwater 291 

table during the LGM are sparse.  One approach to determining if groundwater could have 292 

played a significant role in balancing the sea-level budget at the LGM is to determine the 293 

maximum potential storage of the global groundwater basins.   294 

4.2 Methods for Estimating Groundwater Contributions to Deglacial Sea-Level Rise 295 

We determined the maximum capacity of groundwater storage to contribute to lower sea 296 

levels at the LGM by estimating how much aquifer storage is empty at the present.  We 297 

determined the potential storage of the largest 37 aquifers across the globe (WHYMAP, 2008; 298 

Margat, 2008) and included eight other major aquifers in regions with low modern water tables 299 

(e.g. the western US and interior Asia).  In addition, we consider storage of groundwater in 300 

regions where permeability may not allow the subsurface materials to act as an aquifer; a lower 301 

value of porosity is used in these portions of the earth surface.  We used the present-day water 302 

table elevations of Fan et al. (2013) (GWt) and assumed a porosity (n) of 0.2 for the sediments 303 

within the largest 37 basins and another 8 aquifers (Gleeson et al., 2015) and a porosity of 0.1 for 304 

areas outside the major aquifer basins in the following manner: 305 

  Vgw = ∑[(Sel – GWt) (n) (A)]    (3) 306 

where Vgw represents the volume of groundwater storage, Sel represents the surface elevation, 307 

and A represents the area of the groundwater aquifers or remaining land surface area.  The land 308 

surface area was greater by approximately 6% during the LGM due to lower sea levels but that 309 

extra storage is now submerged and already saturated with either remnant freshwater from the 310 

LGM (Post et al., 2013) or seawater and not considered in our analysis.  Although the porosity 311 
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(0.2) is likely an overestimate, it provides an upper limit for the potential contribution of 312 

groundwater storage to lower sea levels during the LGM. 313 

4.3 Groundwater changes results and discussion 314 

Higher volumes of groundwater stored in the large aquifers shown in Figure 5 during the 315 

LGM could account for approximately 0.6 m of sea-level rise equivalent with another 0.8 m of 316 

storage potential in the remaining land area (Fig. 5).  This approach provides a maximum 317 

contribution. However, a number of factors could influence this estimate.  First, these absolute 318 

storage volumes may underrepresent the total potential storage if the water table elevations of 319 

Fan et al. (2013) overestimate the true groundwater table, as suggested by Doll et al. (2016).  320 

Doll et al. (2016) point out the Fan et al. (2013) study was not dynamic nor did it take into 321 

account surface water interactions or capillary rise, both of which may lower groundwater levels 322 

resulting in an overestimation of the height of the true groundwater table and an underestimate of 323 

the total available storage.   324 

Despite this potential underestimate, the 1.4 m estimate of global groundwater potential 325 

storage at the LGM most likely represents an upper bound and should be regarded as a maximum 326 

contribution for a number of other reasons.  First, many areas appear to have experienced lower 327 

groundwater levels or recharge rates during the LGM not higher ones needed to sequester more 328 

groundwater at the LGM (Ferrera et al., 1999; Otto-Biesner et al., 2006; Befus et al., 2017).  In 329 

addition, falling sea levels prior to the LGM exposed the shelf and likely drained now-330 

submerged (and filled) aquifers during the LGM (Faure et al., 2002) resulting in lower 331 

groundwater storage.   Similarly, lake levels across Asia and Africa reached their maximum size 332 

well after the LGM (Qin and Yu, 1998; Scholz et al., 2003), signifying a potential rising (not 333 

falling) of groundwater tables in these regions upon initial deglaciation.  This said, groundwater 334 
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tables likely varied by region as lakes, and thus local groundwater levels, in some regions were 335 

larger during the LGM (e.g. Lake Bonneville; Benson et al., 2011).  Not only would this have 336 

influenced groundwater levels, it also would have provided additional terrestrial storage above 337 

the land surface in the form of lakes.  Lake basins themselves are relatively small, with the 338 

largest modern lake, Lake Baikal, only storing enough water to raise sea levels by about 5 cm 339 

(Galaizy, 1993; cited in Osipov and Khlystove, 2010).  Of note, Lake Baikal was lower during 340 

the LGM (Osipov and Khlystove, 2010).  Proglacial lakes also pose a potential large source of 341 

water but most reached their maximum extent during the deglaciation and after the LGM, largely 342 

from the wasting of the LGM ice sheets.  For example, Lake Agassiz-Ojibway reached its 343 

maximum extent 8-12 ka (Teller et al., 2002) and the Baltic Ice Lake reached its maximum 344 

extent 10.3-13.5 ka (Brunnberg, 1995). In a study based on GIA deformation in front of the 345 

Laurentide Ice Sheet, Lambeck et al. (2017) found space for large proglacial lakes across north-346 

central North America during the LGM but their volumes would contribute to a global sea-level 347 

rise equivalent of less than 1 m.  A larger synthesis of lake-basin contributions to the LGM is 348 

warranted but from our work it appears that groundwater storage alone is far less than the 18.0+/-349 

9.6 m of sea-level equivalent needed to balance the LGM sea-level budget.  350 

 351 

5. Updated missing ice estimate and directions forward   352 

  Taking ocean expansion and the possibility of a groundwater contribution into account 353 

reduces the “missing ice” to 15.6+/-9.6 m (Figs. 2 and 3) with a nominal 95% confidence range 354 

of -2.6 to 34.9 m using the Monte Carlo simulation approach to the errors.  Only 4.7% of 355 

simulations have enough ice to balance the sea level budget (i.e., missing ice ≤ 0). These 356 

simulations include an LGM temperature change of 2.7 +/- 0.52 m (one standard deviation) and a 357 
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groundwater change of 0+/-0.7 m, which allows for uncertainty in the sign of change for 358 

groundwater at the LGM and a 2-δ range that includes the maximum possible groundwater 359 

storage increase. Increasing the uncertainty of the groundwater contribution to 0+/-1.4 does not 360 

impact the mean estimate of missing ice but expands the 95% confidence interval to -2.8 to 35.1 361 

m, with 4.9% of samples balancing the sea level budget.  Our error analyses are relatively 362 

insensitive to uncertainty in the temperature and groundwater terms because these uncertainties 363 

are much smaller than the uncertainty associated with LGM ice volume. Even with a 364 

conservative approach that includes large uncertainties for ocean density and groundwater 365 

contributions, over 95% of Monte Carlo simulations require some contribution from missing ice. 366 

As neither ocean expansion (Gebbie et al., in review) nor reduction in groundwater 367 

storage can account for more than a combined ~2.5-3.8 m of sea-level rise, the remaining 15.6 m 368 

of “missing ice” must be due to other processes or water reservoirs (Figs. 2 and 3).  One 369 

possibility is that another ice sheet existed but has yet to be discovered.   A potential location for 370 

such an ice sheet, mentioned by Clark and Tarasov (2014) and others earlier (Grosswald and 371 

Hughes, 2002), is eastern Siberia.  However, despite attempts to find evidence for a significant 372 

LGM ice sheet in this region (Grosswald and Hughes, 2002), none has been found (Brigham-373 

Grette et al., 2003; Gualtieri et al., 2003; Stauch and Lehmkuhl, 2010; Barr and Clark, 2011; 374 

2012).  A large ice sheet existed within the region at some point during the Pleistocene, but all 375 

evidence for this ice appears to predate the LGM (Niessen et al., 2013; O’Regan et al., 2017).  376 

Similarly, parts of the Arctic Ocean appear to have supported grounded ice, in the form of 377 

extensive ice shelves (Gasson et al., 2018).  However, geomorphic evidence of past grounded ice 378 

and ice shelves again appear to predate the LGM and are thought to record extensive ice sheet 379 

and shelf growth during Marine Isotope Stage 6 (MIS6)(Jakobsson et al., 2016).  Shallow 380 
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portions of the Southern Ocean remain largely unexplored (e.g. Kerguelen Plateau, South 381 

Georgia), but they likely only held a few cms of sea-level equivalent at the LGM (Hall, 2009; 382 

Hodgson et al., 2014; Barlow et al., 2017; White et al., 2018), with one estimate of <14 cm sea-383 

level equivalent (Denton and Hughes, 1981).  However, more work is needed on these former 384 

Southern Ocean and Arctic ice centers. 385 

 A second possibility is that we have underestimated the contribution of one or more of 386 

the known ice sheets.  Historically, Antarctica has been the “dumping ground” of missing ice.  387 

The continental shelves of the Ross and Weddell Seas have large areas that could hold as much 388 

as 11.3 and 13.1 m of sea-level equivalent, respectively (Bassett et al., 2007).  However, 389 

paleogeographic models based on limited relative sea-level data and mapping of grounded-ice 390 

features on the shelf and along nanutuks of the Antarctic Ice Sheet have failed to find evidence 391 

for an ice sheet large enough to balance the budget (Mackintosh et al., 2011; Whitehouse et al., 392 

2012a; Golledge et al., 2013; Ivins et al., 2013; Briggs et al., 2014; Maris et al., 2014; Argus et 393 

al., 2014; The RAISED Consortium et al., 2014).  Although, considering the limited amount of 394 

data and problems associated with dating materials in Antarctica, these models will likely be 395 

updated as more data become available.  For example, the RSL data needed for GIA inversions 396 

are sparse across Antarctica with as few as 14 sites in a recent compilation (Whitehouse et al., 397 

2012b) and nearly half of those confined to the Antarctic Peninsula leaving large expanses of the 398 

continent with little to no RSL constraints.  This lack of data limits our ability to infer past ice-399 

sheet change using a GIA modeling approach.  In addition, parts of the Antarctic continent may 400 

be underlain by weaker rheology and/or be marked by Holocene ice-sheet fluctuations that most 401 

global GIA models do not consider (Ivins et al., 2000; 2011; Bradley et al., 2015; Wolstencroft et 402 

al., 2015; Simms et al., 2018; Kingslake et al., 2018).  Furthermore, all studies that seek to date 403 
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former ice sheet extent within Antarctica are prone to uncertainties in radiocarbon reservoirs and 404 

inheritance associated with cosmogenic age dating.   405 

The North American ice sheets also may have contained more ice at the LGM than 406 

current reconstructions, which contain an average of 76.0 m within our compilation.  Lambeck et 407 

al. (2000) pointed out that although RSL data is readily available for the Holocene, the density of 408 

data is much lower during the early deglacial and as such leaves a large uncertainty in the 409 

volume of ice held at the LGM.  Several models (Stokes et al., 2012; Gregoire et al., 2012; 410 

Lambeck et al., 2017; see review in Stokes, 2017) place up to 79 m of ice-equivalent sea-level 411 

rise within the ice sheets of North America and recent studies now suggest that the ice sheet 412 

reached the shelf edge along the Arctic Ocean (Stokes et. al, 2017).  However, this refinement 413 

alone most likely does not balance the ice-sheet budget.  By only sampling North American ice 414 

sheet size estimates of 79-80 m (plus standard deviations of 5-8 m), the average estimate of 415 

missing ice is reduced to 12.3 m, and 93.5% of Monte Carlo samples require missing ice. 416 

 A third possibility is that ice volumes derived using a GIA modeling approach are biased 417 

low due to use of the wrong rheological model. It has long been known that global ice volumes 418 

inferred using a GIA model are strongly dependent on the assumed viscosity of the lower mantle 419 

(Milne et al., 1999; 2002; Lambeck et al. 2014). Caron et al. (2017) take this a step further and 420 

examine the effects of using a Burgers rheology within a GIA model – where the mantle is 421 

characterized by two different viscosities – rather than the more standard Maxwell rheology. 422 

They find significant differences in the ice mass required to fit observations of relative sea-level 423 

when using a Burgers rheology compared with a Maxwell rheology, with the Burgers rheology 424 

solutions requiring more ice over North America and less ice over Antarctica compared with 425 

existing global ice sheet reconstructions. Unfortunately, it is not yet clear whether a Burgers, 426 
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Maxwell, or power-law rheology provides the most realistic representation of the solid Earth; 427 

uncertainties associated with the choice of rheological model should be factored into future GIA 428 

model-derived estimates of LGM ice volume, or when applying a GIA correction to sea-level 429 

observations. Global ice sheet reconstructions (e.g. Peltier et al., 2015; Lambeck et al., 2014) are 430 

typically derived in conjunction with a preferred Earth rheology.  If these rheologies are 431 

incorrect, or it is found that spatial variations in Earth rheology should be incorporated into 432 

global models (Austermann et al., 2013; A et al., 2013; Simms et al., 2018), then existing ice-433 

sheet models will need to be refined.   434 

 Another possible solution to the missing ice problem is that our estimates of the amount 435 

of LGM sea-level lowering are too large.  Despite the hundreds to thousands of RSL sites and 436 

indicators typically used to constrain ice sheet models (e.g. 512 sites for Tarasov et al., 2012; 437 

~1,000 indicators for Lambeck et al., 2014; 5720 indicators for Caron et al., 2017), estimates for 438 

the amount of sea-level lowering at the LGM are based on only three sites: Barbados, the Sunda 439 

Shelf, and the Bonaparte Gulf.  Although all three datasets are based on careful work, each site 440 

has its complications.  Barbados is a tectonically active island subject to vertical motion (Radtke 441 

and Schellmann, 2006), the indicative meaning of some of the sea-level indices from the Sunda 442 

Shelf remains uncertain (Hanebuth et al., 2009), and the cores within the Bonaparte Gulf may 443 

contain hiatuses (Shennan and Milne, 2003). More data constraining the LGM sea-level lowstand 444 

are needed from other locations far removed from the ice sheets.  In addition, the uncertainty 445 

reported for the GIA-correction to far-field RSL sites is relatively low, reported in this study and 446 

by Spratt and Lisiecki (2016) as +/-2 m, due to the absence of formal error bars in the estimates 447 

and the relatively few number of estimates.  Future work should focus on determining how 448 
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accurately these errors reflect the true uncertainty in estimates of the magnitude of the sea-level 449 

lowering including uncertainties in the GIA correction of far-field-based estimates. 450 

  451 

6. Summary 452 

A comparison between direct observations of LGM sea levels and the individual ice-sheet 453 

contributions to sea-level rise reveals a discrepancy of 18.1+/-9.6 m of “missing ice”.  The 454 

ocean-density effect, including accounting for compression due to an additional ~130 m of 455 

water, and the potential storage of groundwater accounts for less than 3.9 m of the discrepancy.  456 

Thus, although significant, these factors cannot balance the LGM hydrological budget alone 457 

leaving 15.6+/-9.6 m of ice-equivalent sea-level rise unaccounted for when accounting for 458 

appropriate uncertainties. One explanation for this discrepancy is that another source of 459 

meltwater must have existed at the LGM, either as a missing ice sheet, lakes, or as an 460 

underestimate of one or more of the already identified former ice sheets. Refinements to existing 461 

GIA models may provide insight into this third point.  Future work should focus on improving 462 

the ice budgets of the known ice sheets, including further exploration of other potential ice-463 

masses, as well as better constraining LGM sea-level change, groundwater levels and ocean 464 

temperature and salinity at the LGM. 465 
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 804 

Figure Captions 805 

 806 

Figure 1.   Maps of the polar regions showing the distribution of ice during the LGM and their 807 

approximate contributions to ice-equivalent sea-level rise since the LGM based on post-2010 808 

studies (Table 1).  The ice extents are based on those summarized by Ehlers et al. (2011).   809 

 810 

Figure 2.  Bar graph illustrating the disparity between the estimated amount of ice held within 811 

the ice sheets and the total ice-equivalent sea-level rise since the LGM.  See Table 1 for a list of 812 

estimates for the ice-equivalent sea-level rise stored in each of the major ice sheets. 813 

Figure 3.  (Top) White histogram shows estimates for total observed ice based on randomly 814 

sampling an estimate of each ice sheet's size from among the published values (Table 1).  The 815 

dark gray histogram is expected ice based on GIA-corrected sea-level estimates (132 +/-2).  The 816 

Blue histogram is the sea-level estimate after correcting for the ocean-density effect (Figure 4).  817 
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(Bottom) Histogram illustrating the "missing ice" defined as the expected ice (blue histogram – 818 

top panel) minus the observed ice (white histogram-top panel) minus the groundwater/lake 819 

change (not shown). The missing ice estimate has a mean of 15.6 m and a 95% confidence range 820 

of -2.6 to 34.9 m. 4.7% of the samples are zero or less (i.e., requiring no missing ice). 821 

 822 

 823 

Figure 4.  Ocean-density effect (η- ηice) as a function of temperature differential between the 824 

modern and LGM ocean (θ�m-θ�g).  G12, G14, G14A, and GPLS2 refer to the LGM ocean models 825 

of Gebbie (2012), Gebbie (2014), a modified version of Gebbie (2014), and Gebbie et al. (2015).  826 

Also shown in the grey box is the most recent estimate of global ocean temperature change since 827 

the LGM (Bereiter et al., 2018). 828 

 829 

Figure 5. Potential groundwater contributions to ice-equivalent sea level for the 37 largest 830 

aquifers as well as 8 other aquifers in arid to semiarid regions of the globe. 831 

 832 

Table 1. Estimates of the meltwater contributions from individual ice sheets listed in order of 833 

publication. 834 

 835 

Table 2.  Selected conversions from ice volume to ice-equivalent sea-level rise from previous 836 

studies. 837 

 838 
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e 1. Meltwater contribution estimates from individual ice sheets

Reference Average (m) σ (m)

 a
Peltier, 2004 (post-2000)

Lambeck and Purcell, 2005 75.4 5.7
Tarasov et al., 2012
Gregoire et al., 2012

Simon et al., 2016 (post-2010)
Lambeck et al, 2017 76.0 6.7

Peltier, 2004 (post-2000)
Lambeck et al., 2006 18.7 3.8

Peltier et al., 2015
Root et al., 2015

Hughes et al., 2016 (post-2010)
Patton et al., 2016 18.4 4.9

Nakada et al., 2000
Huybrechts, 2002

Peltier, 2004
Ivins et al., 2005

Peltier and Fairbanks, 2006 (post-2000)
Bassett et al., 2007 13.2 5.6

Mackintosch et al., 2011 $

Whitehouse et al., 2012
Gomez et al.2013 &

Golledge et al, 2013
Ivins et al., 2013

Golledge et al., 2014
Briggs et al, 2014
Maris et al., 2014 (post-2010)
Argus et al., 2014 9.9 1.7
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Peltier, 2004; Tarasov and Peltier, 2002 (post-2000)
Simpson et al., 2009 3.5 0.9
Peltier et al., 2015
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Khan et al., 2016 4.1 1.0
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Table 2.  Impact of Ice to Sea Level Con

Source Conversions (m SL/km3 ice)
Denton and Hughes (1981) 2.485
Ivins et al. (2005) 2.580
Tarasov et al. (2012)* 2.519
Golledge et al. (2013) 2.478
Lambeck et al. (2014) 2.577
Maris et al. (2014) 2.488
Hughes et al. (2016) 2.466

*state 25.19 but assumed 2.519 (Briggs et al., 2014)
**Assuming 52 x 106 km3 of ice (Lambeck et al., 2014)



         nversions

LGM ice-equivalent sea-level rise**
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134.2
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