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Figure 3.9: Upper 2000 m zonally averaged mean trend distribution, 1950–2000 (colours with white contours) of 4 

potential temperature (column 1), neutral density (column 2), and salinity (column 3), for the Atlantic Ocean (ATL) in 5 

row 1, Indian Ocean (IND), row 2, Pacific Ocean (PAC), row 3, and global ocean (GLO) in row 4. The mean fields are 6 

shown as black lines. Regions where the resolved linear trend is not significant at the 90% confidence level are stippled 7 

in gray. 8 
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Figure 3.10: The mean SSH (black contours, 10 cm CI) for the Argo era is the sum of the geostrophic pressure field at 4 

1000 m based on Argo trajectory data (Katsumata and Yoshinari, 2010) plus the relative pressure field (0/1000 dbar 5 

steric height) based on Argo profile data from Roemmich and Gilson (2009). The SSH trend (cm per decade, color 6 

shading) for the period 1993–2011 is based on the AVISO altimetry “reference” product (Ducet et al., 2000). Spatial 7 

gradients in the SSH trend are proportional to changes in surface geostrophic velocity. 8 
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Figure 3.11: a) Volume transport of the Florida Current from dropsonde measurements (symbols) and cable voltages 4 

(continuous line), extending the time-series shown in Meinen et al. (2010) b) AMOC transport estimates in Sverdrups 5 

(Sv; where 1 Sv = 106 m3 s–1). 1. RAPID/MOCHA (Rapid Climate Change programme/Meridional Ocean Circulation 6 

and Heatflux Array) at 26.5°N (red): The array monitors the top-to-bottom Atlantic wide circulation, ensuring a closed 7 

mass balance across the section, and hence a direct measure of the upper and lower limbs of the AMOC. 2. 41°N 8 

(black): An index of maximum AMOC strength from Argo float measurements in the upper 2000 m only, combined 9 

with satellite altimeter data. The lower limb is not measured. 3. MOVE at 16°N (blue): Transport of North Atlantic 10 

Deep Water in the lower limb of the AMOC between 1100m and 4800m depth between the Caribbean and the mid-11 

Atlantic Ridge. This transport is thought to be representative of maximum MOC variability based on model validation 12 

experiments. The temporal resolution of the three timeseries is ten days for 16°N and 26°N and one month for 41°N. In 13 

this figure the data have been three month low-pass filtered. The means and standard deviations for the common period 14 

of 2 April 2004 to 1 April 2010 are 17.5 ± 3.8 Sv, 13.7 ± 3.3 Sv and –16.8 ± 4.1 Sv for 26.5°N, 41°N and 16°N 15 

respectively. Means over this period are indicated by the horizontal line on each timeseries. 16 
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Figure 3.12: 3-year running mean sea level from long tide gauge records representing each ocean basin from the 4 

Permanent Service for Mean Sea Level (PSMSL), corrected for Glacial Isostatic Adjustment (GIA) (Peltier, 2004), after 5 

Woodworth et al. (2009). 6 
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Figure 3.13: Global mean sea level from the different measuring systems as they have evolved in time. a) Yearly 4 

average GMSL reconstructed from tide gauges (1900–2010) by three different approaches (Church and White, 2011; 5 

Jevrejeva et al., 2012; Ray and Douglas, 2011), b) GMSL (1993–2010) from tide gauges, along with measurement from 6 

altimetry (Nerem et al., 2010) with seasonal variations removed and smoothed with a 60-day running mean c) GMSL 7 

(1970–2010) from tide gauges along with the thermosteric component, (3-year running mean) estimated from in situ 8 

temperature profiles (updated from Domingues et al., 2008), d) the GMSL (nonseasonal) from altimetry and that 9 

computed from the mass component (GRACE) and steric component (Argo) from 2005–2010 (Leuliette and Willis, 10 

2011), all with a 3-month running mean filter. All uncertainty bars are one standard error as reported by the authors. 11 

The thermosteric component is just a portion of total sea level, and is not expected to agree individually with total sea 12 

level. The time-series are plotted relative to 5-year mean values that start at a) 1900, b) 1970, c) 1993, and d) 2005. 13 
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Figure 3.14: 18-year trends of GMSL rise estimated at 1-year intervals. The time is the start date of the 18-year period, 4 

and the shading represents the 90% confidence. The estimate from satellite altimetry is also given, with the 90% 5 

confidence given as an error bar. 6 
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Figure 3.15: Compilation of the 2010 column inventories (mol m–2) of anthropogenic CO2: the global Ocean excluding 4 

the marginal seas (updated from Khatiwala et al., 2009) 150 ± 26 PgC; Arctic Ocean (Tanhua et al., 2009) 2.7–3.5 PgC; 5 

the Nordic Seas (Olsen et al., 2010) 1.0–1.6 PgC; the Mediterranean Sea (Schneider et al., 2010) 1.6–2.5 PgC; the East 6 

Sea (Sea of Japan) (Park et al., 2006) 0.40  0.06 PgC. From Khatiwala et al. (2012). 7 
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Figure 3.16: Top: Maps of storage rate distribution of anthropogenic carbon (mol m–2 yr–1) for the three ocean basins 4 

(Left to right: Atlantic, Pacific, and Indian Ocean) averaged over 1980–2005 estimated by the Green’s function 5 

approach (Khatiwala et al., 2009). Bottom: Corresponding storage rates as observed from repeat hydrography cruises. 6 

Measurements for the northern hemisphere are drawn as solid lines, the tropics as dash-dotted lines, and dashed lines 7 

for the southern hemisphere; the color schemes refer to different studies. Estimates of uncertainties are shown as 8 

vertical bars with matching colors. The solid black line represents the basin average storage rate using the same Green 9 

function approach (Khatiwala et al., 2009). Data sources as indicated in the legend are: 1) Wanninkhof et al. (2010), 2) 10 

Murata et al. (2008), 3) Friis et al. (2005), 4) Tanhua et al. (2007), 5) Olsen et al. (2006), 6) Rios et al. (2012), 7) Pérez 11 

et al. (2008), 8) Murata et al. (2007), 9) Murata et al. (2009), 10) Sabine et al. (2008), 11) Peng et al. (2003), 12) Wakita 12 

et al. (2010), 13) Matear and McNeil (2003), 14) Waters et al. (2011), 15) Peng et al. (1998), and 16) Murata et al. 13 

(2010). From Khatiwala et al. (2012). 14 
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Figure 3.17: Long-term trends of surface seawater pCO2 (top), pH (middle), and carbonate ion (bottom) concentration 4 

at three subtropical ocean time series in the North Atlantic and North Pacific Oceans, including: a) Bermuda Atlantic 5 

Time-series Study (BATS, 31°40′N, 64°10′W; green) and Hydrostation S (32°10′, 64°30′W) from 1983 to present 6 

(published and updated from Bates, 2007); b) Hawaii Ocean Time-series (HOT) at Station ALOHA (A Long-term 7 

Oligotrophic Habitat Assessment; 22°45′N, 158°00′W; orange) from 1988 to present (published and updated from Dore 8 

et al., 2009), and; c) European Station for Time series in the Ocean (ESTOC, 29°10′N, 15°30′W; blue) from 1994 to 9 

present (published and updated from González-Dávila et al., 2010). Atmospheric pCO2 (black) from Hawaii is shown 10 

in the top panel. Lines show linear fits to the data, whereas Table 3.2 give results for harmonic fits to the data (updated 11 

from Orr, 2011). 12 
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Box 3.2, Figure 1: National Center for Atmospheric Research Community Climate System Model 3.1 (CCSM3)-4 

modeled decadal mean pH at the sea surface centered around the years 1875 (top) and 1995 (middle). Global Ocean 5 

Data Analysis Project (GLODAP)-based pH at the sea surface, nominally for 1995 (bottom). Deep and shallow-water 6 

coral reefs are indicated with magenta dots. White areas indicate regions with no data (after Feely et al., 2009). 7 

 8 

  9 



Second Order Draft Chapter 3 IPCC WGI Fifth Assessment Report 

Do Not Cite, Quote or Distribute 3-82 Total pages: 89 

 1 

 2 

 3 

Box 3.2, Figure 2: Distribution of: a) pH and b) CO3
2– ion concentration in the Pacific, Atlantic, and Indian Oceans. 4 

The data are from the World Ocean Circulation Experiment/Joint Global Ocean Flux Study/Ocean Atmosphere Carbon 5 

Exchange Study global CO2 survey (Sabine, 2005). The lines show the mean pH (solid line top panel), aragonite (solid 6 

line bottom panel), and calcite (dashed line bottom panel) saturation CO3
2– concentration for each of these basins 7 

(modified from Feely et al., 2009). The shaded areas show the range of values within the ocean basins. Dissolution of 8 

aragonite and calcite shells and skeletons occurs when CO3
2– concentrations decrease below the saturation level. 9 
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Figure 3.18: ΔpHant: pH change attributed to the uptake of anthropogenic carbon between 1991 and 2006, at about 4 

150°W, Pacific Ocean (from Byrne et al., 2010). The red lines show the layers of constant density. 5 
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Figure 3.19: Dissolved oxygen (DO) distributions (in µmol kg-1) between 40°S and 40°N for: a) the climatological 4 

mean (Boyer et al., 2006) at 200 dbar, as well as changes between 1960 and 1974 and 1990 and 2008 of b) dissolved 5 

oxygen (∆DO) at 200 dbar, and c) ∆DO vertically-averaged over 200–700 dbar. In b)-c) increases are red and decreases 6 

blue, and areas with differences below the 95% confidence interval are shaded by black horizontal lines (after Stramma 7 

et al., 2010). 8 
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Figure 3.20: Time series of changes in large-scale ocean climate properties. Global ocean inventory of anthropogenic 4 

carbon dioxide is updated from Khatiwala et al. (2009). Global upper ocean heat content anomaly is updated from 5 

Domingues et al. (2008). Global mean sea level (GMSL) is from Church and White (2011). “High salinity” refers to the 6 

salinity averaged over regions where the sea surface salinity is greater than the global mean sea surface salinity from 7 

Boyer et al. (2009) and "Low Salinity" to an average over regions with values below the global mean. 8 
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Figure 3.21: Summary of observed changes in zonal averages of global ocean properties. Temperature trends (°C 4 

decade–1) are indicated in color (red = warming, blue = cooling); salinity trends are indicated by contour lines (dashed = 5 

fresher; solid = saltier) for the upper 2000 m of the water column (50-year trends from data set of Durack and Wijffels 6 

(2010); trends significant at >90% confidence are shown). Arrows indicate primary ventilation pathways. The top panel 7 

shows the zonal mean trend in sea level from 1993–2007 from satellite altimetry (Merrifield et al., 2009). Changes in 8 

other physical and chemical properties are summarised to the right of the figure, for each depth range (broken axes 9 

symbols delimit changes in vertical scale). Increases are shown in red, followed by a plus sign; decreases are shown in 10 

blue, followed by a minus sign; the number of + and–signs indicates the level of confidence associated with the 11 

observation of change (+++ = high confidence; ++ = medium confidence; + = low confidence). T = temperature, S = 12 

salinity, Strat = stratification, CANT = anthropogenic carbon, CO3
= = carbonate ion, NA = North Atlantic, SO = Southern 13 

Ocean, AABW = Antarctic Bottom Water. S > S,¯  refers to the salinity averaged over regions where the sea surface 14 

salinity is greater than the global mean sea surface salinity; S < S,¯ refers to the average over regions with values below 15 

the global mean. 16 
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FAQ 3.1, Figure 1: Ocean heat uptake pathways. The ocean is stratified, with the coldest water in the deep ocean 4 

(upper panels, use map at top for orientation). Antarctic Bottom Water (dark blue) sinks around Antarctica and spreads 5 

northward along the ocean floor into the central Pacific (upper left panel, red arrows fading to white indicating stronger 6 

warming of the most recently-ventilated water) and western Atlantic oceans (upper right panel), as well as the Indian 7 

Ocean (not shown). North Atlantic Deep Water (lighter blue), slightly warmer and lighter, sinks in the northern North 8 

Atlantic Ocean (upper right panel, red and blue arrow indicating decadal warming and cooling) and spreads south above 9 

the Antarctic Bottom Water. Similarly, in the upper ocean (lower left panel shows Pacific Ocean detail, lower right 10 

panel the Atlantic) still-warmer Intermediate Waters (cyan) sink in sub-polar regions (red arrows fading to white 11 

indicating warming with time), then spread toward the equator under even warmer Subtropical Waters (green), which in 12 

turn sink (red arrows fading to white indicating stronger warming of the most recently-ventilated water) and spread 13 

toward the equator under tropical waters, the warmest and lightest (orange) in all three oceans. Excess heat or cold 14 

entering at the ocean surface (top straight red arrows) also mixes slowly downward (lower squiggly red arrows). 15 
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FAQ 3.2, Figure 1: Time series of atmospheric pCO2 at the atmospheric Mauna Loa Observatory (top), surface ocean 4 

pCO2 (middle), and surface ocean pH (bottom) on the island of Hawaii and Station ALOHA in the subtropical North 5 

Pacific north of Hawaii, 1988–2008 (after Doney et al., 2009; data from Dore et al., 2009). 6 
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FAQ 3.3, Figure 1: Changes in sea surface salinity are related to the atmospheric patterns of Evaporation minus 4 

Precipitation (E-P) and trends in total precipitable water: a) Linear trend (1988 to 2010) in total precipitable water from 5 

Special Sensor Microwave Imager (after Wentz et al., 2007) (blues wetter; yellows drier). b) The 1979–2005 6 

climatological mean net E-P (cm yr–1) from NCEP (reds: net evaporation; blues: net precipitation). c) Trend (1950 to 7 

2010) in surface salinity (after Durack and Wijffels, 2010) (blues freshening; yellows-reds saltier). d) The 8 

climatological-mean surface salinity (blues <35; yellows-reds >35). 9 
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