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• Historical global deep observations, late 1980s-present 
• Antarctic Bottom Water warming expected from climate models 

• Abyssal (>4000 m) and deep (> 2000 m) signals observed. 
• 1993–2006 vs. 2004–2013 (similar within uncertainties): 
• 35 (±16) TW for z > 2000 m (0.07 W m-2 over Earth’s surface) 

• Improving estimates of deep ocean energy storage: 
• Deep Argo straw plan: 5º x 5º grid 
• Decorrelation length & time scales, variance, & expected 
uncertainties 1 



• WOCE: 1990s accurate 
ocean climate baseline 
• Monumental int’l effort 
• Full depth, transocean 
• Temp. ±0.002°C 
• Salinity ±0.003 PSS-78 
• Many other parameters 

• Decadal resurveys: 
• CLIVAR/CO2(1999–2012) 
• GO-SHIP (2012–2023) 
• Key sections cross major 
deep basins 
• T ±0.001°C 
• S ±0.003 
• Ongoing effort 

Repeat Surveys for Climate Research 
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Western S Atlantic Warms 1989–2014 

(Johnson et al., 2014) 
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• S Ocean and abyssal AABW warming 
• Brazil Basin abyssal warming at  0.02°C decade-1 3 



Climate Change Models: AABW Warming 
(Bryan et al. 2014) �

• CO2 doubling ocean temperature change 
• Resolution important: Low Res (left) vs. High Res (right) 
• AABW Warming 0.1 – 0.2 ºC . . . seeing this pattern already? 
• Important for energy storage, climate sensitivity, etc. 4 



• (a) Trends centered on 
1993–2006 (WOCE & 1st re-
survey) 
• S. Ocean abyssal (>4000m) 
warming ~0.03ºC decade-1 
• Deep (>2000m) warming 
rate of about 35 (±16) TW 

• (b) Trends centered on 
2004–2013  
• 2nd resurvey not yet 
complete 
• Similar results (within 
uncertainties) 

Decadal Abyssal (> 4000 m) Warming Rates 
(Purkey and Johnson, 2010; Desbruyers et al., in prep.)  
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• Two trend estimates for 
different times are similar 
• Deep ocean is warming 
• Signal highest in regions 
ventilated by Antarctic Bottom 
Water 

• Issues: 
• Trends can only be estimated 
decade-by-decade 
• Sparse spatial and temporal 
sampling 
• Uncertainty estimates may be 
incomplete (sampling 
representativeness) 

Deep Warming Rates 
(Purkey and Johnson, 2010; Desbruyers et al., in prep.)  
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• 5x5 degree spacing, 15-day cycle, sample to 6000 m 
• 1228 floats (for ocean with bottom depth > 2000m) 
• Contribute about 24% of Argo profiles, valuable for T-S 
• Limited international pilot arrays already being deployed. 

Deep Argo Straw Plan 
(Johnson et al., in press) 
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• Decorrelation length scale of deep 
temperature variability ~160 km 
• Estimated decorrelation length scale with repeat 
hydrographic section data 

• Twice maximum integrated lagged 
autocovariance of spatially de-trended dθ/dt 

• Use sections of length > 2000 km  

• Median (black line) with quartiles  

• Mean & median of black line 500 < z < 5000 
m is 163 km 

• Based on synoptic time-scales with short space 
scales included. 

• No statistically significant variation with latitude 

• Some reduction in abyssal waters (very weak 
stratification – but also less data) 

Decorrelation Length Scales 
(Purkey & Johnson, 2010) 
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• Use Argo float θ time-series at 1800 m, after removing seasonal cycle & trend 

• Twice maximum integrated lagged autocovariance, retain time series of length > 10x 
the estimate 

• Longer time-scales in quiescent regions 

Decorrelation Time Scales 
(Johnson et al., in press) 
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• Shorter time-scales 
near the equator 

Global Statistics: 

• Mode ~40 days 

• Median ~54 days 

• Mean ~62 days 

• Assume 6 independent 
samples per year from 
Deep Argo floats 

Decorrelation Time Scales 
(Johnson et al., in press) 
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CTD Data for Variance Estimates 
(Johnson et al., in press) 

• Use all high-resolution CTD sections in the CCHDO database as of 2011 
(24,710 stations from 467 cruises with horizontal spacing < 100 km) 

• Estimate variance on a set of isobaths from means of high-pass filtered 
temperature variances (500-km half-span loess) in 5º x 5º bins 11 



• Station data have 
significant eddy signatures, 
dominant length scale 3x 
station spacing 

• Filtered data at half-power 
about 10x station spacing – 
large scale signal 

• High-passed variance is 
high in regions of stronger 
vertical (and lateral) 
temperature gradients 

• Eddy signatures are 
vertically coherent (banded) 

Example A16:  
2003 & 2005 
(Johnson et al., in press) 
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• Estimate noise from mean 500-
km high-passed WOCE, CLIVAR, 
& GO-SHIP hydrographic 
temperature variance in 5 x 5 deg 
bins 

• Zonally average by ocean basin 

• Show one std. err. of computed 
trend in mºC decade-1 

• S. Ocean observed deep (>2000 
m) trend: ~30 m°C decade-1 

• Global observed abyssal (>4000 
m) trend: ~10 m°C decade-1 

• Anticipated signals detectable on 
decadal time-scale above one std. 
err. in 5x5 deg bins (locally!) 

Zonally Averaged 
Detectable Decadal 
Trends (Johnson et al., in press) 

Atlantic 

Indian 

Pacific 
13 



Decadal Trends Detectable at 4000 m 
(Johnson et al., in press) 

• Decadal trends resolvable at one std. err. in 5 x 5 deg bins at straw-plan deep 
Argo sampling (5 x 5 deg. X 15 days) 

• Assumes each Deep Argo float yields 6 independent samples per year 

• Quiescent regions noise & signal smaller than Southern Ocean & N. Atlantic 
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Deep Ocean Warming & Global Energy Storage 
IPCC AR5 observational assessment: 

• Ocean 93%, melting ice 3% (including 
Arctic sea ice), land 3%, atmosphere 1% 

• 1971–2010 Total heat gain rate about 213 
TW (6.7 ZJ yr-1) 

• Argo/GRACE/Altimetry residual budget 
(Llovel et al. 2014) uncertainty for z > 
2000 m is ±219 TW (or ±6.7 ZJ yr-1) for 
decadal trend (uncertainties one std. err.) 

• Decadal heat gain trend from 1993–2006 
for z > 2000 m is about 35 (±16) TW, or 
1.1 (±0.5) ZJ yr-1, (one std. err.). 

• The Deep Argo strawplan should resolve 
annual ocean heat content anomalies for 
z > 2000 m  to ±1 ZJ (one std. err.), 
yielding a decadal trend uncertainty of±3 
TW, or ±0.09 ZJ yr-1. 
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Conclusion 

• Deep Argo would improve temporal and spatial sampling over ship surveys 
• Supplement, not supplant them (CO2, calibration, transport, etc.) 

• Useful for ocean heat uptake, climate commitment, & SLR 
• Motivated by substantial observed deep T, S, & U variability 
• 5x5 deg. X 15 day array would contribute ~24% of total Argo profiles 
• Start at high latitudes, then equator, then rest of the globe. 
• Improvements: 

• Resolve abyssal decadal signals locally (not just globally) 
• Greatly increase the accuracy of global heat and sea level budgets 
• Measure deep circulation changes (not discussed here) 16 


