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1. The value of the Deep Argo Program
Deep Argo floats will expand the capacity of the current 0-2000m ocean autonomous profiling Argo array to provide fundamental physical observations of the full ocean volume. The deep ocean, below 2000m, has warmed significantly over the past three decades, thereby removing excess heat from the upper ocean/atmosphere/land system and contributing to global sea level rise through thermal expansion. Climate models differ dramatically in their prediction of the role the deep ocean will play in carbon and heat uptake as anthropogenic forcing continues to rise, leading to increased uncertainty in future global warming estimates. The uncertainty is owing in part to an insufficient amount of deep ocean observations, limiting our current scientific understanding of the physical mechanisms controlling the properties and variability of the deep ocean.  Technology is now available to expand Argo to the deep ocean, offering an opportunity to develop a global array capable of providing sustained, full depth observations. The Deep Argo array will (i) improve our ability to monitor regional to global variability in ocean heat content and sea level rise (ii) advance our scientific understanding of deep ocean dynamics and the global overturning circulation, and (iii) provide better deep ocean data coverage that will improve short- and long-term climate forecasting.

2. The present status of the Deep Argo Program
(i) Active floats and regional pilot arrays: As of March 2020, there are 136 Deep Argo floats actively sampling the deep ocean below the 2000m limit of the core Argo array. This includes 5 float types: 57 Deep SOLO, 32 Deep SOLO-MRV, 2 Deep NINJA, 20 Deep Arvor, and 24 Deep APEX floats. The floats are organized into regional pilot arrays in the Southwest Pacific Basin, the Brazil Basin, the South Australian and Australian Antarctic Basins, the Northwest Pacific, and the North Atlantic (Fig 1). The active Deep Argo floats have been deployed by 8 National Programs, with others having expressed plans or interest.  The regional pilot arrays have been used to demonstrate the scientific value of Deep Argo and the capability to deploy and sustain regional-scale arrays with appropriate sensor accuracy and stability. The regional array locations are chosen to prioritize regions where significant deep water mass variability has been observed and where high quality reference profiles (e.g. GO-SHIP) are available for validation of instrumental accuracy.
(ii) Accuracy and stability of Deep Argo Conductivity-Temperature-Depth (CTD) measurement: Two Deep Argo CTD models are presently in use on most of the Deep Argo floats: the 6000 m SBE-61 and the 4000 m version of the SBE-41cp. The manufacturers’ target specifications for accuracy and stability in these sensors are listed in Table 1. These are based on both the Deep Argo scientific community’s requirements, as expressed in the Deep Argo Implementation Workshop reports (DAIW-1, DAIW-2, see www.argo.ucsd.edu), and the manufacturers’ experience. Sensor performance in relation to targets is presently being assessed, including the SBE-61, 4000 m SBE-41, and RBRargo CTDdeep6k. Note that CTDs measure pressure and this is converted to depth. Salinity is calculated from conductivity, temperature, and pressure.
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Figure 1: Active Deep Argo floats as of March 2020: Deep SOLO (light blue-green), Deep SOLO-MRV (green), Deep APEX (yellow), Deep Arvor (dark blue), Deep NINJA (gray)

Table 1: Manufacturer’s specifications for CTD accuracy and stability.  (https://www.seabird.com/ , https://rbr-global.com/products/oem/argo )
	
	Temperature
	Conductivity
	Pressure

	SBE-61 initial accuracy
	±.001 °C
	±.0002 S/m
	±4.5 dbar/7000 m

	SBE-61 stability
	.0002 °C/year
	.002 S/m over 10 yrs
	0.8 dbar/year

	4000 m SBE-41 initial accuracy
	±.002 °C
	±.0003 S/m
	±4 dbar/4000 m

	4000 m SBE-41 stability
	.0002 °C/year
	.003 S/m over 10 yrs
	0.8 dbar/year

	RBRargo CTDdeep6k accuracy
	.002°C
	±0.03mS/cm
	± .05% FS

	RBRargo CTDdeep6k stability
	.002°C/year
	0.010mS/cm per year
	.05% FS



3. Milestones for the transition period of Deep Argo from the regional pilot phase to global implementation
i) Accuracy and stability of CTD measurements. Transition to the global implementation phase requires that the initial accuracy of conductivity and pressure, and their multi-year (> 2) stability in situ are demonstrated to approach manufacturer specifications.  Initial accuracy may be assessed in float CTDs mounted on rosettes and synchronized to shipboard CTD systems. Sensor stability may be assessed using high quality reference data – for salinity using nearby shipboard CTD casts or highest quality Argo profiles, and for pressure using duplicate high quality pressure sensors on deployed floats.
ii) Maturity of procedures for real-time and delayed-mode quality control. Data from the regional pilot arrays should be used to demonstrate the maturity of RTQC and DMQC procedures. Is the availability of highest quality CTD reference data sufficient on a regional basis for application of the DMQC process? Where shipboard CTD reference profiles are not available in sufficient quantity and coverage, can a secondary dataset be developed from best-quality Argo and Deep Argo profiles?
iii) Resources sufficient to build and sustain Deep Argo. Transition to the global implementation phase of Deep Argo requires resources sufficient to build and sustain the global array. Deep Argo National Programs should assess how many active Deep Argo floats they will deploy, and the array size they will sustain, as well as expected increases in these levels through the global implementation phase. Array size may be based on total cost per float lifetime and expected mean float lifetime (which may differ from program to program). A target cost of $500 per 0 – 6000 m profile, and proportionately less per 0 – 4000 m profile, was agreed at DAIW-2. On that basis, the total annual cost for sustaining a multi-national 1200-float array (half 6000 m/half 4000m) cycling every 10 days, is $19.4M. This cost will be reduced by the extent to which Deep Argo floats reduce requirements for Core Argo floats (4.iii).  
iv) The transition period may be initiated at resource levels lower than those required for sustaining full global implementation. Milestones for growth during the full implementation phase should reflect sustainable international resource commitments. Year to year increases in deployments may continue for 5 – 10 years if multi-year milestones are set and achieved and float and sensor production growth levels are synchronized with resources. In 2018-2019, deployments were about 50 Deep Argo floats per year. Annual increases of 50 or 25 floats per year would achieve the required full implementation level of 300 floats per year (with 4-year mean lifetime) after 5 or 10 years respectively, while the global array of 1200 Deep Argo floats would be completed in 8 or 13 years (Table 2)
Table 2: From an initial (Yr 0) value of 50 floats per year, assume yearly increases of 50 or 25 per year until 300 floats per year is achieved. The total array size for these scenarios is estimated as the running 4-year sum.
	
	Yr 1
	Yr 2
	Yr 3
	Yr 4
	Yr 5
	Yr 6
	Yr 7
	Yr 8
	Yr 9
	Yr 10
	Yr 11
	Yr 12
	Yr 13

	+50/yr
	100
	150
	200
	250
	300
	300
	300
	300
	300
	300
	300
	300
	300

	4-yr sum
	250
	350
	500
	700
	900
	1050
	1150
	1200
	1200
	1200
	1200
	1200
	1200

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	+25/yr
	75
	100
	125
	150
	175
	200
	225
	250
	275
	300
	300
	300
	300

	4-yr sum
	225
	275
	350
	450
	550
	650
	750
	850
	950
	1050
	1125
	1175
	1200


  
v) Conceptual plan for integration of 4000 and 6000 dbar float models. 
Deployments of 4000-dbar and 6000-dbar Deep Argo float models will be coordinated to provide data distribution that best resolves the geographical structure and seasonal to interannual variations of the deep (> 2000 dbar) and abyssal (> 4000 dbar) ocean heat content, steric height, and basin-scale circulation. A deployment strategy will be defined based on decorrelation scales from historical data, and numerical simulations from data-assimilative models and ocean reanalyses. Further analysis is needed to quantify the impact of 4000 m sampling in regions deeper than 4000 m.

4. Global implementation of the Deep Argo Program
i) Conceptual plan for expansion from regional to global deployment.  Increases in the number of Deep Argo floats should be used to (i) expand spatial domains of pilot arrays, (ii) initiate deployments in additional deep basins, (iii) and when feasible, populate entire oceans. For the latter, size of the oceans, deployment opportunities, and scientific interest will be weighed. In the early years of the Argo Program, implementation plans were drawn and resources assessed separately for the Atlantic, Pacific, and Indian Oceans. A similar approach should be undertaken for Deep Argo to encourage participation by partners having regional as well as global interests. 
(ii) Potential recovery of Deep Argo floats. Recovery of Deep Argo floats is technically feasible and has been done many times.  However, it is expensive, requiring dedicated ship time for the purpose and, by truncating the mission, entails a loss of 10% or more of battery life. Recovery for sensor recalibration purposes is valuable. Residual value of recovered float components for recycling may be small, due to wear and tear of high pressure cycling.  The environmental impact of Argo floats sinking to the sea bottom at the end-of-life has been assessed and is generally much less than the environmental impact of recovery operations (e.g. carbon footprint). One possibility would be to recover a fraction of Deep Argo floats for sensor recalibration or to recover floats in designated regions having good ship availability.
(iii) Core, Deep, BGC Argo integration. In the global implementation phase, deployment of Core, Deep, and BGC Argo floats will be coordinated. Since Deep and BGC Argo floats provide Core Argo profiles, the number of Core-only floats will be reduced proportionately.  Integration of Core, Deep, and BGC Argo may not occur during the regional pilot phase but is a key aspect of the global implementation phase. Similarly, integration of data management systems for Core, Deep, and BGC Argo should lead to a more streamlined and cost effective system. For example, the high accuracy Deep Argo CTDs will provide value to DMQC of Core Argo profiles.
(iv) Standard mission parameters. For integration with Core Argo in the Deep Argo global implementation phase, Core Argo mission parameters should be followed. Deep Argo floats   should profile the full water column, approaching as close to the sea floor and sea surface as is practical. The cycle time should be 10 days. The drift depth should be 1000 m.
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