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 2 

ABSTRACT 24 

 25 

The Global Ocean Observing System (GOOS) requirements for in-situ surface 26 

temperature and velocity measurements call for observations at 5º×5º resolution.  A key 27 

component of the GOOS that measures these essential climate variables is the global 28 

array of surface drifters.  In this study, statistical observing system sampling experiments 29 

are performed to evaluate how many drifters are required to achieve the GOOS 30 

requirements, both with and without the presence of a completed global tropical moored 31 

buoy array at 5ºS—5ºN.   The statistics for these simulations are derived from the 32 

evolution of the actual global drifter array.  It is concluded that drifters should be 33 

deployed within the near-equatorial band even though that band is also in principle 34 

covered by the tropical moored array, as the benefits of not doing so are marginal. It is 35 

also concluded that an optimal design half-life for the drifters is ~450 days, neglecting 36 

external sources of death such as running aground or being picked up.  Finally, it is 37 

concluded that comparing the drifter array size to the number of static 5º×5º open-ocean 38 

bins is not an ideal performance indicator for system evaluation; a better performance 39 

indicator is the fractional coverage of 5º×5º ocean-ocean bins, neglecting bins with high 40 

drifter death rates. 41 

42 
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1. Introduction 43 

 44 

The Global Ocean Observing System (GOOS), the ocean component of the Global 45 

Climate Observing System (GCOS 2004), is composed of several components designed 46 

to observe various essential climate variables.  Two of these variables are sea surface 47 

temperature (SST) and near sea surface velocity (SSV).  Goals for measuring these 48 

variables were first envisioned during scientific planning of the World Ocean Circulation 49 

Experiment (WOCE; WCRP (World Climate Research Program) 1988), which sought 50 

global mapping of in-situ SST and SSV measurements every 500 km by 500 km.  WCRP 51 

(1988) noted that “[t]here are roughly 1100 such useful resolution cells needed to map the 52 

world ocean.”  Assuming that a lifetime of 2.5 years could be achieved, WCRP (1988) 53 

anticipated that 2200 satellite-tracked drifting buoys (hereafter “drifters”) would be 54 

required for global SST and SSV mapping over the five-year WOCE field program.   55 

 56 

Goals for a sustained ocean observing system (in contrast to the five-year field program 57 

of WOCE) were defined at the International Conference on the Ocean Observing System 58 

for Climate meeting in St. Raphaël, France in October 1999 (Needler et al. 1999).  For in-59 

situ SST, crucial for bias correction of satellite observations and accurately determining 60 

temperature trends, the goal was to collect measurements at a temporal resolution of 25 61 

observations per week, at a spatial resolution of 500km (Needler et al. 1999) and to an 62 

accuracy of 0.2—0.5ºC.  In-situ measurements of SSV, needed for short-range (days to 63 

weeks) prediction and evaluation of seasonal to interannual ocean and climate forecast 64 

systems, were required at a temporal resolution of one observation per month at a 65 
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comparable spatial resolution, at an accuracy of 2 cm/s, in order to resolve seasonal and 66 

time-mean currents to 10% of the eddy variability (Needler et al. 1999).   The 67 

requirement for in-situ SST observations has subsequently (Zhang et al. 2009) been 68 

refined to focus on reducing the potential bias in satellite-derived measurements below 69 

the Needler et al. (1999) upper threshold of 0.5ºC.  No analogous study has been 70 

conducted for SSV, and it is unknown how the recommended sampling impacts errors in 71 

satellite-derived surface currents or how accurately it resolves seasonal and lower-72 

frequency circulation. 73 

 74 

GOOS goals for these variables were further clarified in GCOS-81 (2002), GCOS-82 75 

(2003) and GCOS-92 (2004), which envisioned a 5º×5º array of drifters and tropical 76 

moored buoys.  GCOS-92 noted that “global coverage … includes: enhancement of the 77 

surface drifter component to maintain coverage in each 5x5 degree region outside the 78 

near-equatorial band (achieved with approximately 1250 drifters if optimally deployed) 79 

[and] enhancement of the tropical moored buoy programme … (around 120 moorings in 80 

all)” (GCOS-92, 2004).  As shown in Fig. 1, it is straightforward to estimate a 5º×5º array 81 

of moored buoys between 5ºS and 5ºN that results in ~120 moorings (Fig. 1).  However, 82 

it is likely that these 5º×5º cells were also counted when reaching a goal of 1250 drifters 83 

for a global drifter array, as only ~1130 cells exist poleward of 5ºN/S excluding marginal 84 

seas and ice-covered regions (Fig. 1).  85 

 86 

The global drifter array is primarily supported by the United States’ National Oceanic 87 

and Atmospheric Administration (NOAA)’s Global Drifter Program (GDP),  88 
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funded by NOAA’s Climate Program Office, Climate Observations Division.  Drifter 89 

data are available at http://www.aoml.noaa.gov/phod/dac/dacdata.php.  A GDP drifter 90 

consists of a surface float attached by a tether to a holey-sock drogue (sea anchor) 91 

centered at 15m depth (Niiler 2001; Lumpkin and Pazos 2007; Maximenko et al. 2014; 92 

Centurioni et al. 2016).  The surface float includes alkaline batteries, a satellite modem, 93 

and a thermistor that measures sub-skin SST.  Around 50—60% of the global array 94 

includes barometers for sea level atmospheric pressure, an essential climate variable for 95 

the GOOS since GCOS-82 (2003).  The drogue ensures that SSV can be derived from 96 

position changes with <1 cm/s impact from direct wind forcing in 10  m/s wind (Niiler et 97 

al. 1995), a requirement met by the modern “mini” SVP drifter assuming that the drogue 98 

remains attached (Lumpkin et al., 2013).  Because a single drifter provides approximately 99 

hourly measurements of SST and location (Elipot and Lumpkin 2008; Elipot et al. 2016), 100 

its presence in a 5º×5º region will satisfy both SST and SSV temporal requirements for 101 

that region.  The GDP relies on numerous national and international partners such as the 102 

Office of Naval Research to provide additional drifters meeting GDP instrument 103 

requirements, and also to provide deployment opportunities worldwide. Other important 104 

partners are meteorological agencies that use sea level atmospheric pressure observations 105 

from the drifters to improve numerical weather prediction (Centurioni et al. 2016) and 106 

fund the addition of barometers to GDP-purchased drifters.  These efforts are coordinated 107 

through the Data Buoy Cooperation Panel (DBCP) of the World Meteorological 108 

Organization and the Intergovernmental Oceanographic Commission of the United 109 

Nations Educational, Scientific and Cultural Organization (UNESCO).   110 

 111 
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The global drifter array reached the GCOS-81 (2002) goal of 1250 drifters in September 112 

2005, becoming the first completed component of the GOOS (Stanitski et al. 2005).  113 

Since then, this goal size has been used to assess the health of the global drifter array.  114 

However, it is important to note that drifters diverge from some regions of the ocean, 115 

converge in others, and transmit ocean data for a design half-life of ~450 days if they are 116 

not picked up or run aground (Lumpkin et al. 2012).  As a consequence, meeting the goal 117 

of 5º×5º observations of SST and SSV will not necessarily require 1250 drifters, although 118 

the simplicity of the 1250 goal has resulted in it being equated with 5º×5º sampling in 119 

program reports and status updates.  No systematic study has yet been conducted to 120 

evaluate the number of drifters needed to satisfy 5º×5º sampling when they realistically 121 

move and die, and the impact of the absence or presence of a tropical moored array of 122 

buoys on this number. 123 

 124 

In this study, observations of all drifters in the historical database are used to simulate the 125 

global drifter array under various lifetime assumptions, both with and without a 126 

completed array of tropical moored buoys.  Observations from Volunteer Observation 127 

Ships are not considered, but may reduce the need for sampling along the major shipping 128 

lanes (e.g., Zhang et al. 2009).  Because many actual drifters are deployed from these 129 

ships, it is shown that fewer observations are needed on these lanes in the simulations 130 

even without explicit inclusion of ship observations. Drifters are deployed in the 131 

simulations to guarantee 5º×5º open ocean sampling.  The number of drifters deployed 132 

per year and the steady-state size of the global array are determined as a function of 133 

lifetime.  Emphasis is placed upon the instrument cost per year; no attempt is made to 134 
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quantify deployment costs, which vary widely based on location and lead times.  It is 135 

argued that the number of drifters needed per year to maintain 5º×5º open ocean 136 

sampling, and the associated annual cost, is a more meaningful metric than the 137 

instantaneous array size.  The spatial distribution of deployments needed in the 138 

simulations is compared to the actual deployment distribution, revealing where additional 139 

efforts and regional deployment partners are most needed. 140 

 141 

2. Methodology 142 

 143 

Since May 2005, the GDP has made 90-day forecasts of the global array at 144 

http://www.aoml.noaa.gov/phod/graphics/dacdata/forecast90d.gif.  This was done as 145 

follows: first, the world was divided into an array of regular bins.  Second, all drifters 146 

were identified that passed through each bin.  Third, the locations of all these drifters 147 

were found at a time increment T days later.  Because some drifters will die due to 148 

technical reasons or because they were picked up or ran aground, the number after T 149 

days will usually be smaller than the original number.  Fourth, all the locations T days 150 

later are used to calculate the binned probability distribution function (PDF) for a drifter 151 

in each bin.  Finally, these PDFs for T =90 days are accumulated for each drifter in the 152 

present configuration to calculate the odds of each bin containing at least one drifter 90 153 

days in the future. 154 

 155 

For 2005—2014, these forecasts were done on a 5º×5º grid for T =90 days using full 156 

matrices.  More recently, Maximenko et al. (2012) and van Sebille et al. (2012) 157 
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calculated the evolution of floating marine debris for shorter time steps (T =5 days in 158 

Maximenko et al., 2012; 60 days in van Sebille et al., 2012) using this approach, but 159 

using sparse matrices (matrices with mostly zero elements) that permitted these 160 

calculations at higher resolution (1/2º×1/2º and 1º×1º in Maximenko et al., 2012, and van 161 

Sebille et al., 2012, respectively).  van Sebille et al. (2012) also normalized the PDFs so 162 

that the tracer was conserved (i.e. the number of drifters after T days remains the same 163 

as the original number), and included seasonal variations in the PDFs. 164 

 165 

In this study, in order to simulate the global drifter array under various scenarios, PDFs 166 

are calculated for all drifters in the quality-controlled GDP data base through March 167 

2015, at 1º×1º resolution using sparse matrices, for T=30 days.  Both drogued and 168 

undrogued drifters are used, and all seasons are included, in order to increase the 169 

robustness of results in regions of sparse observations.  Future refinements could include 170 

seasonal variations as in van Sebille et al. (2012); the results presented here should be 171 

interpreted as an average over all seasons. 172 

 173 

Because the PDFs are not normalized to conserve the number of drifters from one time 174 

step to the next, simulated drifters will disappear from various bins with the same odds as 175 

determined by the actual observations.  A map of the odds of dying in T=30 days (Fig. 176 

2, top) reveals “death zones” where drifters are more likely to run aground, be picked up, 177 

or fail (die) due to other external reasons (Lumpkin et al. 2012).  The odds p of a drifter 178 

dying over an interval T is nearly independent of the drifter’s lifetime, suggesting that a 179 
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reasonable model of the size of the drifter array N in the absence of deployments is 180 

N=Noexp[-(p t /T)].  This is consistent with a half-life Thl=-T/p ln(0.5).   181 

 182 

A comparison of Fig. 1 and Fig. 2 reveals that a small but significant fraction of the 5º×5º 183 

open ocean bins are located in regions where the death rate p>0.1.  These regions are 184 

indicated by dark gray shading in Fig. 1.  An optimally-designed observing system 185 

should rely on non-drifter platforms (such as moored buoys and volunteer observation 186 

ships) to sample SST and SSV in these bins, or should include frequent drifter 187 

deployments because drifters will die relatively quickly: p>0.1 is consistent with a half-188 

life <200 days.  Excluding these regions from the 5º×5º grid reduces the number of bins 189 

from 1250 to 1099.  If the equatorial region between 5ºS and 5ºN is also excluded, the 190 

number of bins is further reduced to 979. 191 

 192 

In the ocean interior away from death zones (Fig. 2, top), the histogram of “odds of 193 

dying” for T=30 days peaks at approximately p=0.05, suggesting that the half-life for 194 

drifters avoiding death zones — i.e., the death rate for quitting due to internal sources of 195 

failure  (hereafter the “quit” half-life) — is around 380—460 days.  This is close to the 196 

design goal of 450 days.  The effect of this design goal can be examined in this study by 197 

replacing the background “odds of dying” with values consistent with “quit” half-lives of 198 

Thl (e.g., Fig. 2, bottom).  To implement this in the simulations, the PDFs of all bins with 199 

a non-adjusted death rate below p=0.2 are rescaled so that p=-T/Thl ln(0.5) where Thl is 200 

the assumed “quit” half-life of the simulation. 201 

 202 
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All simulations are initiated with an array of 1250 drifters in a perfect, regular 5º×5º grid 203 

in both the white and gray shaded areas shown in Fig. 1.  Each drifter is projected 204 

forward in time by T=30 day time steps, with the next bin chosen randomly (using the 205 

Matlab function “rand.m”) according to the PDF for the origin bin.  At each time step, all 206 

open ocean regions away from death zones (Fig. 1) are evaluated to see if there is a gap 207 

greater than 5º between drifters (and moored buoys, if included in the simulation).  If so, 208 

a drifter is deployed in the center of the gap. 209 

 210 

A suite of simulations are run for Thl values ranging from 250 days to 900 days in 211 

increments of 50 days (14 simulations), for two scenarios: “no tropical moorings”, where 212 

the drifters must cover all white area in Fig. 1 with no gaps >5º, and “with tropical 213 

moorings”, where they must only cover the region seeded by the extratropical white dots 214 

in Fig. 1 without gaps >5º.   An example of a “with tropical moorings” simulation for 215 

Thl=450 days is shown in Fig. 3.  The simulations are run for a total of 3600 days (~9.9 216 

years). 217 

 218 

Note that these simulations completely neglect the logistical challenges and associated 219 

costs of deploying drifters whenever a gap develops in the global drifter array.  In 220 

practice, the GDP is not funded to charter vessels for deployments, relying instead on 221 

volunteer ships traveling shipping lanes and on already-planned cruises for which the 222 

drifter deployments are a value-added side project.  Planning these deployments requires 223 

months of lead time to take advantage of surface shipping, and no GOOS component is 224 

sufficiently funded to fill 5º gaps within 30 days anywhere in the world.  These 225 
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simulations also do not consider drogue loss, which often occurs before the drifter dies 226 

and negatively impacts the accuracy of SSV measurements.  Finally, it should be noted 227 

that the statistics governing the simulated drifter motion is based on few drifters where 228 

the historical observational density is low (see Fig. 1 of Maximenko et al. 2014), and thus 229 

may underrepresent oceanic variability and the potential downstream fate of the 230 

simulated drifters in those regions. 231 

 232 

3. Results 233 

 234 

By construction, the simulations realistically evolve the simulated drifter array from one 235 

time step to the next.  The drifters rapidly diverge from the near-equatorial band and from 236 

regions such as the Gulf of Guinea: within 90-120 days, in the absence of new 237 

deployments, pronounced gaps develop in the eastern tropical Pacific and Atlantic basins, 238 

across the near-equatorial Indian Ocean basin, and in the Gulf of Guinea. The drifters 239 

slowly converge toward the “garbage patch” centers of the subtropical gyres (e.g., 240 

Lumpkin et al. 2012; van Sebille et al. 2012), an accumulation that becomes obvious after 241 

the first year in simulations with Thl>350 days.  Simulations with short “quit” half-lives 242 

quickly reach steady state as indicated by the number of drifters in the global array and 243 

the numbers dying/being deployed each time step, while those with long half-lives 244 

require many more iterations. For example, for Thl=250 days, steady state is reached 245 

within 180 days while for Thl =900 days, it is not reached until ~2220 days (~6 years).  In 246 

simulations with large “quit” half-lives, many drifters accumulate in the centers of the 247 
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subtropical gyres.  In contrast, short Thl simulations require more deployments per year, 248 

but result in a more spatially homogeneous array consisting of fewer drifters. 249 

 250 

In the remainder of this section, results are given for the various simulations averaged 251 

over the final two years of each simulation.  In all cases, the simulations have reached a 252 

steady-state situation in this period. 253 

 254 

a. Drifter lifetimes 255 

 256 

The half-life of all drifters in the simulation (as opposed to the background “quit” half-257 

life Thl) can be estimated from the fraction pall (including drifters in death zones) that 258 

disappear each time step T=30 days as Tall=-T/pall ln(0.5) (Fig. 4).  Values are nearly 259 

identical for the “with tropical moorings” and “no tropical moorings” simulations.  260 

Because the half-life of all drifters includes drifters in death zones (Fig. 2), it is shorter 261 

than the prescribed Thl in all cases.  This overall half-life increases approximately linearly 262 

from 192±11 days for Thl=250 days to 337±28 days for Thl=600 days.  It increases more 263 

slowly for Thl>600 days, and is not significantly larger at Thl=850 days.  Regardless of 264 

how robustly the drifters are engineered, a subset of the array will run aground, be picked 265 

up, be struck by ships, etc. at each time step.  Thus, the results shown in Fig. 4 suggest 266 

that engineering the drifters to live longer than Thl=600 days is not cost effective for 267 

maintaining 5º×5º coverage, although more reserve power is invaluable for permitting 268 

additional sensors. 269 

 270 
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b. Requirements to meet observing system goals 271 

 272 

Fig. 5 (top) shows the number of drifter deployments needed per year as a function of the 273 

“quit” half-life Thl, which in the steady-state limit of the half-lives considered in this 274 

study is also the number dying per year.  Black dots indicate the “no tropical moorings” 275 

simulations, while gray bullets indicate the “with tropical moorings” simulations.  Error 276 

bars indicate the standard deviation of these values in the final two years of the 277 

simulations.  As the “quit” half-life increases, the number of drifters needed per year 278 

decreases from ~1500 to ~1200 deployments/year for Thl =250—500 days, indicating the 279 

value of an increased goal lifetime (both to purchase drifters, and implicitly to deploy 280 

them).  However, the number needed per year tends to plateau for larger Thl, and is not 281 

significantly different for Thl =500—950 days with values of ~1000 deployments/year.  282 

Approximately 115—125 more drifters per year are needed in the “no tropical moorings” 283 

simulations than in the “with tropical moorings” simulations, a value smaller than the 284 

standard deviation (Fig. 5, top).  The associated annual purchasing costs can be estimated 285 

as the cost per unit, $1800 at the present goal lifetime of 450 days, multiplied by the 286 

annual rate suggested from Fig. 5 (top) (i.e., 1000 deployments/year = $1.8M per year).  287 

It is not clear if the cost per unit would increase significantly with increased goal lifetime; 288 

in the recent past, lifetime increases have been achieved via changes that did not impact 289 

unit price (e.g., battery manufacturer, data transmission algorithms).  Depending on the 290 

satellite system being used, a larger array may also reflect greater transmission costs. 291 

 292 
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Because long-lived drifters will accumulate in the centers of the subtropical gyres, a 293 

larger global drifter array is needed to satisfy 5º×5º sampling with larger Thl (Fig. 5, 294 

bottom).  A larger array is also needed if the global moored tropical array is not included.  295 

Clearly, the 1250 goal set in GCOS-81 (2002) is rather arbitrary, as it doesn’t take into 296 

account the fact that drifters move.   Based on the results found here, maintaining an 297 

array of 1250 drifters with 5º×5º sampling corresponds to Thl ~400 days in the “no 298 

tropical moorings” simulations and Thl ~500 days in the “with tropical moorings” 299 

simulations. 300 

 301 

c. Simulated vs. Actual Deployment Distributions 302 

 303 

Fig. 6 (top) shows the distribution of deployments per year needed to maintain 5º×5º 304 

sampling in the “no tropical moorings” simulation with Thl =450 days.  The distribution 305 

in the “with tropical moorings” (not shown) is similar, except that the maximum along 306 

the equator is split into off-equatorial maxima straddling the near-equatorial band of the 307 

tropical moored array.  Outside of this region, deployments are needed at the northern 308 

and southern edges of the domain, particularly at the southern edge which has more 309 

ocean to cover and has fewer death zones.  Deployments are also needed off the coasts of 310 

Costa Rica, Ecuador, and Peru in the eastern Pacific, off the western coasts of Africa in 311 

the eastern Atlantic, in the northwestern Indian Ocean (Arabian Sea), and in the northern 312 

and northwestern Pacific Ocean off the eastern coasts of Japan and Russia. 313 

 314 
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The distribution of actual deployments in the period 2006—2014, scaled to be 315 

deployments per year, is shown in Fig. 6 (middle).  On average, 1189 drifters were 316 

deployed globally per year during this period.  Maxima indicate the locations of cruises 317 

servicing the TAO array in the tropical Pacific; shipping lanes between North America 318 

and Cape Town, South Africa; resupply and research efforts in the Drake Passage; 319 

research efforts in Asian marginal seas, the subtropical and subpolar North Atlantic, the 320 

southern Indian Ocean, and east of Puerto Rico; regional deployments by partners in 321 

Brazil, Australia and New Zealand; and opportunistic deployments close to Scripps 322 

Institute of Oceanography (La Jolla, CA, USA), NOAA/AOML (Miami, FL) and Woods 323 

Hole Oceanographic Institute (Woods Hole, MA, USA). 324 

 325 

The difference between simulated and actual deployments (Fig. 6, bottom) indicates 326 

where more or less deployments are needed to maintain the desired 5º×5º sampling of the 327 

global drifter array.  The patchy distribution of positive and negative values along the 328 

equatorial Pacific reflects the logistical reality of TAO servicing cruises at specific 329 

longitudes.  Negative values are found along the major shipping lanes, where Volunteer 330 

Observation Ships are used to deploy many drifters in the real ocean, and represent an 331 

additional constraint on more spatially-homogeneous deployment.  Elsewhere, positive 332 

values show the need to increase deployments beyond current efforts.  These positive 333 

values are found in the following regions: 334 

 Western and northwestern Indian Ocean: it has been difficult to obtain 335 

deployment opportunities here, due to the recent threat of piracy.  Hopefully more 336 

opportunities will arise as the threat abates. 337 
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 Across the Southern Ocean sectors of the Indian and eastern Pacific Oceans: these 338 

regions are difficult to access due to the lack of shipping lines and the sporadic 339 

nature of research cruises in these regions.  Additional drifters are not needed in 340 

the southern Atlantic and southwestern Pacific due to ongoing Southern Ocean 341 

deployments southeast of New Zealand and in the Drake Passage. 342 

 East of the shipping line between Cape Town and North America, highlighting 343 

the need to enlist GDP partners bordering the Gulf of Guinea and Angola Basin.   344 

 West of Mexico, Central America, and Peru, indicating the need for enhanced 345 

deployment efforts with existing GDP partners (Mexico, Peru) and the need to 346 

enlist partners in Central American countries such as Costa Rica. 347 

 348 

4. Conclusions 349 

 350 

A somewhat larger number of drifter deployments per year are needed for simulations 351 

that neglect the existence of a perfect tropical moored buoy array of 120 moorings 352 

between 5ºS—5ºN. For example, in the “no tropical moorings” simulation with Thl =450 353 

days, ~200 additional deployments per year are needed between 5ºS—5ºN. In contrast, 354 

~100 fewer deployments are needed between 7—10º N and S in the “no tropical 355 

moorings” simulation, as near-equatorial drifters move poleward to prevent gaps from 356 

developing at these latitude bands.  Overall, the differences in deployment needs between 357 

the “no tropical moorings” and “with tropical moorings” are not significant compared to 358 

the variability in the simulations.  This difference would be even smaller if the existing 359 

present Global Tropical Moored Buoy Array (GTMBA), rather than a perfect array of 360 
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120 5º×5º moorings covering the near-equatorial band 5ºS—5ºN, was evaluated: in the 361 

period 2010—2015, there were only 70 near-equatorial GTMBA sites measuring SST.  362 

Only a subset of these — 28 moored buoys — measured SSV.  Thus, we conclude that 363 

there is no significant advantage to deploying drifters only outside the near-equatorial 364 

band covered (in principle) by the GTMBA.  Indeed, there is value in redundancy when a 365 

mooring unexpectedly goes offline, and deployments in the near-equatorial band will 366 

quickly disperse away from the equator regardless.  In addition, the drifters provide 367 

unique Lagrangian information about currents in the equatorial regions that are not 368 

measured from moorings.  For example, drifters were used by Schott et al. (2004) and 369 

Perez et al. (2014) to infer the shallow near-equatorial meridional overturning cells, and 370 

by Hormann et al. (2013) to infer circulation features near the equatorial Atlantic 371 

northern cold tongue front.  Consistent with these studies, Maximenko et al. (2014) 372 

derived surface circulation streamline patterns immediately north and south of the 373 

equator that were not exactly zonal (their Fig. 12.2a).  One recommendation of this study 374 

is that drifter deployments continue within the near-equatorial band also covered by 375 

the GTMBA. 376 

 377 

It may seem at first consideration that extending the drifter design lifetime will have 378 

unambiguously positive impacts on program costs and coverage.  However, this is not 379 

true, as a more robustly engineered drifter may cost more and longer-lived drifters will 380 

tend to accumulate in the centers of the subtropical gyres, not assisting in the goal of 381 

5º×5º sampling.  This sampling goal is not significantly aided for a design half-life 382 

exceeding ~500 days (Fig. 5).  Thus, a second conclusion of this study is that a design 383 
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lifetime of ~450 days is optimal.  It is fascinating to note that the GDP arrived at this 384 

value organically over the years since 1988 (when a design lifetime of ~900 days days 385 

was proposed; WCRP 1988) without the benefit of simulations such as these, guided by 386 

year-to-year cost/benefit analyses.  It is important to note the distinction between 387 

increased design lifetime and increased power reserve, as the latter allows new 388 

observations such as salinity, waves, current profiles, pH, etc. to be added without 389 

negatively impacting lifetimes. 390 

 391 

For the optimal design half-life Thl =450 days, the simulations indicate that 1214±107 392 

drifters need to be deployed each year in order to maintain 5º×5º sampling. The overall 393 

half-life of drifters in the array, including those running aground and being picked up 394 

(Fig. 4), is 246—297 days. At a cost of ~$1800 per drifter, this requires ~$2.2M per year 395 

for instrument acquisition without considering barometer upgrades for sea level 396 

atmospheric pressure observations (Centurioni et al. 2016) or the cost of other additional 397 

sensors.  Differences between simulated and actual deployment locations reflect the need 398 

to enhance deployments in the western and northwestern Indian Ocean, in the eastern 399 

subtropical to tropical Pacific Ocean, in the Gulf of Guinea and Angola Basin of the 400 

Atlantic Ocean, and across much of the Southern Ocean in the Indian and eastern Pacific 401 

basins.  With perfect deployments to fill gaps in the open-ocean 5º×5º array outside of 402 

“death zones”, the array will have a steady-state size of 1291±19 drifters, slightly larger 403 

than the current goal of 1250 drifters set by GCOS-81 (2002). 404 

 405 
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This study did not address drogue lifetimes, which – if shorter than data transmission 406 

lifetimes – would require more deployments to satisfy the OceanObs99 (Needler et al., 407 

1999) and GCOS requirements for in-situ SSV.  At present, drogue half-lives are 200—408 

300 days; the GDP is expending considerable effort to increase this.  Ideally, most 409 

drifters will retain their drogues for their entire data transmission lifetimes such that the 410 

results of this study apply for both SST and SSV GCOS requirements.  Without further 411 

study, it remains unclear how well the GCOS requirements for SSV translate into a 412 

maximum error in satellite-derived ocean currents, how well they allow us to resolve 413 

seasonal and lower-frequency circulation, and how these requirements translate into error 414 

estimates on climate-critical processes such as eddy fluxes of heat, salt and momentum 415 

across time-mean ocean fronts.  416 

 417 

A target array size somewhat larger than 1250 is consistent with the findings of Zhang et 418 

al. (2009), who assessed the maximum potential bias in uncorrected infrared-based 419 

satellite SST measurements.  The WMO-GCOS goal for this metric is that the bias not 420 

exceed 0.5ºC (Needler et al., 1999).  Zhang et al. (2009) calculated how the time-varying 421 

historical configuration of drifters, moored buoys, and ships would correct a bias of 2ºC 422 

associated with a major volcanic eruption, and found that the corrected bias was a very 423 

strong function of the number of drifters in the global drifter array.  The WMO-GCOS 424 

goal was generally met or slightly exceeded when the array consisted of ~1250 drifters 425 

(Fig. 6 of Zhang et al. 2009), suggesting that an array of ~1300 drifters would 426 

consistently meet this goal (assuming historical spatial distribution at this overall size).  427 

 428 
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The third and final recommendation of this study is that the global drifter array should 429 

be evaluated based on how well open-ocean 5º×5º sampling is achieved and on 430 

related metrics such as maximum potential satellite SST bias and positive impact on 431 

numerical weather prediction (Zhang et al., 2009; Centurioni et al., 2016), rather than 432 

on the array size achieving an arbitrary goal size such as 1250 drifters.  The 5º×5º bins 433 

should include the near-equatorial band also covered by the GTMBA, but should exclude 434 

“death zones” where drifter lifetimes are significantly abbreviated (Figs. 1, 2). An 435 

example of such an evaluation is shown in Fig. 7.  Such metrics are more difficult to 436 

achieve with real-life constraints on logistics, but would more accurately reflect the 437 

health of the ocean observing system. 438 
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Figure Captions 527 

 528 

Fig. 1: Black and white dots show a regular array of 1250 buoys at a resolution of 5º×5º 529 

covering the open ocean, from 65ºS (globally) to 80ºN (in the North Atlantic).  The black 530 

dots are an array of 120 buoys that could be covered by a 5º×5º array of moored buoys 531 

between 5ºS and 5ºN (GCOS-92, 2004).   The 1130 white dots cover the remainder of the 532 

ocean surface.  Dark gray shading indicates regions with a drifter death rate greater than 533 

p=0.1 for T=30 days (see Fig. 2); 1099 dots (979 white dots) are present in regions with 534 

a lower death rate. 535 

 536 

Fig. 2 (top): The odds of dying, p, in a time step of T=30 days calculated from the actual 537 

drifter observations.  (bottom): Same as top, but with all p<0.2 replaced by p=-(30 538 

days)/(450 days)*ln(0.5)=0.0462, consistent with a “quit” half-life of Thl=450 days. 539 

 540 

Fig. 3: Global drifter array simulation for Thl=450 days, shown at various time steps. This 541 

is a “with tropical moorings” simulation, for which no drifter observations are required in 542 

the near-equatorial band.  Before the first time step (top left), the drifter array is a perfect 543 

5º×5º grid of 1250 drifters.  After one step of 30 days (top right), the existing drifters 544 

have moved (white dots with gray 30 day trajectories) or died, and gaps have opened in 545 

the array requiring new drifters to be deployed (blue dots).  Bottom panels show the 546 

simulation after 1500 days (bottom left) and 3480 days (bottom right). 547 

 548 
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Fig. 4: Half-life of all drifters Tall in the simulations as a function of imposed “quit” half-549 

life Thl. Error bars indicate the standard deviation over the final two years of the 550 

simulation.  Dashed line indicates Tall=Thl. 551 

 552 

Fig. 5: Number of deployments needed per year (top) and number of drifters in the array 553 

(bottom), in the final two years of the simulations as a function of “quit” half-life Thl. 554 

Black dots indicate the “no tropical moorings” simulations, while gray bullets indicate 555 

the “with tropical moorings” simulations.  Error bars indicate the standard deviation in 556 

the final two years of the simulations.  A dashed line in the bottom plot indicates the goal 557 

of 1250 drifters set in GCOS-81 (2002). 558 

 559 

Fig. 6 (top): Drifter deployments per year needed to satisfy 5º×5º sampling in simulation 560 

with Thl=450 days, “no tropical moorings”.  (middle): Actual deployments per year 561 

averaged over the period 2006—2014.  (bottom): Simulated deployment needs (top 562 

panel) minus actual deployments (middle panel). 563 

 564 

Fig. 7 (top): Global drifter array on 7 December 2015 (blue dots).  Background shading 565 

indicates 5º×5º open-ocean boxes excluding death zones between 60ºS—60ºN which are 566 

sampled (blue) and unsampled (red); 83% of the boxes are sampled on this date.  567 

(Bottom): time series of the number of drifters in the global array (blue) and the percent 568 

of 5º×5º open-ocean boxes sampled by at least one drifter (green).  During January 569 

2006—December 2015 this fraction varied between 66% and 87%, with an average of 570 

79%. 571 

572 
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 573 

Fig. 1: Black and white dots show a regular array of 1250 buoys at a resolution of 5º×5º 574 

covering the open ocean, from 65ºS (globally) to 80ºN (in the North Atlantic).  The black 575 

dots are an array of 120 buoys that could be covered by a 5º×5º array of moored buoys 576 

between 5ºS and 5ºN (GCOS-92, 2004).   The 1130 white dots cover the remainder of the 577 

ocean surface.  Dark gray shading indicates regions with a drifter death rate greater than 578 

p=0.1 for T=30 days (see Fig. 2); 1099 dots (979 white dots) are present in regions with 579 

a lower death rate. 580 

581 
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 582 

Fig. 2 (top): The odds of dying, p, in a time step of T=30 days calculated from the actual 583 

drifter observations.  (bottom): Same as top, but with all p<0.2 replaced by p=-(30 584 

days)/(450 days)*ln(0.5)=0.0462, consistent with a “quit” half-life of Thl=450 days. 585 

586 
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 587 

Fig. 3: Global drifter array simulation for Thl=450 days, shown at various time steps. This 588 

is a “with tropical moorings” simulation, for which no drifter observations are required in 589 

the near-equatorial band.  Before the first time step (top), the drifter array is a perfect 590 

5º×5º grid of 1250 drifters.  After one step of 30 days (middle), the existing drifters have 591 

moved (white dots with gray trajectories) or died, and gaps have opened in the array 592 

requiring new drifters to be deployed (black dots).  Bottom panel show the simulation at 593 

steady state, after 3480 days.594 
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 595 

Fig. 4: Half-life of all drifters Tall in the simulations as a function of imposed “quit” half-596 

life Thl. Error bars indicate the standard deviation over the final two years of the 597 

simulation.  Dashed line indicates Tall=Thl. 598 

599 
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 600 

Fig. 5: Number of deployments needed per year (top) and number of drifters in the array 601 

(bottom), in the final two years of the simulations as a function of “quit” half-life Thl. 602 

Black dots indicate the “no tropical moorings” simulations, while gray bullets indicate 603 

the “with tropical moorings” simulations.  Error bars indicate the standard deviation in 604 

the final two years of the simulations.  A dashed line in the bottom plot indicates the goal 605 

of 1250 drifters set in GCOS-81 (2002). 606 

607 
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 608 

Fig. 6 (top): Drifter deployments per year needed to satisfy 5º×5º sampling in simulation 609 

with Thl=450 days, “no tropical moorings”.  (middle): Actual deployments per year 610 

averaged over the period 2006—2014.  (bottom): Simulated deployment needs (top 611 

panel) minus actual deployments (middle panel). 612 

613 
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 614 

Fig. 7 (top): Global drifter array on 14 December 2015 (blue dots).  Background shading 615 

indicates 5º×5º open-ocean boxes excluding death zones between 60ºS—60ºN which are 616 

sampled (blue) and unsampled (red); 84% of the boxes were sampled on this date.  617 

(Bottom): time series of the number of drifters in the global array (blue) and the percent 618 

of 5º×5º open-ocean boxes sampled by at least one drifter (green).  During January 619 

2006—December 2015 this fraction varied between 66% and 87%, with an average of 620 

79%.   621 


