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ABSTRACT 

Chlorophyll measured by autonomous pinniped oceanographers: Calibration and 

validation of in situ data collected by northern elephant seals 

by Theresa R. Keates 

     Increased sampling of the ocean is imperative in today’s rapidly changing climate. 

In situ chlorophyll fluorescence data collected by northern elephant seals (Mirounga 

angustirostris) instrumented with oceanographic tags in the northeastern Pacific offer 

a supplement to other autonomous oceanographic samplers. I carried out a series of 

cross calibrations to evaluate the quality of these chlorophyll data. I calibrated the 

fluorometers in Conductivity-Temperature-Depth-Fluorescence tags (CTDF tags, Sea 

Mammal Research Unit) in the laboratory using extractions of mixed algal cultures 

representative of the North Pacific and further validated these calibrations in a 

controlled field setting. CTDF tags were deployed on five adult female northern 

elephant seals in 2014 at Año Nuevo State Park in California, USA for 2 to 8 month 

long offshore foraging trips reaching 3,116 to 4,476 km offshore. These deployments 

yielded 1394 temperature, salinity, and chlorophyll fluorescence casts of at least 180 

m depth. The instrumented elephant seals documented subsurface chlorophyll 

maxima below the first optical depth in 80.7% of casts. Evidence of fluorescence 

quenching during periods of high irradiance was inconsistent and did not introduce a 

bias to our results. I compared the in situ chlorophyll data to satellite derived values. 

Overlapping satellite chlorophyll data were available for 5.9 - 23.5% of the in situ 

seal-collected data points using matchup criteria ranging from 1 to 8 days and 5 to 10 
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km. In situ chlorophyll fluorescence readings were higher than overlapping satellite 

ocean color chlorophyll data by a mean factor of 4.71. In light of these cross-

calibration results, I strongly recommend system specific calibration procedures for 

fluorometers sampling from autonomous platforms and urge consideration of errors in 

the sole use of satellite-derived chlorophyll data for ground-truthing This in situ 

chlorophyll dataset measures an Essential Ocean Variable (EOV) at low cost and can 

be a valuable resource to the broader scientific community. 
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INTRODUCTION 

     Autonomous sampling of the ocean has rapidly expanded over the past decade and 

deploying miniaturized oceanographic instruments on marine animals has been 

increasingly implemented as a supplement to more traditional in situ profilers such as 

gliders and Argo floats (eg. Charrassin et al., 2008; Fedak, 2004; Roquet et al., 2011; 

Treasure et al., 2017). Such animal-derived environmental data have been used to 

complement concurrent oceanographic sampling techniques (Roquet et al., 2014) by, 

for example, mapping bathymetry under ice (Padman et al., 2010), investigating 

frontal structures (Boehme et al., 2008b, 2008a; Charrassin et al., 2008), measuring 

currents (Roquet et al., 2009), and characterizing circulation patterns (Roquet et al., 

2013). The accelerated implementation of diverse oceanographic sampling platforms 

necessitates continuous evaluation of data quality to establish and maintain a reliable 

data source for use by the scientific community. 

     Miniaturized CTDs (Conductivity-Temperature-Depth sensors) have been 

deployed on multiple species of marine animals to collect oceanographic data (eg. 

Heerah et al., 2013; Isachsen et al., 2014; Lydersen et al., 2002; Nakanowatari et al., 

2017). The most extensive implementation of this sampling method has been tagging 

southern elephant seals (Mirounga leonina) in the Southern Ocean (eg. Dragon et al., 

2010; Padman et al., 2010). CTD tags with an integrated fluorometer (CTDF tags) are 

a new technology but have already successfully generated chlorophyll data from the 

Southern Ocean (Bayle et al., 2015; Blain et al., 2013; Guinet et al., 2013; Jaud et al., 

2012; O’Toole et al., 2017; Xing et al., 2012). The deployment of these tags in other 
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ocean basins requires a region-specific evaluation and calibration of the instruments’ 

fluorescence-based chlorophyll measurements. This project evaluates the first 

chlorophyll dataset generated by this technology in the northeastern Pacific. 

     Northern elephant seals (Mirounga angustirostris) have been tagged and tracked 

throughout their northeastern Pacific range since the 1990s. Adult female northern 

elephant seals are especially good candidates for electronic tag deployments due to 

their large size, high survival rate, strong site fidelity, and continuous deep-diving 

behavior while at sea (Robinson et al., 2012). Most individuals reliably return to a 

highly accessible haul out site at Año Nuevo State Park in California, USA twice a 

year: once in the winter to breed and once in the spring to molt. This enables recovery 

and redeployment of tags unfeasible in many other study systems. The rest of the 

seals’ lives are spent at sea for periods of two to nine months at a time (Le Boeuf et 

al., 2000) with 90% of their time spent diving to an average depth of about 500 m and 

occasionally exceeding 1700 m (Robinson et al., 2012). Temperature data collected 

by CTD tags deployed on northern elephant seals are routinely assimilated into the 

World Ocean Database (Boehlert et al., 2001) and the availability of Conductivity-

Temperature-Depth Fluorescence (CTDF) tags with integrated fluorometers to 

measure chlorophyll broadens the potential for elephant seals to generate data for 

oceanographic monitoring, modelling, and ecosystem studies.  

     Ocean color satellites provide the majority of large-scale chlorophyll data. While 

invaluable for routinely imaging large areas of the world’s oceans, satellites are 

limited in sampling resolution (eg. Kahru, 2016) and often rely on global algorithms 
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that introduce regional error (Dierssen, 2010). Additionally, surface scanning sensors 

sampling the first optical depth of the water column often miss subsurface chlorophyll 

maxima (eg. Cullen, 1982; Huisman et al., 2006). These subsurface data are critical 

for accurate estimates of net primary productivity (eg. Jacox et al., 2015). Open ocean 

phytoplankton blooms, important for quantifying carbon flux (Villareal and Wilson, 

2014; Wilson et al., 2013), are highly spatially and temporally variable (Wilson et al., 

2013) and can occur below the surface, confounding satellite detection (eg. Villareal 

et al., 2011). Measuring chlorophyll concentrations optically from satellites is 

influenced by phytoplankton species composition (Dierssen, 2010) as the absorption 

spectra can by modulated by cell size (Ciotti et al., 2002; Sathyendranath et al., 

2012), pigment composition (Bricaud et al., 1995; Sathyendranath et al., 2012), and 

pigment packaging (Bricaud et al., 1995), all properties that vary by phytoplankton 

taxa and to a lesser degree, by ecophysiological conditions. Further, light 

backscattering, used in optical remote sensing, is affected by the size, 3D structure, 

and outer coating of cells (Stramski et al., 2004). The variability in chlorophyll 

quantification with phytoplankton community composition limits the applicability of 

global ocean color algorithms to disparate regions. These inherent limitations of 

remote sensing make in situ chlorophyll sampling efforts necessary to both illuminate 

subsurface chlorophyll dimensions and to finetune ocean color algorithms (Johnson et 

al., 2009). 

     The most widely used tool for measuring chlorophyll-a in situ is chlorophyll 

fluorescence, thanks to the low cost, ease of sampling, and small size of fluorometers 
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(Lorenzen, 1966; Xing et al., 2017). However, there are caveats to fluorescence-based 

measurements as there are with satellite-derived measurements, as the ratio of 

fluorescence yield to chlorophyll concentration varies with phytoplankton cell 

properties and their environment (Cullen, 1982; Roesler et al., 2017). Sources of 

variability in the relationship between fluorescence yield and phytoplankton 

chlorophyll content include cell species (Proctor and Roesler, 2010; Strickland, 

1968), cell size (Alpine and Cloern, 1985), intra-cellular chloroplast organization 

(Kiefer, 1973), light history (Neori et al., 1984), temperature (Lorenzen, 1966), 

nutrient availability, and trace metal concentrations (Slovacek and Hannan, 1977). A 

fluorometer may also excite non-chlorophyll particles such as colored dissolved 

organic matter (CDOM), further complicating chlorophyll enumeration especially in 

optically complex waters (eg. Proctor and Roesler, 2010; Xing et al., 2017). An 

additional physiological phenomenon that can affect chlorophyll determination by 

fluorescence is fluorescence quenching. Fluorescence quenching is the decrease in 

fluorescence yield of photosynthetic cells under high light conditions (D. A. Kiefer, 

1973; Marra, 1997) to avoid photodamage under excessive sunlight energy (Maxwell 

and Johnson, 2000). Fluorometric determination of chlorophyll concentration must 

therefore be implemented with caution and appropriate calibration and quality control 

steps taken to reduce uncertainty. These steps need to be completed in system-

specific contexts to best reflect in situ conditions. 

     In this study I evaluated the quality of chlorophyll fluorescence data collected by 

seal-borne CTDF tags in the northeast Pacific by 1) conducting lab-based calibrations 
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of the CTDF tags using region-specific phytoplankton species, 2) conducting field 

tests comparing tag output to a reference fluorometer and chlorophyll extractions, and 

3) comparing at-sea chlorophyll values from the CTDF tags deployed on elephant 

seals to satellite-derived values.  

METHODS 

CTDF Tag Description  

     The animal-mounted instrument used in this study provides high resolution 

oceanographic data in a small package. The CTDF tag manufactured by the Sea 

Mammal Research Unit (SMRU, St. Andrews, Scotland) weighs approximately 680 

grams, has dimensions of 11.5 x 10 x 4 cm, and is pressure rated to 2000 dbar. The 

CTD sensor head, developed and built jointly by SMRU and Valeport Ltd. (Totnes, 

U.K.), contains a conductivity cell (resolution 0.002mS/cm, accuracy +/- 

0.01mS/cm), thermistor (resolution 0.001°C, accuracy +/- 0.005°C), and pressure 

sensor (resolution 0.05 dbar, accuracy 2 dbar +/- (0.3 + 0.053% * reading)/°K). The 

tag also contains a customized Cyclops-7 fluorometer (Turner Designs, CA, USA) 

and platform transmitter terminal (PTT) for Argos satellite transmission and location 

data (http://www.argos-system.org/). The fluorometer’s minimum chlorophyll 

detection limit is 0.03 µg/L and uses an excitation wavelength of 465 nm for 

chlorophyll detection.  

      The tags collect pressure readings at 0.25 Hz throughout deployment. During the 

upcast of the deepest dive in a 6 hour period, they collect and store pressure, 

temperature, salinity, and fluorescence readings at a frequency of 1 Hz (Boehme et 
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al., 2009). Fluorescence is only measured between 180 meters and the surface to 

conserve battery power. The tag’s software generates chlorophyll estimates from raw 

fluorescence values based on manufacturer calibrations using algae-derived 

chlorophyll-a solutions. 

CTDF Tag Calibrations  

     While fluorometry is the most common tool for in situ chlorophyll measurement, 

the variability in the ratio between quantum yield of fluorescence to chlorophyll 

necessitates individual sensor calibration. In a laboratory setting, CTDF tags were 

immersed in a filtered seawater bath and raw fluorescence readings were taken from a 

series of six to ten dilutions of a mixed phytoplankton culture ranging in chlorophyll 

concentrations from 0.2 to 10 µg/L. The mixed culture contained multiple algal 

genera of varying cell sizes typical of the northeastern Pacific, including Pseudo-

nitzschia, Chaetoceros, Alexandrium, Dunaliella, Synechococcus, and Isochrysis. The 

tags’ raw fluorescence readings were plotted against extracted chlorophyll 

concentrations from each dilution. Extractions replicated the method of Welschmeyer 

(1994) and used a Turner Designs 10AU fluorometer calibrated with chlorophyll 

standards cross-calibrated with HPLC pigment analysis. The calibration curve 

generated for each CTDF tag in the lab was used to convert each tags’ in situ 

fluorescence readings to chlorophyll concentrations. 

     To validate the laboratory calibration results in a controlled field setting, I attached 

a CTDF tag to a CTD rosette alongside a reference fluorometer and Niskin bottles 

collecting water samples on the R/V Rachel Carson (Monterey Bay Aquarium 
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Research Institute, Moss Landing, CA). We collected data on three one-day cruises in 

Monterey Bay in July and August 2017. Chlorophyll extractions were done following 

the standard fluorometric procedure of Holm-Hansen et al. (1965) using twelve water 

samples collected from each of two 500 meter casts and one 250 meter cast at three 

stations (24 samples per cruise day) in Monterey Bay as described in Pennington and 

Chavez (2000). I used a least squares regression to compare the CTDF tag 

chlorophyll concentrations derived from laboratory calibrations with chlorophyll 

concentrations from a reference fluorometer and with extraction-derived chlorophyll 

concentrations. 

CTDF Tag Deployment on Elephant Seals 

      CTDF tags were deployed on five adult female northern elephant seals in 2014 at 

Año Nuevo State Park, San Mateo County, California, USA. Two tags were deployed 

in February 2014 during the post-breeding foraging trip and recovered when the seals 

returned to Año Nuevo in April 2014; three tags were deployed during the post-molt 

trip in June 2014 and recovered when the seals returned to Año Nuevo in February 

2015. For instrument deployment and recovery, the seals were chemically 

immobilized using Tiletamine HCl/Zolazepam HCl following established protocols 

(Le Boeuf et al., 2000; Robinson et al., 2012). Each seal was instrumented with a 

CTDF tag and VHF radio transmitter (ATS, Isanti, MN, USA). CTDF tags were 

attached to the fur on the seals’ head using epoxy with a layer of neoprene between 

tag and fur to facilitate adhesion and post-deployment tag recovery. VHF transmitters 

were attached similarly to the animal’s dorsal side between the axilla and sternum and 
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used to relocate the seals upon their return to shore. Location, diving, and 

oceanographic data summaries were transmitted via the Argos satellite system. Full-

resolution data were archived on board the tags and downloaded upon instrument 

recovery. Epoxy patches left on the seal’s fur after instrument recovery were shed 

during the annual molt.  

CTDF Tag Data Processing 

     Full resolution CTDF data were downloaded after each instrument recovery and 

only these data were used for subsequent analysis. Argos satellite location estimates 

were refined using the CRAWL package in R (Johnson et al., 2008), which uses a 

state-space model incorporating Argos error estimates for at-sea locations to smooth 

the tracking data, interpolated to one hour intervals (Costa et al., 2010; Johnson et al., 

2008; Robinson et al., 2012). Locations were then assigned to each CTDF cast using 

linear interpolation.  

     For each CTDF cast, I calculated surface chlorophyll concentrations and 

chlorophyll maxima. I converted fluorescence to chlorophyll concentration using the 

laboratory-generated calibration curves for each tag. I boxcar smoothed the 

fluorescence profiles using 8-meter depth intervals to reduce noise in the fluorescence 

signal while maintaining peaks and calculated chlorophyll maxima from these 

smoothed profiles. For comparisons with satellite data, I calculated near-surface 

chlorophyll concentrations as the weighted mean of the smoothed chlorophyll profiles 

within the approximated optical depth. As ocean color satellites sample the ocean 

surface down to one optical depth (Morel and Berthon, 1989), this upper water 
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column averaging improves comparability of in situ chlorophyll quantification to 

satellite remote sensing. The weighted mean of chlorophyll concentrations in the 

water column was calculated using the method developed by Gordon and Clark 

(1980). To determine an appropriate optical depth, I determined diffuse attenuation 

coefficients at 490 nm (K490) for the sampling region. A typical diffuse attenuation 

K490 for oligotrophic water is approximately 0.04 m-1, yielding a first optical depth 

of 25 m; a more productive and turbid nearshore system may have a K490 of about 

0.2 m-1, yielding an optical depth of 5 m (Arnone et al., 2012). I extracted K490 data 

for all elephant seal locations from the NOAA ERDDAP server (8-day composite, 

VIIRSN on Suomi-NPP, Level-3 SMI, NASA, 4km, R2018). K490 data were 

available within 10 km and 8 days for 60% of elephant seal cast locations. The mean 

K490 ± standard deviation was 0.047 ± 0.012 excluding coastal waters east of -125° 

in which seals spent less than 5% of their time. This K490 value suggests a first 

optical depth of 21.3 m, which agrees with expected values for the offshore North 

Pacific. As such, I averaged fluorescence over an approximated optical depth of 20 m 

for this dataset.  

     I used the shape of chlorophyll profiles within the mixed layer to infer physical 

mixing effects on chlorophyll distribution and illustrate the degree of uniformity of 

chlorophyll distribution within the first optical depth. I calculated density profiles 

using the CTDF tag-collected temperature and salinity measurements in the GSW 

oceanographic toolbox (Version 3.05.5) for Matlab. I determined the mixed layer 

depth (MLD) by finding the maximum of the density curve derivative, a method 
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which I visually confirmed and determined to perform better with this dataset than 

other published methods.  

     I compared the distribution of chlorophyll concentrations within the MLD in casts 

taken at night to nearby profiles taken during the day to investigate possible 

fluorescence quenching effects. I separated fluorescence casts taken during potential 

periods of high irradiance (i.e. during the day) from those taken at night by 

determining the solar zenith angle for the time and location of each cast using the sun 

position package in Matlab (Reda and Andreas 2003). I compared daytime casts to 

nighttime casts taken within decorrelation scales of chlorophyll (discussed in Satellite 

Data) and visually compared the shape of the chlorophyll profile and the near-surface 

chlorophyll concentrations. 

Satellite Matchups 

     I compared at-sea chlorophyll values from the CTDF tags deployed on elephant 

seals with satellite-derived chlorophyll values. VIIRSN R2018 version Level-3 OCI 

algorithm chlorophyll-a products at 4 km resolution were downloaded from NOAA’s 

ERDDAP server using the package rxtracto (Mendelssohn, Version 0.3.4) in R as 

one-day and eight-day composites. I found satellite match up points taken within 1 

and 8 days and 5 and 10 km radius of CTDF casts. These overlap criteria were 

deemed appropriate in maintaining comparability between satellite and in situ 

measurements based on previously published decorrelation scales of chlorophyll. 

Chlorophyll decorrelation scales in the dynamic nearshore California Current 

measured at 60 km offshore have been estimated to range spatially from 5 to 10 km 
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and temporally from 3.4 to 8 days (Frolov et al., 2013; Goebel et al., 2014). Further 

offshore, spatial decorrelation scales range from 8.4 to 36 km in the transition zone 

and 22.5 to 34.8 km in the oligotrophic North Pacific (Goebel et al., 2014). Based on 

these values, I chose conservative overlap criteria of 1 to 8 days and 5 to 10 km. 

     The satellite match-up points were screened following criteria implemented in 

Kahru et al. (2012): any points with fewer than three valid overlapping satellite points 

were excluded, as were points where the ratio of the mean satellite chlorophyll 

concentration over mean in situ concentration was less than 0.2 or greater than 3. The 

median CTDF tag points were regressed against their corresponding satellite match-

up points using a Pearson’s Major Axis Type II regression. 

World Ocean Database Matchups 

     I downloaded all in situ chlorophyll measurements casts collected in the 

northeastern Pacific during the time the CTDF tags were at sea in 2014 from the 

World Ocean Database (WOD) (Boyer et al. 2013). I queried these data for any in 

situ chlorophyll measurements taken within 1 to 8 days and 5 to 10 km (i.e. within the 

decorrelation scales of chlorophyll) of the elephant seal CTDF tag casts to compare 

observed chlorophyll concentrations. 

RESULTS 

CTDF Tag Calibrations 

    I compared CTDF fluorescence readings to chlorophyll extractions in both a 

laboratory and controlled field setting. Our laboratory calibrations yielded chlorophyll 
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estimates 1.6 to 1.8 times higher than the standard manufacturer output over 

chlorophyll concentrations ranging from 0.4 µg/L to 5 µg/L (Figure 1). One of the 

two tags calibrated and deployed in 2014, one was lab calibrated again in 2017. The 

slope of the calibration curve changed by less than 10% (Figure 1). The lab-generated 

calibration curves from 2017 were further validated in a controlled field setting via 

deployments on a CTD rosette in Monterey Bay. CTDF tag-derived chlorophyll 

concentrations generated by our lab calibration curves agreed well with a reference 

fluorometer (Figure 2) and with chlorophyll extractions from water samples collected 

on board the research vessel (Figure 3). The chlorophyll concentrations sampled on 

these cruises ranged from 0.02 to 6 µg/L, which are representative of the majority of 

the North Pacific profiled by the elephant seals down to the lower detection limit of 

the CTDF’s fluorometer.  

CTDF Deployment on Elephant Seals 

     Two CTDF tags were deployed on adult female northern elephant seals in 

February 2014 and recovered in April 2014 when the seals returned to Año Nuevo. 

One of the two tags failed. Three tags (including the working tag that was recovered 

in April 2014) were deployed in June 2014. Two of these tags were recovered 

February 2015. The third animal did not return to the rookery; presumably she died at 

sea and therefore the CTDF tag was not recovered. The deployments yielded three 

records collected by two different tags on three seals (Figure 4). All tag fluorometers 

were calibrated in the lab prior to deployment; one was additionally lab and field 

tested in 2017. The second tag used during the 2014 elephant seal deployments had 
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since been replaced and was therefore unavailable for field testing. No biofouling was 

observed on any of the fluorometers upon instrument recovery and I found no 

evidence of drift in the fluorometer during the duration of the tag deployments.  

     The batteries in both CTDF tags recovered in February 2015 were depleted while 

the seals were still at sea. I tested whether battery life status affected fluorometer data 

by examining deep water fluorescence data (>175 m) throughout the record and 

identified unreliable data where readings began deviating from reasonable near-zero 

values. These data were then removed along with at least a week of data preceding 

these questionable readings. 

     All three elephant seals displayed movement patterns typical of northern elephant 

seal migrations from Año Nuevo as observed since 2004 (Robinson et al., 2012). The 

seals travelled offshore in an approximately westerly direction and remained north of 

the Año Nuevo colony (Figure 4). The three seals travelled 4,476 km, 3,807 km, and 

3,116 km from shore, respectively. The seals left the coastal zone (300 km offshore) 

within 5 days. All three outbound tracks followed very similar trajectories, heading 

northwest from Año terminating near 48°N and 175°W in the longer post-molt 

migration, and near 159°W during the shorter post breeding trip. Much of the seals’ 

offshore trajectory covered the subarctic-subtropical transition zone, which lies 

between approximately 32°N and 42°N (Roden, 1991), and the subarctic gyre.  
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Processed CTDF Tag Data 

     The oceanographic data collected from all three CTDF tag deployments combined 

yielded 1394 CTD casts of at least 180 m depth, with a mean profiling depth of 574 m 

and maximum depth of 1155 m. The fluorometers documented subsurface 

chlorophyll maxima deeper than 20 m (the approximated first optical depth 

representative of most of the region) in 80.7% of the profiles. The mean depth of 

subsurface maxima was 40.1 m, with 45.3% of profiles exhibiting maxima at this 

depth or deeper. 12.1% of all casts had subsurface maxima with concentrations over 

four times what was found in the first optical depth; 8.1% of casts showed subsurface 

maxima more than 10 times upper water column concentrations.  

     I observed no consistent evidence of a near surface fluorescence reduction 

indicative of fluorescence quenching in daytime casts (26% of dives) when compared 

to nearby nighttime casts (74% of dives). The slope of the in situ to satellite 

chlorophyll regression were similar when day and night samples were analyzed 

separately and showed no evidence of lower in situ chlorophyll measurements taken 

during the daytime (Figure 5). This provided further evidence that possible 

fluorescence quenching did not bias our results.  

Satellite Matchups 

     The broadest overlap criteria (10 km and 8 day) generated match-up points for 

23.5% of the CTDF casts; the most stringent overlap criteria (5 km and 1 day) yielded 

satellite match-up points for 5.9% of the CTDF casts. The CTDF dataset included 

surface chlorophyll concentrations from 0.04 to 8 µg/L, but concentrations over 3 
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µg/L were poorly represented in the satellite match-up points. ≥ 97% of the satellite 

match-up points measured chlorophyll concentrations below 2 µg/L. Chlorophyll 

concentrations > 2 µg/L were only represented in matchup points using 8-day overlap 

criteria and all of these match-up points of higher chlorophyll concentration were 

coastal (longitude > -125°).   

     The slopes of the Pearson’s Major Axis Type II regression ranged from 1.53 to 

4.96 with in situ chlorophyll measurements higher than concurrent satellite data 

(Figure 6, Table 1). In situ values exceeding satellite values by a mean factor of 4.71 

were consistently observed for satellite chlorophyll concentrations under 1 µg/L that 

made up the bulk of the match-up data and corresponded to CTDF chlorophyll values 

between 1 and 3 µg/L. At higher chlorophyll concentrations, the difference between 

in situ measurements and satellite measurements was less pronounced, though the 

sample size of match-up points exceeding 1 µg/L was limited (N < 9).  

World Ocean Database Matchups 

      The WOD contained 624 casts of chlorophyll data taken within the entire range of 

the elephant seals’ northeastern Pacific range during the period in which CTDF tags 

were deployed in 2014. In situ chlorophyll data for 2014 from the WOD did not 

contain any measurements taken within the chlorophyll decorrelation scales (10 km 

and 8 days) of elephant seal measurements and I was therefore unable make any in 

situ comparisons between WOD data and CTDF tag data.  
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DISCUSSION 

     The deployments of CTDF tags on northern elephant seals yielded high resolution 

in situ chlorophyll fluorescence data spanning a large region in the northeastern 

Pacific and provided support for this organism-mounted platform as a viable 

complement to more traditional oceanographic sampling platforms. Elephant seals are 

very cost effective autonomous oceanographic profilers relative to other in situ 

sampling methods. An oceanographic glider may cost about $998 per day to operate 

and a research vessel upwards of $25,000 per day (Schofield et al., 2010). The seal-

mounted CTDF tag costs $95 per day for a three-month deployment. This figure 

includes the cost of the tag itself; if the tag is recovered and redeployed, the cost of 

operation is only about $10 per diem for a three-month deployment, with costs 

decreasing with longer deployments. Deploying the tag on northern elephant seals 

yields about 100 casts per month. 

     The calibration of individual fluorometers to conditions representative of the study 

system in question is an important consideration for autonomous sensors. 

Manufacturer calibrations are often robust for chlorophyll-a in monocultures under 

controlled conditions or for extracted pigments but not appropriate for different 

marine systems where phytoplankton assemblages vary. While there are limitations to 

laboratory conditions and nearshore field tests, the species composition, range of 

chlorophyll concentrations, and water properties used in our calibrations 

approximated conditions typical of much of the North Pacific. The ship-based 

chlorophyll measurements were in good agreement with the chlorophyll data 
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collected by the lab-calibrated CTDF tags. This agreement suggests that laboratory 

calibrations can suffice when appropriate phytoplankton samples are used as field 

tests are not always possible.  

     While fluorometers returned after elephant seal deployments without evidence of 

biofouling, inspecting fluorescence data for drift is an important step to control for the 

effect of algal growth that may have occurred during deployment. Algal biofouling, 

which is a common problem on many autonomous sensors deployed for extended 

time periods, may be largely avoided by elephant seals at sea spending the majority of 

their time well below the euphotic zone, discouraging photosynthetic organismal 

growth on the tag. One repeated calibration of a CTDF tag suggests the fluorometers’ 

measurements remain robust over time both in storage and at sea. One notable 

exception was the collection unreliable measurements near the end of the tags’ battery 

life. Utilizing a solid standard or dye to routinely test the sensor would provide a 

consistent method to evaluate drift or instability in the fluorometer in the future. 

     While no consistent evidence of fluorescence quenching was detected in this 

dataset, this does not rule out the possibility that quenching may affect chlorophyll 

concentrations measured by fluorometers in this region. There is no clear community 

consensus for correcting the effects of fluorescence quenching (Roesler et al., 2017), 

though several methods have been proposed. The nonuniformity of chlorophyll 

within the mixed layer over much of the dataset precluded the use of established 

correction methods such as the method developed by Xing et al. (2012) for this 

dataset. Choosing to include daytime profiles in this analysis did introduce possible 
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error, but no bias in our satellite comparison results were observed when using day- 

and night-collected fluorescence data separately. Given the lack of consistent 

evidence of near-surface fluorescence quenching during periods of high irradiance 

and no well-supported correction method appropriate for this dataset, the boxcar 

smoothing of chlorophyll profiles and optical depth averaging prior to satellite 

comparison were determined sufficient to correct for any effect of quenching. The 

higher in situ chlorophyll values relative to satellite measurements also make 

widespread quenching unlikely as fluorescence quenching would depress in situ 

chlorophyll signals. However, additional in-depth analyses of a larger sample set of 

daytime profiles from this region along with closely matched nighttime profiles 

ideally supplemented with radiometry data would be valuable to evaluate the 

prevalence of fluorescence quenching in the northeast Pacific and to develop 

appropriate correction methods.  

       Analogous comparisons of in situ and satellite-derived chlorophyll data in other 

studies have also revealed higher in situ values that exceeded satellite data by a 

factors by factors of up to 10 (Table 2). These discrepancies are due in large part to 

differences in phytoplankton taxonomic composition affecting chlorophyll 

determination by satellites (Dierssen, 2010). Observations of disagreement between 

in situ and satellite chlorophyll measurements date back to the 1990s (eg. Kahru and 

Mitchell 1999, Mitchell and Holm-hansen 1991, Dierssen and Smith 2000, Arrigo et 

al. 1998). While ocean color satellites are replaced and algorithms are continuously 

tested and adjusted, further algorithm refinement remains necessary. Disagreement 
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between satellite and in situ chlorophyll measurements is well-documented in the 

Southern Ocean and other high-latitude waters (Table 2). To our knowledge, previous 

satellite-in situ chlorophyll comparisons from the North Pacific are limited to 

nearshore waters. This study demonstrates that discrepancies between remotely 

sensed and in situ measured chlorophyll may occur throughout the northeastern 

Pacific. A common conclusion from previous analyses is a community need for 

regional algorithms for ocean color products (eg. Johnson et al., 2013; Kahru and 

Mitchell, 2010; Szeto et al., 2011). In situ data such as those presented here could 

assist in further refinement of ocean color algorithms and possible development of 

regional alternatives. 

     In addition to a scaling difference between in situ and satellite derived chlorophyll 

measurements, several studies have observed non-linearity in the relationship 

between in situ and satellite chlorophyll values, where differences between 

measurements taken by each method differ with chlorophyll concentration (Cota et 

al., 2003; Kahru et al., 2012; Stramska et al., 2003). The nature of this relationship, 

however, varies across different studies conducted in different regions. Some studies 

observe underprediction by satellites at concentrations <10 mg/m3 but satellite 

overprediction at very high concentrations (Cota et al., 2003); others show satellite 

underestimation at moderate chlorophyll concentrations (2-3 mg/m3) but 

overestimation at very low chlorophyll concentrations (<0.2 mg/m3) (Stramska et al., 

2003). Still others document consistent underestimation but stronger underestimation 

at high chlorophyll (eg. Kahru et al., 2012). I observed greater underestimation by 
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satellites at low in situ concentrations (< 3 mg/m3) than at higher chlorophyll 

concentrations, though the small sample of concurrent satellite and seal data at higher 

concentrations limits my ability to demonstrate a nonlinear trend. The high 

concentration satellite matchup points were all in the coastal zone, which differs 

optically from the rest of the sampling region. It is possible that the satellite algorithm 

may be performing differently in the more productive nearshore region, but as the 

elephant seals spent very little time there, I do not have enough data to investigate this 

different trend observed in higher chlorophyll concentrations. 

      Discrepancies between satellite and in situ chlorophyll measurements beg the 

question of whether the in situ instrument is biased or inaccurate. A recent study 

documents biases in WET Labs ECO fluorometers after global analyses compared 

fluorometer measurements to in situ radiometry, NASA’s standard ocean color 

algorithm, absorption line height, and HPLC chlorophyll determinations (Roesler et 

al., 2017). After proposing a global average factor of 2 overestimation in these 

fluorometers, the authors recommend similar analyses be done for all sensor makes 

and models as manufacturers’ individual calibration standards may differ (Roesler et 

al., 2017). No such recommendation has been made explicitly for the Turner Cyclops 

fluorometers used in the CTDF tags and the present study is not equipped to conduct 

such an evaluation. Regardless, the need for careful sensor calibration is universal. I 

did observe a factor of two or more difference between fluorescence values and 

satellite ocean color values, which could be reduced implementing the proposed 

correction factor for WET Labs fluorometer. However, in contrast to Roesler et al.’s 
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(2017) findings, I did not observe this factor difference in chlorophyll value when 

comparing the CTDF tag fluorometers to reference fluorometers or chlorophyll 

extractions. As I had already adjusted the manufacturer calibration curve, did not 

consistently observe this misestimate across chlorophyll measurement methods, and 

our study is not the first to document underestimation by satellites, I cannot at this 

point ascribe the difference between satellite and in situ measurements to a 

fluorometer bias.  

     While other calibration methods have been suggested for autonomous chlorophyll 

profilers, most are not appropriate for an animal-mounted platform limited in size and 

mass. Lavigne et al. (2012) used satellite ocean color data to correct in situ profiles, 

which was not an appropriate method for this dataset given the observed 

discrepancies between regionally calibrated fluorometry and satellite chlorophyll 

products. Xing et al. (2011) developed a radiometry-based calibration protocol for in 

situ fluorescence data for implementation on Bio-Argo floats. Barring miniaturization 

of an additional radiometer measuring irradiance at three or more wavelengths in a 

tag small enough for marine animal deployment, this method is not feasible for 

animal-mounted sensors at this time.  

     The lack of comparable in situ chlorophyll data from the World Ocean Database 

highlights a community need for expanded in situ datasets where possible. While 

comparison to oceanographic climatologies may be appropriate for other data such as 

temperature and salinity, climatological averages are not generated for chlorophyll. 

Seasonal blooms occur consistently in the northeastern Pacific, but their spatial 
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variability is too great to predict (Wilson et al., 2013). The lack of available in situ 

data in the WOD to validate our measurements highlights the need to incorporate 

additional sources of in situ data to oceanographic data repositories. During the 

period the CTDF tags were at sea from February to November 2014, the elephant 

seals sampled regions without existing in situ data in the WOD and yielded 

chlorophyll casts which would more than triple the existing database in the WOD 

from the northeastern Pacific during this sampling period. 

     The Sea Mammal Research Unit recently released a new model of the CTDF tag 

which integrates a smaller fluorometer underneath the conductivity cell, reducing the 

width of the tag from 10 cm to 7 cm. This reduction in size can facilitate deployment 

of the tag on smaller animals and could broaden the potential applications of this 

instrument. The addition of light level sensors or miniaturized radiometers has the 

potential to improve estimates of optical depths and may also enable calibration of 

chlorophyll profiles (Xing et al., 2011). 

CONCLUSION 

     In a rapidly changing ocean, it is imperative that we expand oceanographic 

sampling to incorporate new methods and make standardized data available to the 

scientific community, with a focus on Essential Ocean Variables (EOVs, Miloslavich 

et al., 2018). For any autonomous platform measuring chlorophyll by fluorescence, 

region-specific calibrations should be carried out using samples of mixed species and 

cell sizes typical of the study system. Satellite ocean color data alone for ground-

truthing should be used with caution. Oceanographic data derived from instrumented 
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animals is becoming an accepted methodology. Here I demonstrated that CTDF 

tagged northern elephant seals are an effective source of high resolution in situ 

chlorophyll fluorescence data for the northeastern Pacific. Animal-mounted 

fluorometers can profile the entire euphotic zone at relatively low cost compared to 

other autonomous sensing platforms and illuminate subsurface chlorophyll profiles 

critical for primary productivity calculations, generating data of great interest in a 

changing climate. 
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FIGURES 

 

 

Figure 1. Laboratory calibrations yielded adjusted calibration curves for chlorophyll 

measurements for tag 1 (top) and tag 2 (bottom) prior to elephant seal deployment in 

2014. Repeated calibration of tag 2 in 2017 (blue) shows little difference from 2014 

(orange) calibration.  
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Figure 2. Least squares regression of in situ fluorescence-derived chlorophyll 

measurements from the CTDF tag mounted on the research vessel’s CTD rosette and 

the vessel’s fluorometer (slope = 1.0325, intercept = -0.0709, R
2
 = 0.95, N = 2416). 
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Figure 3. Least squares regression of chlorophyll extractions from samples collected 

at sea and in situ fluorescence-derived chlorophyll measurements from the CTDF tag 

mounted on the research vessel’s CTD rosette (MBARI R/V Rachel Carson, slope = 

0.8376, intercept = 0.3437, R
2
 = 0.87, N = 83). 
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Figure 4. Tracks of three tagged northern elephant seals carrying CTDF tags deployed 

in 2014. The batteries of two tags died before returning to land, yielding incomplete 

tracks (purple and green tracks). 
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Figure 5. In situ chlorophyll measurements in the first optical depth taken during the 

day (yellow) compared to in situ chlorophyll measurements taken at night (blue) do 

not exhibit a bias of lower chlorophyll values during the day when fluorescence 

quenching might be occurring.  
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Figure 6. In situ chlorophyll concentrations measured by elephant seal-mounted 

CTDF tags are higher than satellite chlorophyll measurements at various 

spatiotemporal overlap criteria. The dashed line is the 1:1 line, the green line is the 

Pearson’s Major Axis Type II regression line representing chlorophyll points less than 

1 µg/L, and the purple line is the regression line representing all chlorophyll points 

including higher concentrations. 
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Table 1. Regression statistics comparing R2018 Level-3 OCI algorithm VIIRSN 

chlorophyll at 4 km resolution to elephant seal CTDF tag in situ chlorophyll data at 

varying spatial and temporal overlap criteria and spanning differing chlorophyll 

concentrations. Statistics reported include the slope, intercept, and R2 of the Pearson’s 

Major Axis Type II regression, Semi-Interquartile Range (SIQR), Median Percent 

Difference (MPD), and Root Mean Square Error (RMSE). At 8-day overlap criteria, 

regressions are run first for all chlorophyll matchup points and separately for only 

low chlorophyll values (≤ 1 µg/L as measured by the satellite). The 1-day overlap 

criteria included no satellite points over 1 µg/L. 
 

Temporal 

overlap 

Spatial 

overlap 

Chlorophyll 

range 

Slope 

  

Intercept 

  

R2 N SIQR MPD RMSE 

1-day 5 km ≤ 1 µg/L 4.34 -0.33 0.31 79 0.063 72.80 0.63 

1-day 10 km ≤ 1 µg/L 4.62 -0.36 0.46 94 0.076 74.42 0.56 

8-day 5 km ≤ 6 µg/L 1.53 0.51 0.66 356 0.073 72.81 0.50 

8-day 5 km ≤ 1 µg/L 4.96 -0.42 0.59 348 0.071 73.02 0.44 

8-day 10 km ≤ 6 µg/L 1.55 0.51 0.61 410 0.073 73.84 0.53 

8-day 10 km ≤ 1 µg/L 4.91 -0.38 0.61 402 0.069 73.91 0.42 
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Table 2. Recent studies observing higher in situ chlorophyll values compared to 

concurrent satellite chlorophyll data. 

Study Region Sensor (Algorithm) Factor in 

situ/satellite 

Kahru and Mitchell 2010 Southern Ocean SeaWiFS (OC4v4) 2-3 

Garcia et al. 2005 Southern Ocean SeaWiFS (OC4v4) 1.56 

Guinet et al. 2013 Southern Ocean MODIS 2.68 

Cota et al. 2003 Labrador Sea SeaWiFS (OC4v4) >1.5 

Strutton et al. 2011 Labrador Sea SeaWiFS and MODIS 2.6 

Stramska et al. 2003 Polar Atlantic MODIS 2 

Stramska et al. 2003 Polar Atlantic SeaWiFS (OC2, OC4) 1.2 

Kahru et al. 2009 California Current SeaWiFS (OC4v4) & 

MODISA 

Up to 5 

Kahru et al. 2014 California Current MODIST 1.4 

Kahru et al. 2014 California Current MERISRR 1.15 

Kahru et al. 2014 California Current SeaWiFS 1.3 

Kahru et al. 2014 California Current MODISA 1.28 

Kahru et al. 2014 California Current VIIRS 1.12 

Kahru et al. 2014 California Current MERISNASARR 1.22 

Kahru et al. 2015 California Current VIIRS 1.47 

Kahru et al. 2015 California Current MODISA 1.14 

Kahru et al. 2012 California Current SeaWiFS, MODIS, OCTS Up to 5 

Kahru and Mitchell 1999 CA Current red tides SeaWiFS (OC2) Up to 10 

Perry et al. 2008 Washington Coast SeaWiFS 3 

This study NE Pacific VIIRS (OCI) 1.39-4.93 




