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Abstract we diagnosed the effect of various physical processes on the distribution of mixed-layer
colored dissolved organic matter (CDOM) and a sulfur hexafluoride (SF¢) tracer during the Southern Ocean
Gas Exchange Experiment (SO GasEx). The biochemical upper ocean state estimate uses in situ and satellite
biochemical and physical data in the study region, including CDOM (absorption coefficient and spectral
slope), SFe, hydrography, and sea level anomaly. Modules for photobleaching of CDOM and surface
transport of SF¢ were coupled with an ocean circulation model for this purpose. The observed spatial and
temporal variations in CDOM were captured by the state estimate without including any new biological
source term for CDOM, assuming it to be negligible over the 26 days of the state estimate. Thermocline
entrainment and photobleaching acted to diminish the mixed-layer CDOM with time scales of 18 and 16
days, respectively. Lateral advection of CDOM played a dominant role and increased the mixed-layer CDOM
with a time scale of 12 days, whereas lateral diffusion of CDOM was negligible. A Lagrangian view on the
CDOM variability was demonstrated by using the SF4 as a weighting function to integrate the CDOM fields.
This and similar data assimilation methods can be used to provide reasonable estimates of optical
properties, and other physical parameters over the short-term duration of a research cruise, and help in the
tracking of tracer releases in large-scale oceanographic experiments, and in oceanographic process studies.

1. Introduction

This study was motivated by the limitations of remote sensing coverage due to cloud interference during
the Southern Ocean Gas Exchange experiment (SO GasEx), and our need to understand biophysical process-
es controlling the distribution of inherent optical properties (IOPs) in the ocean. It was also motivated by dif-
ficulties in predicting the trajectory of tracers released during SO GasEx. Therefore, our goals were to
estimate the three-dimensional time evolving distribution of colored dissolved organic matter (CDOM) dur-
ing SO GasEx, diagnose the physical processes controlling CDOM distribution, and to determine the skill of
our model in predicting the trajectory of a tracer patch.

This study takes advantage of previous efforts by Del Castillo and Miller [2011], Dwivedi et al. [2011], and Ho
et al. [2011]. They, respectively, documented CDOM distribution, sources, and sinks during SO_GasEx, pre-
sented a state estimate of the physical (circulation, hydrographic, and mixed-layer) fields during SO GasEx,
and presented results of sulfur hexafluoride (SF) and helium-3 (*He) tracer releases to better parameterize
air-sea gas exchange in the Southern Ocean.

Here we hypothesized that thermocline entrainment, photodegradation, and advection controlled the
mixed-layer CDOM at the study site. Entrainment decreases mixed-layer CDOM because thermocline CDOM
values are lower than those in the mixed-layer. Photodegradation is a sink, whereas advection can act as
either a source or a sink of CDOM. Biological sources and sinks of CDOM are important in the SO and else-
where [e.g., Nelson et al., 1998; Del Castillo and Miller, 2011]. However, they are uncertain in magnitude and
we hypothesize that are negligible in comparison to physical processes over periods of weeks (recall that
our ultimate goal is to use models to fill gaps in satellite imagery, which are typically in the order of days).
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To test our hypothesis, we performed several numerical experiments designed to constrain the effects of
photobleaching, entrainment, and advection on CDOM as quantified in a state estimate. A successful fit of
the modeled CDOM fields to the data means that biological processes are negligible over the course of the
experiment. Furthermore, we hypothesized that our data assimilation model will show skill in describing
the dispersal of SF¢ tracer.

The SO GasEx took place in the South Atlantic Ocean near South Georgia Island during the austral fall of
2008 (29 February to 12 April 2008) [Ho et al., 2011]. The main objectives of SO GasEx were to measure and
quantify air-sea gas transfer velocities at high wind speeds, and to understand the influence of chemical
and biological processes on gas exchange. As part of this task, SFs and *He were released in the mixed-layer
and their dispersal was mapped.

In general, CDOM abundances in the Southern Ocean are low. Expressed as the absorption coefficient (a,)
at 440 nm, values in the literature are typically 0.02 m™", but generally higher in our study site (average
0.046 m~'; ¢ = 0.01) [see Del Castillo and Miller, 2011, and references therein]. Higher absorption coefficients
are found in coastal waters, and in particular, the region around South Georgia Island, near the SO GasEx
study site, had high CDOM (a, (440) ~ 0.05 m~") and chlorophyll [Del Castillo and Miller, 2011]. High values
of chlorophyll are attributed to the island mass effect [Atkinson et al., 2001; Korb and Whitehouse, 2004; Mes-
khidze et al., 2007]. Del Castillo and Miller [2011] describe vertical and horizontal variability of CDOM during
SO GasEx and conclude that high values of CDOM in the study region could be caused by either in situ pro-
duction or by runoff from South Georgia Island. The typical values of acpon (440) in the region ranged from
~0.02 to ~0.06 m~ ' [Del Castillo and Miller, 20111.

The processes controlling the spatial and temporal distribution of upper ocean CDOM in the study region
are largely unknown and the cruise track sparsely sampled the region (Figure 1). For this reason, synthe-
sizing data with a regional model using data assimilation is an attractive way to study the CDOM dynam-
ics. In a previous contribution [Dwivedi et al., 2011], we described and presented a state estimate of the
physical (circulation, hydrographic, mixed-layer) fields during SO GasEx. Here we extend that study by
including CDOM data from both in situ samples and satellite observations. The SFs data were also
included.

2. State Estimation

The state estimation requires a limited area eddy-resolving numerical ocean circulation model, an assimila-
tion procedure, observations, and their associated uncertainties. The ocean circulation model used was the
MITgcm, and the method of Lagrange multipliers produced a least square fit of the model to the data [Dwi-
vedi et al., 2011]. The discrepancy between the model trajectory and the observations was minimized using
an iterative algorithm.

Below we describe in brief the ocean circulation model setup. Further details of the forward and
adjoint models are given in Dwivedi et al. [2011]. We customized the MITgcm to run at high-resolution
in the area (35.09°W-40.41°W, 49.65°S-52.85°S) around the SO GasEx cruise region (36.88°W-38.58°W,
50.71°5-51.79°S), and used the zonally periodic boundary condition (Figure 1). We used spherical polar
coordinates with approximately 4 km (~0.065°) horizontal resolution in the SO GasEx domain. The
model has 36 vertical (depth) levels (Table 1). We used higher vertical resolution for the upper ocean
(5 m for the top 50 m) slowly telescoping out at depth. The bathymetry data were extracted from the
high-resolution topography data of Smith and Sandwell [1997]. The 6 hourly air temperature, humidity,
precipitation, evaporation, and downwelling longwave radiation data from the NCEP/NCAR reanalysis
[Kalnay et al., 1996] were used to force the model. The wind speeds 10 m above sea level were taken
from the blended sea winds data [Zhang et al., 2006]. For downward shortwave radiation forcing, we
used hourly surface solar irradiance obtained from the OASIM model [Gregg and Casey, 2009]. We
developed packages to simulate the advection and diffusion of CDOM and SFg tracers [sections 2.1
and 2.2] and couple them to the MITgcm passive tracer package [Adcroft et al., 2009]. The circulation
model was started with an initial hydrography (temperature and salinity), initial horizontal velocity,
and initial sea level elevation field. These initial fields were obtained from the SO GasEx state estimate
(GESE) of Dwivedi et al. [2011].
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Figure 1. Cruise track and location of CTD stations that included CDOM samples (shaded diamonds). Mixed-layer CDOM values doubled south of 51°S for stations sampled after 20
March 2008 (thick latitude line). The regional model domain is shown on the right and is periodic in the zonal direction (the gray bar shows the northern wall). The region of interest for
SO GasEx is the central rectangle surrounding the CTD stations.

In the 4-D Var assimilation technique, we minimized a scalar cost function (J), which is the sum of squared
model-data misfit terms, and squared control-vector correction terms, with every term appropriately
weighted:

= S0 e-E0xo] Ry -E(Ox 0]+ b0 -x2 Py [x(0) 53], U

where the first sum represents the model-data misfit terms, and the second term represents initial-
condition uncertainty. In (1), x(t) is the model state vector at time step t; y(t) is the vector of observations;
E(Ox(1) is the corresponding model counterpart; and x§ is the background estimate of the model state at
the initial time. R here is the error covariance matrix for the data-model misfit terms, and Py is the back-
ground error covariance matrix for initial state x5 [Dwivedi et al,, 2011]. The assimilation process controls the
initial temperature and salinity, initial horizontal velocity, initial SFs concentration, and initial CDOM absorp-
tion coefficients at 350, 380, and 400 nm. The length of the control vector is 790,328 for these eight varia-
bles. The cost function that is minimized included contributions from the in situ data, remotely sensed data,
and initial fields. The in situ data terms in the cost function were due to CTD temperature and salinity (CTDT
and CTDS), CDOM at 350 nm (CDOM350), CDOM380, CDOM400, and deliberately released and background
SFs. The remotely sensed satellite data terms in the cost function were due to the sea surface temperature
(SST), normalized absolute dynamic topography (NADT), surface CDOM at 350 nm (SCDOM350), SCDOM380,
and SCDOMA400 fields. The initial temperature, salinity, CDOM (at each wavelength), and SF fields also con-
tributed to the cost function. These observations are described in detail in section 3. Adjusting the surface
forcing was not needed to achieve a close fit to the data over a period of 26 days.
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2.1. CDOM Modeling

Table 1. Model Vertical Levels, Thicknesses, and Depths .
We developed a package for MITgcm to simulate

Vertical (z) Thickness Depth (Middle . . . ]
v (m) of the Cell) (m) advection and diffusion of CDOM at multiple wave-
] s e lengths. We treated the CDOM absorption coeffi-
2 5 7.5 cients as passive tracers with time and space-varying
8 g 123 sources and sinks. The absorption of light by CDOM
4 5 17.5 . . .
5 5 225 and the associated photobleaching (photolysis)
6 5 27.5 acted as the main sink. Following Del Vecchio and
; : §§§ Blough [2002], the CDOM absorption coefficient
9 5 7ol acpom after illumination for a short time At is
10 5 475 ,
" 6 53.0 acpom(4,2) =acpom(4) exp[-f(l, z)Dt],  (2)
12 6 59.0 ) . .
13 6 65.0 where f (4, 2) is the photobleaching rate at wave-
14 6 71.0 length / and depth z. It is given by
15 7 775
16 9 85.5 f(1,2) =ap(L)E(A)exp|-k(4,2)zZ], (3)
17 11 95.5
12 1‘; :gig where gp (1) is the photobleaching cross-section
20 2 0 (from Del Vecchio and Blough [2002], which takes
21 28 169.0 into account indirect photobleaching), E(/) is the
;g 4312 ;gg'i solar irradiance at wavelength / transmitted through
24 55 o the sea surface, and k(/, 2) is the vertical attenuation
25 70 353.0 coefficient, which for computational simplicity was
;3 19200 g;g approximated as 1.3 ag,, (4, 2) [Preisendorfer, 1976],
28 150 e dgw = ag(/) +ay(4), and a,(/) is the absorption by
29 200 848.0 pure water [Smith and Baker, 1981]. In previous work,
z? ;23 :g;ig we have found this to be a reasonable approxima-
3 500 1798.0 tion for k, particularly in water with optical properties
33 650 2373.0 dominated by CDOM absorbance [Del Castillo et al.,
34 800 3098.0

1999].
35 1000 3998.0
36 1000 4998.0

The CDOM model was run for three different wave-
lengths 350, 380, and 400 nm using the hourly sur-
face solar irradiance obtained from the OASIM
radiative transfer model. The OASIM model provides realistic solar irradiance values. See Gregg and Casey
[2009] for a detailed discussion.

The CDOM background initial conditions were made by combining satellite and in situ CDOM data for each
wavelength. The average vertical profile of in situ CDOM observations was scaled at each horizontal point
to match the average surface SCDOM observations from the satellite. For each wavelength modeled, we
took the average vertical profile of CDOM data from the in situ water samples (section 3.2). Then we took
the time average surface SCDOM observations from satellite data (section 3.3). The CDOM background
initial-condition field was then computed by projecting the average surface values into the water column
using the average vertical profile adjusted so that it matches the surface values at every place.

2.2. SFg Modeling
The SF¢ concentration field was treated as a passive tracer with air-sea gas exchange. The air-sea SFg flux
was calculated as

Fexch= kp (FXarm*Xsurf) 5 (4)

where k, is the gas transfer velocity, F is the SF4 solubility, and X, and X, are the SFg concentrations in
the atmospheric boundary layer and at the ocean surface, respectively. The k, and F parameters were
obtained following the procedure of Ho et al. [2006] and X, is chosen as 6.2 pptv (http://www.esrl.noaa.
gov/gmd/hats/combined/SF6.html).

Two SF¢ releases were made during the SO GasEx. The nominal injection depth for both releases was
5-6 m. The first injection took place on 8 March 2008 centered at 38.63°W, 50.60°S. The second injection
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took place on 21 March 2008 and was centered at 38.40°W, 51.14°S. To simulate these events, we used two
SFe tracer fields in the model. The first field was initialized with a small concentration of 5 fmol L~' on 10
March 2008 (the start date of the state estimate). We then relaxed the tracer concentration in the mixed-
layer to 2000 fmol L' at 38.40°W, 51.14°S on 21 March 2008. We denoted this tracer as SFe_1: it represents
the released SFg. The second (referred to as SFe_2) represents the prerelease SFg field and the weak SF¢ field
from the 8 March 2008 test release. The SF¢_2 tracer starts on 10 March 2008 with an initial concentration
obtained by averaging the observed SFq profiles between 10 and 21 March 2008. Both of the fields
advected, diffused, and exchanged with the atmosphere during the simulation and the initial concentration
of SF¢_2 was controlled by the optimization procedure. We computed the misfit between SF4 observations
and the sum of SFs_1 and SF¢_2 to estimate the SF¢ cost.

3. Observations and Associated Uncertainties

Physical and biochemical measurements were used in the state estimate. The physical measurements
included sea surface height and temperature from satellites and in situ hydrographic data. Dwivedi et al.
[2011] also use these data and only a brief description is given here. The biochemical measurements (in situ
and satellite CDOM and in situ SF¢) were new to this state estimate.

3.1. Sea Surface Height, Sea Surface Temperature, and In Situ Hydrography Observations
Remote-sensed sea surface height data were derived from Normalized Absolute Dynamic Topography
(NADT) measurements. The NADT data were obtained by subtracting the space-time-mean dynamic topog-
raphy—a single number—from the AVISO multimission gridded absolute dynamic topography data. This
process ensured that the mean of NADT was zero. The AVISO formal mapping error field corresponding to
the gridded data was used as the NADT uncertainty in the state estimate. There were 18,928 NADT observa-
tional data in the state estimate.

Remote-sensed sea surface temperature (SST) data were taken from the Advanced Very High Resolution
Radiometer, Advanced Microwave Scanning Radiometer, Optimal Interpolation, L4, gridded data set from
the Global Ocean Data Assimilation Experiment High Resolution Sea Surface Temperature Pilot Project
(GHRSST-PP) [Reynolds et al., 2007]. We chose a constant value of 1°C for SST uncertainty as in Dwivedi et al.
[2011]. There were 18,928 SST observational data in the state estimate.

The in situ temperature and salinity (CTDT and CTDS) observations were obtained from the 41 CTD stations
along the SO GasEx cruise track between 6 March and 4 April 2008. The uncertainty values of 0.4°C and 0.05
for CTDT and CTDS were used in the state estimate (as in Dwivedi et al. [2011]). There were 845 CTDT and
CTDS observational data (each) in the state estimate.

3.2. In Situ CDOM Observations

In situ SO GasEx CDOM observations are discussed in detail by Del Castillo and Miller [2011]. Briefly, water
samples for CDOM analysis were collected at 51 locations (Figure 1). Samples were drawn from the water
bottles to cover the mixed-layer, thermocline, and several depths below the thermocline. Water was collect-
ed in clean amber-colored glass bottles and filtered through prerinsed 0.22 um membrane filters under
light vacuum. All samples were analyzed on board using an Ultrapath wave-guide spectrophotometer [Mil-
ler et al., 2002]. Absorption scans were collected between 300 and 750 nm. The absorption coefficient,
dcpom(4), was calculated using acpon(4)=2.303A(4)/l, where A is the absorbance, and / is the path length in
meters which was 2 m in this case. Corrections for the difference in refractive index between seawater and
the blank were made according to Nelson et al. [2007]. The spectral slope parameter S was calculated
between 350 and 500 nm using spectral observations and a least square regression [e.g., Blough and Del
Vecchio, 2002]. Abundance of CDOM was reported using the absorption coefficient of CDOM at 440 nm
(CDOM440) to ease comparison with remote sensing estimates of CDOM [Zhu et al., 2011]. However, in the
model described below we used acpom(4) at 350, 380, and 400 nm because these wavelengths are more rel-
evant to CDOM photochemistry [Coble, 2007; Zhu et al., 2011]. A total of 504 in situ CDOM observations
were used in the state estimate for each wavelength. The standard deviation of the difference between the
raw CDOM and the gridded (bin-averaged) interpolated CDOM abundances was 0.01 m~ . This value was
used as the CDOM uncertainty for each wavelength. The space-time standard deviation of in situ CDOM
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data was 0.05 m™" for each wavelength. This value was used as the uncertainty of the initial (background)
CDOM field at all grid points.

3.3. Satellite Surface CDOM Observations

Remote sensing imagery from the Moderate Resolution Imaging Spectrometer (MODIS-AQUA) was down-
loaded from NASA's Ocean Color web-site (http://oceancolor.gsfc.nasa.gov). Imagery from the Sea-viewing
Wide Field of View Sensor (SeaWiFS) was not available for the cruise period. Remote sensing reflectance val-
ues was extracted from the imagery and we used the quasi-analytical algorithm of Lee et al. [2002] to calcu-
late surface CDOM absorption coefficients at 448 nm (SCDOM448). The satellite retrievals at 412 nm were
not used due to uncertainties with the atmospheric corrections at this wavelength. Owing to cloud cover,
SCDOM448 observations were available for only 4 days (on 21, 22, 24, and 27 March 2008) within our simu-
lation period. Moreover, none of these observations have complete coverage over the SO GasEx domain.
For this reason, we were not able to perform a validation of the SCDOM448 retrieval using matchups with
in situ data. However, the satellite retrievals were within the range of values obtained with in situ samples
[see Del Castillo and Miller, 2011, for further discussion]. There were 1877 observations of SCDOM in the SO
GasEx domain during the assimilation period.

The CDOM spectral slope S was used to calculate SCDOM350, SCDOM380, and SCDOM400 based on these
remote sensing retrievals at 448 nm according to

SCDOM(7) = SCDOM(Jref) exp|(Zrer—1)] (5)

with Ar =488 nm and S= 0.0145 nm ™' (¢ = 0.0009; ranged from 0.0138 to 0.0167 nm™'). Here S is the
average value of spectral slope from the entire in situ data, not just the surface samples. The SCDOM in the
SO GasEx region varies between 0.03 and 0.003 m™' for 448 nm, whereas it varies between 0.248 and
0.015 m™" for 350 nm, between 0.156 and 0.009 m~' for 380 nm, and between 0.114 and 0.007 m~" for
400 nm, over the period of interest. The standard deviation of SCDOM is 0.04 m ™', and this value was used
as the SCDOM uncertainty for each wavelength in the state estimate.

3.4. In Situ SF; Observations

A total of 41 profiles of SFs were obtained from CTD stations between 10 March and 4 April 2008. During
this period of 26 days, deliberately released SF¢ observations are available on 21 individual days (15-17, 19,
and 21 March 2008 are missing). The in situ SFs data were bin-averaged and interpolated to the model grid,
giving 697 observations in the state estimate. The SF¢ concentration in the SO GasEx region during the
cruise period varied between 5 and 1200 fmol L™,

The space-time-varying uncertainty of the SFg data (g) in the state estimate was obtained by taking into
account both instrumental error as well as the least count error in observing the SF concentration. We use

o= (C8)2+O'th2, (6)

where C is the SFg concentration, ¢ is the random instrumental error, chosen as 5%, and the instrumental
threshold oy, is 5 fmol L™". The standard deviation of all the in situ SFg data is 80 fmol L™ . This value is
used as the background uncertainty for the initial SFs field at all grid points in the state estimate.

4, Results and Discussion

We present the results in two stages: first, we compare the state estimate with the SO GasEx observations
to gauge the quality of the model-data fit. Second, we quantify the mixed-layer entrainment and the effects
of photobleaching, lateral advection, and diffusion to diagnose processes controlling mixed-layer CDOM.
The detailed physical data assimilation in the SO GasEx region has been described in Dwivedi et al. [2011],
so here we emphasize the results of CDOM and SFg tracers.

4.1. Quality of the State Estimate

We performed biochemical ocean state estimation for 26 days (10 March to 4 April 2008) in the SO GasEx
cruise region using the method of Lagrange multipliers. 125 optimization iterations were performed to
obtain a model trajectory that fits the observations and initial state guesses within their uncertainties
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Table 2. Normalized Cost Function Contributions for Various Iterations in the GESE-CDOM Optimization

Normalized Cost Function

Iteration CDOM CDOM CDOM SCDOM SCDOM SCDOM
Number Total NADT SST CTDT CTDS SFe 350 380 400 350 380 400
0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
25 0.33 0.81 0.75 0.27 0.35 0.24 0.09 0.09 0.09 0.55 0.63 0.52
50 0.28 0.81 0.73 0.18 0.29 0.19 0.07 0.06 0.06 0.52 0.60 0.49
75 0.25 0.70 0.72 0.15 0.24 0.16 0.07 0.06 0.06 0.49 0.57 0.47
100 0.24 0.68 0.70 0.14 0.22 0.15 0.06 0.06 0.06 0.48 0.55 0.45
125 0.23 0.67 0.69 0.13 0.20 0.15 0.06 0.06 0.06 0.48 0.54 0.45

(hereinafter called the SO GasEx state estimate with CDOM, GESE-CDOM). Table 2 summarizes various nor-
malized cost function contributions against optimization iteration number. It is clear from the table that
good convergence is obtained, and the total cost function, as well as the individual costs associated with
each observation, reduces substantially in 125 iterations.

In Figure 2, we compare the time-mean GESE-CDOM sea level anomaly field with AVISO NADT observations
(top plot) and the time-mean GESE-CDOM SST field with GHRSST-PP SST data (bottom plot) for the SO
GasEx domain. Clearly, the GESE-CDOM solution matches with the overall observed sea level variations and
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Figure 2. Comparison of the (top plot) time averaged normalized absolute dynamic topography (cm) from AVISO with the GESE-CDOM
solution and, (bottom plot) time averaged SST (°C) from GHRSST with the GESE-CDOM solution. The time average is over the period 10
March to 4 April 2008 in the SO GasEx domain. The star and diamonds show the SO GasEx cruise station on 20 March and 22 March 2008,
respectively. The cross marks the SFg injection site on 21 March 2008.
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Figure 3. Comparison of the temperature and salinity values obtained from the GESE-CDOM solution (solid line) with the gridded in situ
CTD data (circles) during SO GasEx (10 March to 4 April 2008). (left plot) temperature (°C) as a function of salinity. (middle plot) Tempera-
ture (°C) as a function of depth (m). (right plot) Salinity as a function of depth (m). Only the upper ocean (to 260 m) is shown in the middle
and right plots.

SST of the SO GasEx region. The correlation and root mean square error (RMSE) between the AVISO
NADT and the GESE-CDOM solution is 0.97 and 1.6 cm, respectively, whereas the correlation and RMSE
between the GHRSST-PP SST and the corresponding GESE-CDOM SST field is 1.0 and 0.08°C, respectively.
The RMSE in model-data fit of NADT and SST are small compared to the NADT error (15 cm) and SST error
(1°CQ), respectively. We also measured daily variations in the NADT and SST estimates with respect to their
corresponding observations. The space-time correlation between daily AVISO NADT data and daily GESE-
CDOM NADT estimate was computed after removing the appropriate time-mean NADT from the fields.
Similar analysis was also performed for the SST fields. We found that the space-time correlations for
NADT and SST daily anomaly fields were 0.65 and 0.50, respectively. These correlations were significant
at 99.9% level. Further details on the quality of GESE-CDOM NADT and SST fields are given in Dwivedi
etal.[2011].

In Figure 3, we compare the in situ CTD temperature and salinity measurements with the corresponding
GESE-CDOM nprofiles. The assimilated model solution reproduced the overall hydrographic structure of the
SO GasEx region. Two clearly distinct temperature ranges were seen in the upper 50 m of the ocean, with
very little fluid between 5 and 5.5°C (consistent with the SST front in Figure 2). The solution slightly underes-
timates the high temperatures in the mixed-layer (thermocline) region. On the other hand, it slightly overes-
timates the low temperatures in the thermocline region. Similarly, salinity values are also slightly
overestimated in the thermocline region. The correlation (R value) and RMSE between the in situ and GESE-
CDOM CTDT is 0.98 and 0.1°C, respectively. Similarly, the correlation and RMSE between the in situ and
GESE-CDOM CTDS were 1.0 and 0.01, respectively. The RMSE in model-data fit of CTDT and CTDS was small
compared to their uncertainty values of 0.2°C and 0.02, respectively.

In Figure 4, we compared the time-mean MODIS-AQUA derived SCDOM fields at 350, 380, and 400 nm with
the corresponding GESE-CDOM SCDOM fields for the SO GasEx domain. The SCDOM values are lowest to
the southwest with an abrupt transition to higher values in the central part of the domain. This transition
also appears in NADT and SST (Figure 2) although it is less abrupt. The SCDOM is significantly correlated
with NADT and SST. The correlation of SCDOM with NADT and SST is 0.5 and 0.6, respectively, whereas the
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Figure 4. Comparison of the time averaged MODIS-AQUA derived SCDOM field at (top plot) 350 nm, (middle plot) 380 nm, and (bottom
plot) 400 nm with the corresponding GESE-CDOM SCDOM fields for the SO GasEx domain. The time average is over 21, 22, 24, and 27
March 2008 (the dates of the satellite data). The star and diamonds show the SO GasEx cruise station on 20 March and 22 March 2008,
respectively. The cross marks the SFg injection site on 21 March 2008.

correlation between SST and NADT is 0.9. High CDOM values associate with high sea level and a warm sea
surface.

The GESE-CDOM matched the satellite CDOM surface fields (time averages over the dates with satellite cov-
er) with a correlation of 0.7 and an RMSE of 0.01 m™". The model-data RMSE is small compared to the data
uncertainty (0.04 m™'). The GESE-CDOM, however, had a systematic high bias in the central part of the
domain, and the frontal region is displaced toward the northeast (Figure 4). The reasons for the bias are
unknown, but we hypothesize a combination of errors in the model and satellite imagery.

The GESE-CDOM showed a better correspondence with surface in situ CDOM measurements than with
remote sensing retrievals (Figure 5). The correlation coefficient between these time series for surface CDOM
at 350, 380, and 400 nm are 0.96, 0.96, and 0.97, respectively, and, the model-data RMSE is 0.01, 0.009, and
0.007 m~", smaller than the surface CDOM uncertainties of 0.04 m~'. The GESE-CDOM also captured the
doubling in surface CDOM around 21 March 2008.
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Figure 5. Comparison of the time series of SO GasEx in situ surface CDOM (circles) at 350, 380, and 400 nm with the corresponding
GESE-CDOM surface CDOM values (dots). The samples are from the CTD stations shown in Figure 1.

The differences in the CDOM values along the cruise track between 20 March and 22 March 2008 are also
seen in the CDOM profiles at 350 nm from in situ observations and GESE-CDOM (Figure 6). The CDOM val-
ues on 22 March 2008 are much higher compared to 20 March 2008 and the GESE-CDOM captures the
change. The doubling in CDOM values between 20 and 22 March 2008 should not be seen as purely tempo-
ral change, however. It is the observation window that moved. The CDOM observations on 20 March 2008
are taken at a different location than the CDOM observations of 22 March 2008 as the cruise progressed.
This doubling is because the SO GasEx cruise crosses a front between 20 March and 22 March 2008 (recall
that the time series in Figure 5 is along the cruise track, not a Lagrangian trajectory). This front is visible in
Figure 4 but that diagram presents averages from 21, 22, 24, and 27 March 2008. The shift from low surface
CDOM values on 20 March 2008 (star symbol in Figure 4) to high values on 22 March 2008 (diamonds) is
therefore unclear. The CDOM increase in Figure 5 is explained in the next section (see Figure 11).

The AVISO NADT, GHRSST, and CTD temperature and salinity data were plotted against the corresponding
GESE-CDOM fields in Figure 6. These plots were very similar to the corresponding plots in Dwivedi et al.
[2011] (their Figure 8). The in situ CDOM (at all wavelengths) and SF¢ values were also plotted against the
corresponding GESE-CDOM fields in the present Figure 6. The correlation and RMSE between the in situ
CDOM data and corresponding GESE-CDOM solution is 0.97 and 0.01 m™', respectively, whereas the corre-
lation and RMSE between SF data and the corresponding GESE-CDOM solution is 0.95 and 80 fmol L™,
respectively. It is clear from the figures that most of the points on the scatter plots lie either on, or very close
to, the best-fit line with only few points outside the uncertainty envelope. This is evidence of a good,
although not perfect, fit of the state estimate to the data.

4.2, Effect of Entrainment, Photobleaching, Advection, and Diffusion on CDOM

We performed an experiment (called GESE-CDOM-ENO) to gauge the effect of thermocline entrainment in
controlling the mixed-layer CDOM. In this experiment, we set the initial-condition CDOM values below the
mixed-layer equal to the minimum (~0.02 m~") of all in situ CDOM observations for all wavelengths, every-
thing else is the same as for GESE-CDOM. The vertical profile of initial CDOM for this experiment is shown in
Figure 7. For GESE-CDOM-ENO, we carry out a forward run only (no adjustment of initial conditions).

During the SO GasEx it was observed that the CDOM values in the thermocline are lower than in the mixed-
layer [Figure 2 in Del Castillo and Miller, 2011]. In experiment GESE-CDOM-ENO we nearly eliminate the
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Figure 6. Scatter plots of: (top left) NADT (cm) data from AVISO against the GESE-CDOM solution; (top right) SST (°C) data from GHRSST
against the GESE-CDOM solution; (middle left) CTD temperature (°C) data against the GESE-CDOM solution; (middle right) CTD salinity data
against the GESE-CDOM solution; (bottom left) in situ SF (pmol/L) data against the GESE-CDOM solution (note the logarithmic scale), and;
(bottom right) in situ CDOM (m ™) data against the GESE-CDOM solution. These results are for all 26 days of the state estimate. Lines above
and below the best fit line in each plot mark the envelope defined by the average uncertainties. The best fit linear regression equation for
each plot is written in the top left corner. The slopes of the best-fit lines are very close to 1, and the intercepts are also very small.

thermocline entrainment CDOM source (very low CDOM in the thermocline). Therefore, the mixed-layer
CDOM values from this experiment are lower than in the GESE-CDOM experiment. The total cost function of
the GESE-CDOM-ENO experiment increases by a factor of 1.72, compared to GESE-CDOM. The ratio of CDOM
and SCDOM costs compared to GESE-CDOM is summarized in Table 3 for each wavelength. The table shows
that the normalized surface CDOM costs do not change much in the GESE-CDOM-ENO experiment although
they are slightly smaller. The normalized interior CDOM costs in the GESE-CDOM-ENO experiment at each
wavelength have higher values, however. This is not surprising because the GESE-CDOM-ENO experiment
starts with very different initial CDOM values below the mixed-layer. Thus, there will be greater misfit in the
CDOM values below the mixed-layer in the GESE-CDOM-ENO experiment than in the mixed-layer and at the
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Figure 7. Comparison of the in situ CDOM profiles (circles) with the corresponding GESE-CDOM profiles (dots) at 350 nm on 20 March
2008 [37.78°W, 50.95°S] and 22 March 2008 [38.38°W, 51.15°S]. The CDOM350 initial condition at [38.05°W, 51.47°S] for the GESE-CDOM
(stars), and GESE-CDOM-ENO (squares) perturbation experiments are also shown.

surface. Indeed, the mixed-layer CDOM values in the GESE-CDOM-ENO experiment remain closer to the
GESE-CDOM values because both the experiments have the same initial mixed-layer CDOM values

The time averaged mixed-layer CDOM differences for 350 nm wavelength between GESE-CDOM-ENO and
GESE-CDOM are shown in Figure 8 (top left plot). The differences at 380 nm, and 400 nm are similar (not
shown). The mixed-layer CDOM differences are negative because entrainment of lower CDOM thermocline
waters reduces the mixed-layer CDOM. The northwest to southeast frontal region has the greatest differ-
ences indicating relatively strong entrainment there.

To assess the contribution of photodegradation in controlling the mixed-layer CDOM, we perform another
perturbation experiment where the effect of photodegradation is ignored (E =0 in (2); the experiment is
called GESE-CDOM-EQ. Everything else is the same as in the GESE-CDOM experiment. The total cost function
in this case (GESE-CDOM-EOQ) increases by a factor of 1.14 compared to GESE-CDOM. The normalized CDOM
and SCDOM costs at each wavelength for this experiment also increased (Table 3). The increases are not the
same for each wavelength, however. They are larger for 380 nm than for 350 and 400 nm. This result sug-
gests that the surface solar irradiance has a dominant role at 380 nm. This is an unexpected result because,
based on the CDOM photodegradation action spectra, the greatest effect of photobleaching should be at
the shortest wavelength (350 nm) [Osburn et al., 2001; Ayoub et al., 2009]. It may be due to wavelength
dependent error in our CDOM photobleaching model (e.g., due to uncertainty in the value of g5 or k at
380 nm, or because light at 350 nm is strongly attenuated). The spatial mixed-layer differences between
GESE-CDOM and GESE-CDOM-EOQ are shown in Figure 8 (top right plot). In the absence of photobleaching,
the mixed-layer CDOM values increase, as expected. Photobleaching is most effective in the northeast of
the domain where the SST is higher on average (Figure 2), although the spatial variations are less strong

Table 3. Cost Function Values for the Three Experiments With Perturbed CDOM lInitial Conditions®

Experiment Total CDOM350 CDOM380 CDOM400 SCDOM350 SCDOM380 SCDOM400
GESE-CDOM-ENO 1.72 12.60 1230 8.92 0.89 0.94 0.84
GESE-CDOM-EO 1.14 1.70 3.7 1.10 1.20 1.50 1.02
GESE-CDOM-ADO 5.34 30.20 36.34 28.10 1.30 135 1.18
GESE-CDOM-ADDIO 5.58 32.69 39.13 30.22 1.29 1.36 1.16

*The cost values are normalized by the corresponding GESE-CDOM costs.
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Figure 8. Time average spatial mixed-layer CDOM differences between GESE-CDOM and (i) GESE-CDOM-ENO (top left plot), (i) GESE-
CDOM-EO (top right plot), (i) GESE-CDOM-ADO (bottom left plot), and (iv) GESE-CDOM-ADDIO (bottom right plot) for 350 nm wavelength.

than those caused by entrainment (compare to experiment GESE-CDOM-ENO). It causes changes of similar
magnitude as entrainment in experiment GESE-CDOM-ENO. The CDOM differences are higher at 380 nm

compared to 350 and 400 nm.

The contribution of horizontal advection to controlling the mixed-layer CDOM is assessed by performing
another forward run (GESE-CDOM-ADO) with zero advection of CDOM; everything else is the same as in the
GESE-CDOM experiment. The total cost function in this case increases by a factor of 5.34 compared to GESE-
CDOM. The increase in normalized CDOM and SCDOM costs at each wavelength in the GESE-CDOM-ADO
experiment is also higher compared to the GESE-CDOM-ENO and GESE-CDOM-EO experiments (Table 3). The
spatial mixed-layer differences between GESE-CDOM and GESE-CDOM-ADO are shown in Figure 8 (bottom
left plot). In the absence of advection, the mixed-layer CDOM values decrease except in the northeast of the
domain where they increase. The frontal area has relatively higher mixed-layer CDOM differences compared
to other locations, as in experiment GESE-CDOM-ENO.

To quantify the role of horizontal diffusive mixing in controlling the mixed-layer CDOM, we perform another
forward run (GESE-CDOM-ADDIO) where both advection and horizontal diffusion of CDOM are set to zero;
everything else is the same as in the GESE-CDOM experiment. The total cost function in this case increases
by a factor of 5.58 compared to GESE-CDOM. The increase in normalized CDOM costs at each wavelength in
the GESE-CDOM-ADDIO experiment is highest compared to all other experiments (Table 3). The normalized
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Figure 9. Time series of the mixed-layer CDOM values spatially averaged over the SO GasEx region obtained from the GESE-CDOM (dots),
GESE-CDOM-EO (stars), GESE-CDOM-ENO (squares), GESE-CDOM-ADO (diamonds), and GESE-CDOM-ADDIO (circles) experiments.

SCDOM costs of the GESE-CDOM-ADDIO experiment at each wavelength are nearly the same as in the GESE-
CDOM-ADO experiment. The spatial mixed-layer differences between GESE-CDOM and GESE-CDOM-ADDIO are
shown in Figure 8 (bottom right plot). In the absence of advection and diffusion (GESE-CDOM-ADDIO), the
mixed-layer CDOM values change in the same way as in the absence of advection (GESE-CDOM-ADO): the dif-
ferences between the two experiments are very small. Thus, horizontal diffusive mixing has very little role in
controlling the mixed-layer CDOM compared to entrainment, photobleaching, and advection.

In Figure 9, we compared the time series of the mixed-layer CDOM values spatially averaged over the
SO GasEx region (not along the cruise track) obtained from the GESE-CDOM, and the four perturbation
experiments. The figure shows that for 350 and 380 nm wavelengths, the photobleaching experiment
(GESE-CDOM-EOQ) increased the mixed-layer CDOM, whereas the entrainment (GESE-CDOM-ENO), advection
(GESE-CDOM-ADO), and advection-diffusion (GESE-CDOM-ADDIO) experiments decreased it by a similar
amount. The decrease in the mixed-layer CDOM is highest when advection and diffusion are switched off.
The mixed-layer CDOM time variations in Figure 9 are similar among all the experiments.
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The behavior at 400 nm in Figure 9 is surprising because for the first 5 days there is little impact of entrain-
ment and advection (GESE-CDOM, GESE-CDOM-ENO, GESE-CDOM-ADO, and GESE-CDOM-ADDIO are close to
each other). Thereafter the impact of entrainment, advection, and advection-diffusion increases while that
of photobleaching decreases. The photobleaching sink is locally sign-definite and hence the GESE-CDOM
and GESE-CDOM-EO curves in Figure 9 should apparently always diverge. This behavior is seen at 350 and
380 nm, but not at 400 nm. We do not have a good explanation about the lack of divergence at 400 nm
shown in Figure 9, which suggests that photodegradation at 400 nm was limited after 22 March 2008. As
suggested above, this effect could also be the result of confounding errors in our treatment of CDOM like
the extrapolation to shorter wavelength based on averaged spectral slope, and uncertainty in the values of
op or k. These uncertainties will be addressed in future work.

We computed the e-folding rates for the differences between the base experiment and the perturbation
experiments (shown in Figure 9) to quantify the averaged photodegradation, entrainment, advection,
and advection-diffusion timescales. We found that the differences between the experiments were
well fitted by an exponential curve for each wavelength. The exponents for the photodegradation,
entrainment, advection, and advection-diffusion experiments were 0.065, 0.055, 0.084, and 0.089 d ',
respectively. Thus, we found that the timescales corresponding to photodegradation, entrainment,
advection, and advection-diffusion processes are 15, 18, 12, and 11 days, respectively, during the SO
GasEx experiment.

To explore the reasons for CDOM doubling around 21 March 2008 (Figure 5), we related the CDOM variabili-
ty with mixed-layer depth (MLD) variability. The MLD is defined as the depth where the first distinguishable
decrease in the quasi-homogeneous profile of temperature is observed from its surface value. We use the
Lorbacher et al. [2006] criterion to compute the MLD using the temperature field. This criterion is based on
the shallowest extreme curvature of the near surface layer temperature profiles. We show in Figure 10 the
space-time MLD from GESE-CDOM for all days of assimilation from 10 March to 4 April 2008. The GESE-
CDOM MLD space-time variations are similar to those of Dwivedi et al. [2011] (their Figure 9). The space-
time correlation between the GESE-CDOM and the GESE MLD is 0.8. The space-time averaged MLD from the
GESE-CDOM experiment is 39 = 8 m whereas the GESE value was 38 = 8 m. In both estimates, the MLD
deepens over the cruise period, although there were differences between the GESE-CDOM and GESE MLD
fields. These differences indicated that the CDOM and SF¢ data in the GESE-CDOM solution are influencing
the estimate of the temperature field, and hence the MLD estimate.

The corresponding space-time variability of CDOM350 averaged over the mixed-layer is shown in Figure 11.
It is clear from the figure that the CDOM350 values are lowest in the southwest during the entire cruise peri-
od (as in Figure 4). During the first few days of the cruise high CDOM350 values are seen only in the north-
ern part of the SO GasEx domain but later, they appear throughout the northern and central part of the
domain. Isolated parcels of high CDOM can be seen to propagate coherently across the region, for example,
from 10 to 23 March 2008. The correlation between the GESE-CDOM MLD at the SO GasEx stations and the
corresponding mixed-layer CDOM350 values is 0.7. The MLD and mixed-layer CDOM350 values at the SO
GasEx stations are shown in Figure 12. The figure shows that the CDOM at the SO GasEx stations increased
as the mixed-layer deepens and vice versa. Further, the doubling of CDOM around 21 March 2008 (in Fig-
ures 5 and 11) was associated with the sharp increase in MLD around the same time (see e.g., a difference
of nearly 20 m in MLD on 20 March and 22 March 2008 in Figure 6). The abrupt mixed-layer deepening
around 21 March 2008 (during 21-26 March 2008) at the SST front is clearly seen from Figure 10. The
mixed-layer deepening across the front in Figure 10 was also closely correlated with the entrainment and
advection changes across the front in Figure 8: the deeper mixing reduced CDOM by entrainment of ther-
mocline water, but this effect was overwhelmed by the increase in mixed-layer CDOM due to convergence
of advective CDOM flux.

4.3. Kinematics of the SF¢ Tracer

The space-time variability of the deliberately released SFg tracer is shown in Figure 11. The center of the SF¢
patch nearly coincided with the SO GasEx stations indicating that the ship followed the patch closely. The
total amount of SF¢ (obtained by integrating the SF4 concentration over volume) during the SO GasEx peri-
od is shown in Figure 13 (top plot) as a function of time. The GESE-CDOM SF¢ mass was highest (1.24 mol)
on 21 March 2008 and it decreased to 0.035 mol on 4 April 2008. During the SO GasEx approximately
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Figure 10. GESE-CDOM mixed-layer depth (m) for 12 GMT on 10 March to 4 April 2008. The symbols represent the SO GasEx cruise
stations.

1.3 mol of SF¢ was injected in the ocean on 21 March 2008. Thus the GESE-CDOM SFg mass on 21 March
2008 compared well with the injected SF¢ mass. Ho et al. [2011] demonstrates that small-scale filamentary
structures exist in the SF¢ data. The GESE-CDOM SF field does not resolve these filaments as the numerical
model has a horizontal grid spacing of approximately 4 km, which is too coarse to capture fine scale fila-
ment structure. Some of the discrepancies seen in Figure 13 (top plot) could be caused by the filaments.
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Figure 11. The GESE-CDOM mixed-layer CDOM350 (averaged over the MLD) on 10 March to 4 April 2008. The space-time variability of SF¢
is shown by contour plots (magenta). The symbols represent the SO GasEx cruise stations.

The kinematics of the deliberately released SFg tracer were controlled by the circulation and lateral diffu-
sion. The stretching and dispersal of the tracer, after an initial period of adjustment, may be quantified by
fitting the SF¢ contours to a Gaussian ellipse [Abraham et al., 2000; Xiu and Chai, 2010]. Following a few days
of patch expansion, the length (major axis) of the fitted ellipse increased exponentially with time at a rate 7,
which measures the strain rate in the two-dimensional divergenceless flow. The ellipse width (minor axis)
remained nearly constant at (K/y)"? because the thinning effect of strain balances the widening effect of
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Figure 12. GESE-CDOM mixed-layer depth (m) and mixed-layer CDOM350 at the SO GasEx station locations.

diffusion K [Abraham et al., 2000]. To estimate 7y and K, we computed the length and width of the SFg tracer
patch between 23 and 28 March 2008 by fitting Gaussian ellipses on each day. Fitting the Gaussian ellipses
on the SF¢ tracer patch from the 2nd day to the 8th day after its deliberate release has been found to be
sufficient to make a robust estimate of y and K [Abraham et al., 2000; Law et al., 2003, 2006]. The effective
strain rate y was 0.14 d ' (1.62 X 10™° s~ "), whereas, the horizontal diffusivity K was 15 m? s~ . This effec-
tive strain rate was similar (8 =3 X 1077 s~ ) to that determined by Abraham et al. [2000] for a different
region [134°E-146°E; 57°S —62°S] in the Southern Ocean. The effective strain rate found here was higher
than the 5.8 X 1077 s~ calculated using a generic model of mesoscale turbulence [Haidvogel and Keffer,
1984]. However, and as determined by a tracer release (3 = 0.5 X 10”7 s ") in the subtropical ocean interior
[Ledwell et al.,, 1998]. Similarly, the GESE-CDOM horizontal diffusivity was higher compared to estimates of
4 +2m? s~ " by Abraham et al. [2000]. It falls in the same range as obtained in dye-release experiments (2-
16 m? s ") performed in shelf seas [Okubo, 1971], and within an eddy in the North Atlantic Ocean
(22 =10 m? s™") during an open ocean surface SFq release [Martin et al., 2001]. The difference among these
experiments might be due to different observational time lengths, different initial release area, and different
physical conditions related to the high spatial and temporal variability of strain in ocean currents [Law et al.,
2006; Xiu and Chai, 2010].

In Figure 13 (bottom plot), we show the SFs-weighted CDOM fields at each wavelength during the assimila-
tion period. The SFs-weighted CDOM fields are obtained by dividing the surface integral of the product of
the CDOM field and the deliberately released SF¢ field (on each day and at each wavelength) by the integral
of the deliberately released SF¢ field for that day. Using the SF¢ as a weighting function to integrate the
CDOM fields gives a Lagrangian view on the CDOM variability: it focuses attention on the CDOM following
the SF¢ patch as it moves and spreads. Clearly, these time series resemble the surface CDOM fields (shown
in Figure 5) and capture most of its time variations because the ship followed the patch reasonably well.
We, therefore, surmise that the Lagrangian horizontal advection of waters associated with the SST front
around 21 March 2008 was mainly responsible for the doubling of surface CDOM during that time.

5. Conclusions

Our high-resolution, regional data assimilation system successfully fit in situ and satellite data and provided
a three-dimensional time-varying estimate of physical fields, CDOM and SF¢ tracers in the locale of SO
GasEx. To the best of our knowledge this is the first Southern Ocean state estimation involving CDOM and
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Figure 13. (top plot) total amount of SF4 (mole) as a function of time; (bottom plot) SFs weighted CDOM absorption coefficient (m Nasa
function of time for each wavelength (see text).

SFe. The photodegradation of CDOM and surface transport of SF¢ were explicitly modeled for this purpose.
Our assimilation setup captured the doubling in mixed-layer CDOM along the cruise track around 21 March
2008, even though it did not include any biological source or sink term. The doubling of CDOM was
explained by the ship crossing a front between 20 and 22 March 2008 and the associated mixed-layer deep-
ening. The effect of entrainment, advection, and photobleaching were quantified to better understand the
spatiotemporal variability of the SO GasEx mixed-layer CDOM. Different perturbation experiments were per-
formed for this purpose. It was shown that entrainment of lower CDOM thermocline waters reduced the
mixed-layer CDOM with a characteristic time scale of 18 days. The effect of entrainment is greater in the
frontal region compared to other locations in the SO GasEx domain. The photobleaching is a sink of mixed-
layer CDOM and decreases its abundance with a characteristic time scale of 16 days. Convergence of advec-
tive fluxes was a source of mixed-layer CDOM with a characteristic time scale of 12 days. This advective
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CDOM source was higher in the frontal region compared to other locations and exceeded the effects of
entrainment and photobleaching, which have similar sizes. The thermocline entrainment, lateral advection,
and photobleaching collectively explained most of the mixed-layer CDOM variability during the SO GasEx
experiment and convergence of lateral diffusive fluxes was negligible. Biological sources and sinks of CDOM
were also negligible over the six week SO Gas Ex cruise. An effective strain rate of 0.14 d ™', and a horizontal
diffusivity of 15 m? s~ ' were inferred from the dispersal of SF4 in the state estimate.

Future work should explore CDOM state estimation over longer periods and greater areas to understand
processes controlling its abundance and distribution. It will also be interesting to include other biological
compounds in future state estimates to infer information about their controlling processes. We found that
this modeling technique can be very useful in future process studies as it provides reasonable estimates on
the temporal and spatial evolution of circulation features (e.g., fronts, eddies) and aid in studies that involve
tracer releases. Improved ship-to-shore communications and the deployment of supercomputers onboard
research vessels should allow for the implementation of this method during research cruises.
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Erratum

In the originally published version of this article, the author’'s name was misspelled in the footer. This has since been corrected, and this
version may be considered the authoritative version of record.
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