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Abstract Marine phytoplankton and associated organic materials absorb a substantial quantity of solar
shortwave energy penetrating the upper ocean. Most of this absorbed energy is lost as heat and thereby
contributes to the warming of near-surface waters. Here we examine this biothermal feedback effect on upper
ocean physics and air-sea energy exchange using a fully integrated ocean-atmosphere-biological modeling
system. Our model simulations show that a local phytoplankton bloom may impact upper ocean physics in such
a way as to promote the spatiotemporal persistence of the bloom itself within a semi-enclosed coastal
embayment. This is accomplished primarily via enhanced thermal stratification that promotes vertical stability
and more efficient utilization of macronutrients. Modulations of wind stress patterns due to perturbations in the
local surface pressure gradients also arise as a result of the simulated biothermal warming of surface waters. The
model evidence suggests that the observed persistence of phytoplankton blooms in the northern Monterey
Bay, California, may be enhanced by similar synergistic interactions between ocean biology and physics.

1. Introduction

A fundamental concept in biological oceanography is that the physical processes of the oceans largely
determine the spatiotemporal variability of phytoplankton abundance and productivity. For example, the
wind-driven coastal divergence of surface waters along the eastern ocean margins results in the upwelling of
nutrient-rich deeper waters that stimulate microalgal growth [Chavez and Messié, 2009; Walsh, 1988]. The
main features of global phytoplankton abundance evident in synoptic satellite data may indeed be broadly
explained in this context of geophysical forcing [see Longhurst, 1998].

However, the abundance of marine phytoplankton belies the inefficiency of photosynthesis as a
photochemical process: most of the light energy absorbed by algal pigments is lost to the surrounding
environment as heat [Morel, 1978; Bannister and Weidemann, 1984; Morel, 1988]. Accordingly, it has been
theorized that marine phytoplankton have the potential capacity to modulate the heating of the upper ocean
due to the optical properties of microalgal pigments [Lewis et al., 1983; Morel, 1988]. Furthermore, the high
turnover rate of algal biomass (~ 2 days [Falkowski, 1994]) generates more temporally persistent nonliving
organic matter that absorbs substantial quantities of solar energy in the surface ocean [Bricaud et al., 1981].
Thus, the aggregate biothermal impact of phytoplankton and associated organic constituents upon the heat
budget of the upper ocean is not negligible [Morel and Antoine, 1994].

Quantitatively resolving the biothermal feedback effect upon oceanographic processes is nonetheless difficult.
An observational study would ideally require a control so that identical atmospheric and physical
oceanographic conditions may be experienced with and without the additional optical attenuation provided by
phytoplankton and associated organic constituents. Given that this approach is not feasible, most of the
progress toward understanding the biothermal impacts has been accomplished via ocean models where such
an experiment may be performed within the simulations [Anderson et al., 2007; Cabhill et al., 2008; Manizza et al.,
2008; Oschlies, 2004; Rochford et al., 2001; Sweeney et al., 2003; Wu et al., 2007]. More recently, two-way coupled
ocean-atmosphere numerical models suggest that this biothermal effect is significant on global and climatic
scales [Patara et al., 2012] as well as locally and on much shorter timescales [Jolliff et al., 2012a]. Two-way
coupled ocean-atmosphere modeling systems better approximate the air-sea exchange of thermal energy as
constrained by conservation; however, continuing dynamical impacts back upon the surface biota cannot be
assessed without an additional biological model. In this paper, this deficiency is addressed by integrating a
biological model into a numerical ocean-atmosphere modeling system. This allows for not merely an
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Figure 1. Schematic of the COAMPS-B modeling sys-
tem. Arrows and text summarize the communication
between the modeling components. (a) The model
schematic for COAMPS-B with the biothermal feedback
disabled (S1).. (b) Biothermal feedback as the transfer of
vertical optical attenuation coefficients the physical
model uses to determine the penetration of solar
shortwave radiation into the surface ocean. This model
(Figure 1b) is used for simulation 2 (S2).

assessment of how biothermal effects may impact the
physics but also a further analysis of how these physical
impacts may, in turn, impact the biology.

2. Methods

The Naval Research Laboratory (NRL) has developed a
fully integrated ocean-atmosphere-biological numerical
modeling system based on the Coupled Ocean-
Atmosphere Mesoscale Prediction System (COAMPS®).
COAMPS is a nested, relocatable, and two-way coupled
ocean-atmosphere modeling system that is presently
used for ocean-atmosphere forecasting by the U.S. Navy.
The nonhydrostatic atmospheric COAMPS model
component [Hodur, 1997] is the Navy’s operational
mesoscale meterological forecasting system. The
hydrostatic Navy Coastal Ocean Model (NCOM) [Barron
et al., 2004] serves as the oceanic component of
COAMPS. This modeling component was executed in
data-assimilative mode via the Navy Coupled Ocean
Data Assimilation system [Cummings, 2005] for a

1 month spin-up (beginning on 1 April 2008) and then in
non-data-assimilative (or “free-run” mode) for the
remaining 3 months of the simulation (ending 31 July
2008). The atmospheric and oceanic model coupling was
designated via the uppermost oceanic model grid cell
temperature and the lowest grid cell atmospheric model
variables (temperature, humidity, wind velocity,
pressure, and radiative fluxes). At a 6-min coupling
interval, bulk fluxes of thermal energy exchange were
calculated following the Coupled Ocean-Atmosphere
Response, version 3, scheme [Fairall et al., 1996].

The integration of a four-component, nitrogen-based
biological model into COAMPS (Figure 1) occurs first via
the conventional means: biological state variables
(phytoplankton biomass, nitrate nitrogen, ammonium
nitrogen, and particulate detritus nitrogen) are physically
forced by the advection and diffusion resolved by the
ocean circulation model (NCOM). The physical ocean
model, however, must also be informed about how to
attenuate solar energy to meet its requirement for solar
heating rate computations. The ocean biology model
provides this information. Biological state variables are
used to estimate the bio-optical attenuation, and these

terms are provided back to the physical ocean model. Thus, changes in the biological state variables have the
potential to impact the simulated thermodynamic upper ocean processes. The specific details of the
biological model and its interface with the physical models are provided in Appendix A.

To isolate the potential impact of the biothermal feedback in the model, two simulations are performed: (S1) the
feedback from the biology is disabled (Figure 1a); and (S2) the feedback from the biology to the physics is active
(as in Figure 1b). In the former simulation (S1), the physical ocean model (NCOM) presumes a constant set of
optical attenuation terms based on the work of Paulson and Simpson [1977]. These computations are an

approximation of the Jerlov water types [Jerlov, 1976], and they are often used in physical ocean models [Kara
et al, 2004; Rochford et al., 2001]. Whereas these terms may constitute a reasonable approach in some cases, the
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main point of criticism is that they are not
dynamic, i.e., the optical attenuation terms are
invariant and so they cannot mimic the dynamic
spatiotemporal changes in ocean bio-optical
properties that may occur in many

coastal settings.
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3. Study Site

PACIFIC . The COAMPS-B (COAMPS with a Biological
OCEAN : module) nested domain is established over
Monterey Bay, California (herein “MB”; Figure 2).
132 .13';0 .12'8 .1ﬁ5 .1é4 .12'2 .1éo .ﬁs 116 Itis important to note that verification and
Longitude W) validation of the COAMPS forecasting system
375 : = o : may be found elsewhere [Doyle et al., 2009;
_________________ Eliasen et al., 2005; Small et al., 2012]. Here the
focus is placed on the modeling system'’s
sensitivity to changes in the oceanic shortwave
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surface ocean phytoplankton variability that is
simulated by an ocean biological model.
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From March through November, the coastal
region surrounding MB is subject to sustained
northwesterly winds resulting in coastal
upwelling. Periodic slackening of these
36 : ; ; A\ upwelling winds are referenced as “relaxation”
-123.5 -123 -122.5 -122 -121.5 121 avents [Breaker and Broenkow, 1994; Pennington
Longitude (W) and Chavez, 2000]. During upwelling winds, cold
water filaments north and south of the bay arise
from the coastal divergence and a strong

Figure 2. (a) The COAMPS atmospheric model nests beginning
at 27 km horizontal resolution and scaling down to the inner

nest of 3 km resolution over the Monterey Bay, California, area.  equatorward flow of surface waters is often
(b) The innermost atmospheric nest (1 km) overlaid the inner observed across the mouth of the bay.
ocean model nest (500 m horizontal resolution). Divergence of the southward flow toward the

southern portion of the bay brings about a semicyclonic circulation within the bay [see Ramp et al., 2005]. The
intense surface currents (a surface “jet”) across the mouth of the bay prevent egress of the surface waters out its
northwestern periphery. The Santa Cruz Mountains immediately to the north of this area effectively block the
prevailing northwesterly winds. This combination of physical conditions sets up a relatively calm and retentive
regime for the northeastern waters of Monterey Bay. Hence, this area is referred to as the “upwelling shadow”
[Graham and Largier, 19971. The retentive nature of the surface flow subjects these waters to elevated surface
warming and enhanced biological productivity such that satellite detection of sea surface temperature (SST)
and surface chlorophyll routinely depict elevated signals in northern Monterey Bay [e.g., Ryan et al., 2010].

Herein COAMPS-B is used to simulate the physical and biological processes that occur in Monterey Bay’s
upwelling shadow. The objective is to isolate the potential for biothermal effects to impact the physical and
biological processes that occur within this semi-enclosed embayment. In section 4.1, the differences in the
physical simulations are examined when biothermal effects are accounted for in the modeling system. In
section 4.2, the potential for synergy between the interacting biological and physical fields are examined, and
section 4.3 examines in situ data in light of these analyses. The in situ data were collected in Monterey Bay
during June 2008 as part of an NRL field program; additional details may be found in Jolliff et al. [2012b].

4. Results
4.1. Biothermal Impact on the Simulated Physics

The differences between the simulations demonstrate the potential biothermal perturbation provided by the
presence of phytoplankton in the surface ocean. For example, a longitudinal cross section through the
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also suggest that the additional thermal
energy retained by phytoplankton near
the surface results in elevated turbulent
heat flux transfers from the ocean to the
atmosphere. These differences are acute
during the relaxation periods of the
prevailing northwesterly winds
(Figure 4a), which were mimicked by the
COAMPS atmospheric model
36.6N 367N 36.8N 369N component (Figure 4b) from
approximately 13 to 15 June.
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Figure 3. (a) A longitudinal cross section of the simulated (top) atmospheric . .
temperatures and (bottom) ocean temperatures for simulation S1. (b) The ~ Differences in the mean SST fields
same results for S2. Both results are from 14 June 2008 at 1200 GMT. immediately before (10-12 June) and

during (13-15 June) the midmonth
relaxation event reveal a substantial difference in surface warming (Figures 5a and 5b). This heating difference
may also be shown by computing the spatially averaged SST in northern MB (north of 36.8°N and west of
—122.1°W, as shown in Figures 5a and 5b) and calculating the difference between the respective simulation
means at the hourly simulation output increment (S2 — S1; Figure 5¢). By 300 h into the June simulation, the
mean SST differences begin to peak at ~1°C. These temperature differences are transmitted to the lower
atmosphere overlying the northern bay as a temperature difference also approaching ~1°C (Figure 6a). This
warmer air has a greater capacity to retain water vapor, and the simulated relative humidity is thereby reduced
downward by as much as 8% (Figure 6b). This relative humidity decrease obscures the overall modest increase
in total water vapor content for S2 (data not shown). This increased heat and moisture content in the lower
atmosphere of S2 is principally due to the increase in latent heat flux resolved by the simulation. The spatially
averaged latent heat flux differences peak as high as 15 W m~2 after 300 h (Figure 6c).

The simulated presence of phytoplankton warms the upper ocean, increases the upper ocean thermal
stratification, and increases the temperature of the overlying lower atmosphere. These simulated effects are
conspicuous during the wind relaxation periods when local effects prevail, as opposed to the dominant
forcing of the regional-scale wind stress patterns. From an energy conservation point of view, the heat
retentive capacity of the phytoplankton in the upper ocean effectively traps a greater amount of solar
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(A)

M1 MOORING HOURLY WINDS

JUNE 2008

(B)
M1 COAMPS HOURLY WINDS

JUNE 2008

Figure 4. (a) Measured wind velocities (m 5_1) at Monterey Bay Aquarium Research Institute (MVBARI) mooring M1 from 1 to
30 June 2008; (b) the corresponding wind velocities from COAMPS.
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Figure 5. (a) The difference in the temporal means in SST (°C) between S2 and S1 for the period 10-12 June. (b) The
difference in the temporal means in SST between S2 and S1 for the period 13-15 June. (c) The hourly difference in the
mean SST fields (S2 — S1) for June. The means are drawn from the area of northern MB indicated in Figures 5a and 5b.
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Figure 6. (a) The difference in the temporal means in 2m air temperature (°C) between S2 and S1 for the period 13-15
June. (b) The difference in the temporal means in the relative humidity (%) between S2 and S1 for the period 13-15
June. (c) The hourly difference in the mean latent heat flux fields (52 — S1; W m™2) for June. The means are drawn from the
area of northern MB indicated in Figures 5a and 5b.

shortwave near the air-sea interface. This energy increase is readily fluxed back into the lower atmosphere.
There are two additional simulated consequences to the biothermal perturbation resolved here: (1) the
changes in fluid densities and energy fluxes appear to have some influence on simulated local wind patterns
and upper ocean circulation during the wind relaxation period; and (2) the increased near-surface ocean
stratification appears to amplify the surface biological productivity.

The first of these effects is minor but cannot be summarily dismissed as negligible. For example, the lower
level heating and moisture increase in S2 introduces a ~0.04 hPa lowering of sea level pressure over the
northern bay (Figure 7a). Nonetheless, this modest decrease is enough of a local deviation in the zonal
pressure gradient to comparatively accelerate the mean westerly component of the wind velocity

by ~0.3ms~" (Figure 7b). The simulated instantaneous wind velocity differences approach 1.0ms™" in the
center of Monterey Bay on 14 June 2008.

The magnitude of the wind velocity differences is not large since the overall wind forcing is diminished
during the relaxation period. The salient point is that during periods when local conditions within Monterey
Bay dominate the physical dynamics, as when the regional wind patterns driven by the larger-scale pressure
gradients are diminished, the air and sea planetary boundary layer circulation resolved by the two
simulations become incoherent. For example, the S1 and S2 north/south surface water transports through
the bay (through 36.8°N) are highly correlated until the 13 June relaxation period when the transports
become significantly out of phase (Figure 8, solid line). This episode corresponds to a mismatch in the
simulated westerly wind stress magnitudes over the bay (Figure 8, thick line). The eddy kinetic energy of the
surface currents (computed as [u? +v?1/2) is also diminished in 52 during the relaxation period (Figure 8,
dashed line).
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Figure 7. (a) The difference in the temporal means for sea level pressure (hPa) between S2 and S1 for the period 13-15
June. (b) The difference in the temporal means of the westerly component of the winds (m s ") between S2 and S1 for
the period 13-15 June.

4.2. Synergy Between Biological and Physical Fields

Simulated upper ocean chlorophyll distributions are spatially coherent to those of SSTin the northern portion
of MB during the wind relaxation regime (Figure 9). The amplification of both chlorophyll and SST from S1 to
S2 suggests a synergy between the two variables. The most obvious mechanism is that the enhanced thermal
stratification in S2 promotes enhanced phytoplankton growth near the surface, which in turn, promotes a
further enhancement of thermal stratification via the biothermal feedback effect. The simulations quantify
this potential synergy in northern MB as approximately 0.8°C in increased SST and 2.9 mmol C m™3 additional
surface phytoplankton biomass on 14 June (1200 GMT). These are the differences in spatial simulation
averages from northern MB; differences in average quantities are referred to herein as a “bias.” The biomass
bias is particularly significant when examined in light of the S1 average biomass quantity, i.e., the ratio of the
biomass bias [mean(S1) — mean(S2)] to the initial simulation mean [mean(S1)]. The biothermal effect
increases the simulated surface biomass by 27%.

Thermal upper ocean stratification within
northern MB, quantified as AT from the
e surface to 22m depth (AT5y), is biased

W 1 upward by ~1°Ciin S2 during the simulated
7 inear comelationof Stand S2normard ot i o relaxation period (Figure 10). SST and
surface chlorophyll are similarly elevated
(by an average of 0.8°C and 0.7 mgchlm 3,
respectively; Figure 10). The simulations do
not feature variable carbon-to-chlorophyll
ratios (see section A1); these differences in
chlorophyll are directly forced by differences
in simulated phytoplankton biomass.

05 /I\ [EKE(S2)/EKE(S1)]-1.0

|

0.0

[7,(S2)/1,(S1)] -1.0

Indeed, the relative simplicity of the
biological simulation (four nitrogen-based
1.0 bbb bbb compartments) enables a conceptually
100 200 300 400 500 600 . -
# Simulation hours past 1 June 00 GMT simple contrast between the simulated
nitrogen budgets. Defining the organic

Figure 8. The linear correlation between north/south surface water  hitrogen as that within the phytoplankton
transport m3s ) to10m depth along 36.8°N from —122.1°W to the and detritus reservoirs, and the inorganic
coastal boundary is shown by the thin line. The thick line is the ratio of
the S2 to S1 wind stress (1,,(52)/ t,(S1) — 1.0); the dashed line is the ratio
of surface current eddy kinetic energy EKE (EKE(S2)/EKE(S1) — 1.0), - o
where EKE = ([u> + v?1/2). EKE and 1, values were first smoothed witha  Nitrogen within the upper 10 m of

running 24 h (24 point) average. northern MB increases by an average of

nitrogen as the nitrate and ammonium
reserves, the total amount of organic
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Figure 9. (a) S1 surface chlorophyll (mg chl m_3) on 14 June 1200 GMT; (b) the same for simulation S2. (c) SST for simulation

S1 on 14 June 1200 GMT; (d) the same for S2.

10% in simulation S2 with a peak increase of 23% during the wind relaxation period (Figure 11). By the end of
June, S2 has approximately 10% less inorganic N in the surface layer than S1 (Figure 11). The enhanced
thermal stratification in S2 has a tendency to inhibit turbulent vertical diffusion, which would otherwise tend
to homogenize the vertical distribution of scalar quantities. The additional biological benefit is that

1.5 T

Al
I/.\ATzz(sz -sn

0'0 n n n 1 n n n 1 n n n 1 n n n 1 n n n
0 20 40 60 80 100

# Hours from 13 June 00 GMT

Figure 10. The hourly difference in mean SST (°C) for northern MB is
depicted by the thick line. The difference in AT,5 (°C; an index of stra-
tification, as explained in the text) is shown by the dashed line, and the
chlorophyll difference (mg m_3) is shown by the gray line. In all cases,
the difference is expressed as S2 — S1; positive differences indicate
greater heat and biomass in the surface layers of simulation S2.

phytoplankton are more restricted to the
near-surface layer—sustaining continuing
exposure to available light and improving
the utilization of inorganic nitrogen for
growth. This is particularly advantageous
when light is more limiting to growth than
available macronutrients.

Simultaneously, the increased thermal
stratification in S2 restricts the egress of
thermal energy out of the near-surface
layer (< 10 m depth), and this also
impacts the thermal energy budgets in
addition to the nitrogen budgets. The
respective diffusive differences tend to
accelerate the rate of warming in S2
during periods wherein thermal
stratification prevails in both simulations.
For example, the S2 depth-averaged
temperature in the upper 10.7 m from 12
June (2000 GMT) to 15 June (0600) in
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Differences in Total Nitrogen Distributions: (S2 - S1)/S1

30 e e A northern MB increased at a rate of 0.24°

Cd™". Given the expression:
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At HpC,
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where Qris the total heat flux (Wm™2), His
the thickness of the water column

(10.7 m), p is a reference seawater density,
and Cp is the specific heat capacity for
seawater, the increase in temperature per

%

% Alnorg-N

-10f unit time implies a total heat flux into the
g surface layer of 121.6 W m™2. This S2 net

20E N, N, 1..3  heat flux and rate of temperature increase
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is approximately double that of S1 for the
same time period (S1: 0.12°Cd ™).

Figure 11. The thin line is the difference (as a %) between organic  For each respective simulation, a total heat
nitrogen (as defined in the text) in S2 versus S1 in the upper 10 m for
northern MB. The total quantity of organic nitrogen in each simulation
is used to calculate the difference as (52 — S1)/S1 x 100. The thick line is
the inorganic nitrogen difference (as a %). Qr= QSW(R) + QL+ Qs + Qm

+ Quent (2)

# Hours from 13 June 00 GMT

budget for the upper 10.7 m is given as

where Qr is the total heat flux (W m~2) implied by the change in the upper layer temperature, Qsw is the
penetrating solar shortwave flux, R is the optical retention of solar shortwave at 10.7 m (or one minus the
transmittance), Q, is the latent heat flux, Qs is the sensible heat flux, Qy, is the net longwave ocean-atmosphere
exchange, and finally Qy,; accounts largely for the vertical diffusion of heat out of the surface layer but may also
include any vertical advective flux. The convention wherein fluxes out of the surface ocean layer are negative
(a heat loss) is applied. Since the spatial means are taken from a large horizontal area (411 km?) in northern MB,
horizontal advection and diffusion are dropped from the budget. The first four terms on the right-hand side
(RHS) of equation (2) (the turbulent and radiative heat fluxes between the ocean and atmosphere; referred to
herein as the “direct” fluxes) are recorded in the modeling system output at hourly intervals. The final RHS term,
the diffusive flux out of the surface layer, is used as a closure term for the heat budget.

Accordingly, the direct fluxes during the above referenced period of warming for 2 average 175.8 W m ™2

(Table 1), and this implies a vertically diffusive heat removal (Quert) of —57 Wm™2. In contrast, the same
analysis for S1 yields a diffusive loss of —75 W m~2 (Table 1). Note that the main difference in the direct fluxes
between S1 and S2 is due to the optical differences (R). S1 relies on the Paulson and Simpson [1977]
adaptation of the Jerlov IA oceanic water type: this yields an R value of 0.77 at 10.7 m. S2 relies on the
biological model to determine the attenuation (biothermal feedback), and this R value at 10.7 m averages
0.95 during this period. Based strictly upon the differences in penetrating shortwave and allowing for the

Table 1. S1 and S2 Heat Budgets: Term-by-Term Comparison

S2 S1 (52 —S1)
Net heating rate (°Cd ') 0.24 0.12 0.12
Net heat flux (Qr; W m72) 121.6 60.8 60.8°
Shortwave attenuation (R) at 10.7m 0.96 0.77 0.18
Attenuated shortwave (Qsw(R); W m_z) 266.9 2141 52.8
Latent heat flux (Q; W m72) -18.0 —11.2 —6.8
Sensible heat flux (Qs; W m72) -1.7 -1.8 0.1
Longwave heat flux (Qnp; W m_z) —714 —61.3 —10.1
Sum of direct fluxes (Wm ™ 2) 175.8 139.8 36.0°
Implied diffusive flux (Que;; W m™2) —542 ~79.0 24.8°
Heat flux below 10.7 m< (W m_z) 65.3 1429 —77.6
ZNet heat flux difference.
59.2 % of difference.
€40.8 % of difference.
Convention is positive for heat penetration.
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(A) Mean 10.7 m Temperature Difference increase in S2 latent and longwave
‘ ‘ ‘ ‘ ‘ removal (due principally to a comparative
increase in S2 SST), the S2 surface layer
should warm at a rate exceeding that of S1
by only 0.07°Cd™". However, the
difference in apparent diffusive heat

0.6

0.4

0.2

°C o 7 fluxes out of the surface layer increases
H this heating rate difference by 71% up to
o 7 0.12°Cd™"; thus, the S2 surface layer is far
“1 more retentive than S1.
04 During June, S2 is biased warmer than S1
[ R S R R B because periods favoring thermal
5 10 15 20 25 30 stratification in the upper ocean are of
0.00 (B) 30‘-9 m Tempfrature Difference longer duration than periods that promote
[ 1 turbulent vertical mixing. This tendency
005 b 1 toward thermal stratification is typical of
1 midlatitude coastal areas during the spring
0100 1 transition from winter well-mixed water
1 column conditions to the characteristic
oCc -0.15 - thermal stratification of summer. However,
r 1 note that during the mixing periods, S2
020 F - does indeed appear to lose heat at a faster
1 rate than S1 (Figure 12a). Both the diffusive
0.25 - - flux and the shortwave transmittance
1 through 10.7 m are greater in S1 than in S2
0300

5 10 15 20 25 (Table 1, last row). This difference
Day-of-June introduces a cold bias in the subsurface
waters of S2 (Figure 12b). Hence, when the
water column does indeed overturn and
turbulent forces prevail over the late spring

3
(=}

Figure 12. (a) Difference (52 — S1) of the upper 10.7 m ocean tempera-
ture. (b) Difference (S2 — S1) of the respective ocean 