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Abstract Because colored dissolved materials (CDMs) trap incoming sunlight closer to the surface, they
have the potential to affect sea surface temperatures. We compare two models, one with and one without
CDMs, and show that their presence leads to an increase in the amplitude of the seasonal cycle over coastal
and northern subpolar regions, which may exceed 2 °C. The size and sign of the change are controlled by the
interplay between enhanced shortwave heating of the surface, shading and cooling of the subsurface, and
the extent to which these are connected by vertical mixing. The changes in the seasonal cycle largely explain
changes in the range of temperature extremes, an aspect of climate with important implications for
ecosystem cycling. The modeled changes associated with CDMs have an intriguing resemblance to the
observed trend in the annual cycle seen in recent decades, suggesting that more attention be paid to the role
of “ocean yellowing” in global change.

Plain Language Summary Colored detrital materials produced by decay of organic matter turn
the oceans yellow and trap light closer to the surface. This results in more heating of the surface but less
heating of the ocean interior during the summer months. As a result, colder water is mixed up to the surface
in winter months, and the annual cycle of sea surface temperature increases. The pattern of this change
resembles the observed trend in the annual cycle of SST, which is particularly important in coastal areas
where it may result in driving marine heatwaves that drive changes in ecosystem structure. Our work
suggests that more attention to ocean optics and mixed layer dynamics will be essential to properly
understanding such changes in extreme temperatures.

1. Introduction

The presence of scatterers and absorbers in ocean water results in concentrating the absorption of sunlight
closer to the surface than in pure water. Almost all Earth System Models operationally run for climate pro-
jection assume that this absorption depends only on the concentration of chlorophyll (Manizza et al., 2005;
Morel & Antoine, 1994) This so-called bio-optical approximation breaks down in coastal regions, where
colored dissolved materials (CDMs) and detrital materials dominate absorption (Kim et al., 2015; Siegel
et al., 2005). Coastal waters have long been known to contain colored materials, often associated with the
breakdown of organic material (Nelson et al., 1998, 2004). These materials tend to absorb most strongly at
the shorter wavelengths associated with blue-green and ultraviolet light. One result of this absorption is to
make the water look yellow (Jerlov, 1950). A more subtle effect arises from the fact that CDM absorbs in
exactly the band where pure water is most transparent to light and so has a disproportionate impact on
the trapping of solar heating (Kim et al., 2015).

In this paper, we examine the impact of this change in heating on sea surface temperatures (SSTs). We do
this by parameterizing the impact of CDM in a coupled Earth System Model and then running two versions
of this model, one with CDM and one without. Section 2 describes the model, and the term balances within
it. Section 3 shows how the presence of CDM affects both the annual cycle of SSTs and the range of extreme
SSTs expected during a 30-year climatology. Section 4 considers implications of this result, comparing the
pattern of CDM-driven changes in SST range to those associated with global warming and, intriguingly,
with observations.
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2. Methods
2.1. Computational Model

Our baseline model is the GFDL ESM2Mc (Galbraith et al., 2011), a coarse-resolution version of the GFDL
ESM2M model (Dunne et al., 2012) used in the Coupled Model Intercomparison Project version 5. ESM2Mc
has an approximately 3° X 2° ocean coupled to an approximately 3° atmosphere, similar in resolution to
state-of-the-art-coupled climate models in the second and third assessment reports. However, relative to
these generations of models ESM2Mc has updated parameterizations of many features of ocean and
atmospheric physics.

The physical model is coupled to the Biology-Light-Iron-Nutrient-Gasses model (Galbraith et al., 2010),
which tracks macronutrient, micronutrient, and dissolved organic matter, carbon, and oxygen as prognostic
tracers. The model uses the micronutrient, macronutrient, and modeled light level to compute a phytoplank-
ton growth rate. Chlorophyll-to-carbon ratios are adjusted so that light uptake rates match nutrient uptake
rates (Geider et al., 1997). The growth rate is then fed into a highly parameterized biology to compute a
quasi-equilibrium biomass. The growth rate and biomass are then combined to produce uptake and
recycling rates. A key aspect of this highly parameterized biology is an allometric (size-dependent) represen-
tation of grazing (Dunne et al., 2005), which enforces a relatively realistic shift from a low-export
high-recycling ecosystem dominated by small phytoplankton in the subtropical gyre to a high-export-low-
recycling ecosystem dominated by high biomass in highly productive waters.

The absorption of solar radiation in ESM2Mc is parameterized as follows. Half of the net downward flux of
visible radiation is partitioned into a blue-green component I, and half into a yellow-red component, I,,.
Within the model each of these components is attenuated with a diffuse attenuation coefficient Ijg 1 S0 that
the shortwave heating rate Qg is

0
QSW = a_z (Ibg + Iyr) = kbg*Ibg + kyrIyr (1)

(with z defined positive upward). In the original version of ESM2Mc we used the parameterization of
Manizza et al. (2005):

kyr = 0.225 + 0.037xchl**, (22)
kpg = 0.0232 + 0.074xch1®"™, (2b)

where chl is the chlorophyll concentration, which is predicted by the model. Kim et al. (2015) used the NASA
bio-Optical Marine Dataset (Werdell & Bailey, 2005), which includes measurements of chl, CDM, and
diffuse attenuation coefficient k(1) to fit a CDM-dependent parameterization for the blue-green component
of sunlight:

kpg = 0.0232 4 0.0513+ch1®®® 4 0.71xagy(443 nm)* ", ©)

where ag is the absorption coefficient associated with detrital and dissolved organic materials (i.e., CDM).
The logarithm of a4, estimated from the SeaWiFs satellite is shown in Figure 1a, showing that it is small in
the middle of gyres (adding less than 0.01 m™" to the diffusive attenuation coefficient of water for blue-green
light) and large in coastal regions and the Arctic.

We performed two sets of experiments with our new parameterization. First, we took a version of ESM2Mc,
which had been initialized with modern ocean hydrography and run out for 1,500 years using the old optical
parametrization with greenhouse gasses (methane, carbon dioxide, and nitrous oxide) and aerosols (black
carbon, sulfate aerosol, organic carbon, and eight size classes of dust) fixed at 1,860 values. At that point
the optical parameterization was changed, and two cases were started. In our control model (denoted in
the text as CDM + Chl), we set aqq to the values shown in Figure la. In the second case, denoted as
Chl-Only, we set a4 to zero. Both simulations were then run out for 900 years. While there are some drifts
in the deep ocean, surface temperatures come to equilibrium after about 100 years (Kim et al., 2018)—
though in order to be cautious we look only at the last 700 years of the simulation. Differences between
the CDM + Chl and Chl-only simulations thus show the total impact of adding CDM to the Earth System
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Figure 1. Distribution and radiative impact of colored dissolved material (CDM). (a) Log;o of absorption coefficient
(in m_l) associated with CDM at 443-nm wavelength (values with log a4z > —1.6 indicate CDM absorption is
more important than pure water at this wavelength). (b) Annual mean change in penetration of solar radiation below
mixed layer in W/m® CDM + Chl simulation—Chl-only simulation.

Model. The net impact on radiation penetrating below the depth of the boundary layer is shown in Figure 1b.
Higher CDM absorption decreases the escape of light from the mixed layer by more than 10 W/m?
in coastal areas.

The models have a reasonable seasonal cycle over most of the global ocean. Figure Sla shows the annual
amplitude of the annual cycle observed from the Reynolds OISST product, with peaks associated with the
boundary current extension regions and low variability in the tropical Pacific. The models largely reproduce
this pattern away from the Southern Ocean. In the Southern Ocean, a failure to properly simulate mid-to-
low summertime clouds results in a warm bias during this season (Delworth et al., 2006), which largely dis-
appears during the winter (our control model has a reasonable simulation of wintertime sea ice extent). The
zonal-mean average of the annual temperature range shows good agreement north of about 20°S.

2.2. Budget Terms

In order to understand changes in the annual cycle, we also present detailed heat balances at various loca-
tions. Within any box in the water column, the heat balance associated with the temperature tendency can
be written:

oT
= Az —
leal P CP z( ot ) total

NS ™ @™ (@™ ()t * (6 ™ (5 P
ot advect ot neutral ot submeso ot vdiff ot nonlocalKPP ot SWpen P

4)

The left-hand side refers to the total heating/cooling. The first term on the right-hand side is the tendency
due to the advection of temperature within the model in all three dimensions by the resolved flow at the grid
Spadng' The (%) neutral
(advective) and Redi diffusion (along-isopycnal mixing) terms (Griffies, 1998). The third term is submesocale
mixing following Fox-Kemper et al. (2011), which parameterizes the overturning associated with submesos-

cale eddies whose source of energy is the horizontal density gradients within the mixed layer. The eddy terms

can be combined as
oT oT oT
Qeddy = P CpAZ (—) =pq Az{ (—) + (—) } 5)
o P ot eddy P ot neutral ot submeso

Vertical mixing (the fourth and fifth terms on the RHS of equation (4) as described in Large et al. (1994))
follows the basic pattern suggested by Troen and Mahrt (1986) for the atmospheric boundary layer, which
represents the associated heat fluxes as

term includes the temperature impacts from both the Gent and McWilliams
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or 0 orT oT orT
Qumix = PCHAZ (7 ) = pcpAz— K, (— —}/) = pc (7) + (*) ) (6)
vmix P ot Vimix P 0z Y 0z b ot vdiff ot nonlocalKPP

where K, is a vertically varying mixing coefficient and y(z) parameterizes a “countergradient” term that
allows for transport by large eddies that feel the large-scale gradient across the boundary layer rather than
the local gradient (which may have the opposite sign). While these terms are saved out separately in the
model, we combine them for our analysis. The final term in equation (4) is a source term from penetrating
shortwave radiation, which removes heat deposited in the surface layer and redistributes it through the
water column—as shown in equation (1).

3. Results

We might expect that the additional impact of CDM in trapping heat near the surface would lead to warmer
summers. As seen in Figure 2a, the SST during the warmest month over the year does rise in regions such as
the Pacific west coast, Baltic Sea, and NE Atlantic. However, noted in previous work (Kim et al., 2016, 2018),
absorbing more heat near the surface means that less heat is absorbed at depth. As a result subsurface waters
are cooler and, when exposed in the wintertime, drive a seasonal cooling (Figure 2c). When combined
(Figure 2e), adding the absorption due to CDM results in an expanded annual range of SSTs throughout
the subpolar oceans in both hemispheres and the subtropical Atlantic. In the polar Arctic, the wintertime
cooling CDM leads to an expansion and thickening of sea ice (described in Kim et al., 2016), which decreases
the annual range.

These changes in the seasonal cycle are reflected by changes in extreme temperatures. We define extreme
temperatures as 96.7th percentile of monthly mean temperatures during the warmest month and the
3.3rd percentile of the coldest months taken over 700 years of model simulation. We choose the percentile
threshold to correspond roughly to the warmest and coldest months we might expect to find in a standard
30-year climatology. The presence of CDM clearly results in an increase in extreme warm temperatures
(Figure 2b) in coastal regions, with peak values reaching 1.5 °C. Similarly, the coldest months (Figure 2d)
get colder. As a result the range of extreme temperatures (difference of high warm season and low cold sea-
son; Figure 2f) increases by up to 3.5 °C. As seen in Figure S2a in the supporting information the changes in
annual range explain about 75% of the change in extreme range. The difference between the two (Figure S2b)
reveals a complex spatial pattern of change, which does not neatly project onto a single mode of climate
variability. Analysis of changes in the statistical distribution of SST with the seasonal cycle removed reveals
a complex interplay between changes in variance, skew, and kurtosis (all of which have the potential to
affect the extreme range) across different sites.

In order to understand why the annual cycle of temperature changes, we turn to the term balances that gov-
ern the changes in the seasonal cycle between our Chl + CDM and Chl-Only simulations as described in the
methods. We consider four points (denoted by the blue numbers in Figure 3d) that illustrate different sorts of
balances. The simplest balance is shown in Figure 3a, showing a point corresponding to the center of the
Baltic Sea. At this location the addition of CDM produces an enhanced seasonal cycle, with more warming
during the summer and more cooling during the winter. The CDM + Chl simulation has much less penetra-
tion of SW radiation than Chl-Only simulation (red line), heating the surface layer by up to 40 W/m?>
However, changes in mixing within the mixed layer (green line) tend to oppose this change in heating.
The sum of the two (dark blue line) shows that shortwave heating wins during the summer but that during
the winter the net impact of subsurface cooling is mixed back up to the surface. One-dimensional balances
basically explain the entire change in seasonal cycle at this location, as the advective (light blue line) and
lateral diffusive (magenta line) terms are relatively small.

One dimensional balances explain the bulk of annual change over much of the globe, but by no means every-
where (Figure S3). In the Kuroshio Extension (Figure 3b), vertical mixing has an annual cycle in the opposite
sense as shortwave absorption but actually ends up positive during the winter, so that one dimensional pro-
cesses actually result in additional heating. The annual cycle in heating and cooling (black line) still shows
cooling during this time period and is strongly influenced by an annual cycle in advection (light blue line),
with more cold water being advected into the region in the winter and more warm water in the summer.
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Figure 2. Changes in sea surface temperature associated with adding colored dissolved material to the model. (a) Change during the warmest climatological month.
(b) Change of the 96.7 percentile of warmest month corresponding to warmest month during a 30-year climatology. (c) Change during the coldest climatological
month. (d) Change of the 3.3 percentile of coldest month corresponding to coldest month during a 30-year climatology. (¢) Change in annual sea surface tem-
perature range (a minus c). (f) Change in range of extreme temperatures (b minus d).

In the subtropical Atlantic (Figure 3c) the vertical balance overpredicts the changes in heat flux associated
with surface temperature change. At this site, the vertical balance is compensated by the lateral mixing term,
which is dominated by submesoscale restratification of the mixed layer. Submesoscale restratification goes
as the square of the mixed layer depth, which at this location reaches 200 m during the wintertime,
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Figure 3. Changes in the heat balance of the topmost model layer associated with adding colored dissolved material, as given in equations (1) and (4). Line colors
denote total heating Qozq; (black), additional trapping of shortwave radiation Qsy (red lines), vertical mixing Qyq; (green lines), the sum of Qsw + Qvaif
representing all 1-D mixed layer processes (dark blue lines), three-dimensional advection (light blue), and lateral mixing associated with either mesoscale diffusion
and submesoscale diffusion Qcqqy (purple). Sites are (a) 58°N, 19.5°E, central Baltic Sea. (b) 41°N, 150°E, Kuroshio extension, illustrating a regime where advection
is important. (c) 28.3°N, 65°W, central subtropical Atlantic, illustrating a regime where submesoscale restratification is important. (d) 13.6°N, 164.5°W tropical
Pacific, illustrating a regime where the annual cycle decreases.

deeper than other sites considered in Figure 3. Finally, at 13°N, 160°W (Figure 3d) the change in the annual
cycle in vertical mixing is larger than the change in penetrating shortwave radiation, resulting in a reduced
annual cycle in the presence of CDM.

4. Discussion

The fact that CDM has the ability to change both annual and extreme temperature ranges has wide implica-
tions beyond physical oceanography. As many organisms exist within a preferred temperature range, pro-
longed conditions outside of this range can result in significant mortality (Pearson & Dawson, 2003).
Extremes of high temperatures have been associated with ecosystem shifts across the globe, from the tropics,
where marine heat waves have driven coral bleaching (Strong et al., 2006), to the Mediterranean where a
2003 heat wave was associated with mass mortality of benthic invertabrates (Garrabou et al., 2009). On
the other hand, extremely cold winters have been shown to kill larval fish such as the Atlantic Croaker
(Lankford & Targett, 2001). The dynamics behind such changes in temperature extremes are still not well
understood (Frolicher & Laufkétter, 2018).

Changes in annual cycling may play a role in such extreme events. Looking at the Reynolds optimally inter-
polated SST product (Reynolds et al., 2007), we see that both the annual range of SST (defined as the max-
imum monthly average minus the minimum monthly average; Figure 4a) and the range associated with
the annual harmonic of SST (computed by fitting a sinusoid with period of 1 year to the SST at each point,
taking the peak to trough range of the result for each year, and then looking for trends in the amplitude;
Figure 4b) show changes over the past 36 years. Outside of the Arctic, both of these patterns have a signifi-
cant similarities with the changes associated with CDM, with both patterns showing increases in the annual
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Figure 4. Changes in the annual sea surface temperature range. (a) Observed using the Reynolds OISST product (Reynolds et al., 2007) from 1982-2017 (trend in
annual maximum-annual minimum). (b) Trend associated with the annual harmonic of the Reynolds sea surface temperature from 1982-2017. (c) Associated
with doubling CO, (GW) in the presence of colored dissolved material (ACDM). (d) Associated with doubling CO, (GW) in the absence of colored dissolved

material (NoCDM).

cycle in the North Pacific subpolar gyre, the coastal regions of the North Atlantic, including the Baltic and
Mediterranean Seas and the coastal upwelling zones such as the Peru and Benguela currents and decreases
in the Pacific subtropics.

We do not mean to suggest that the agreement between Figures 4a and 4b and 2e and 2f means that recent
observed increases in the seasonal cycle are necessarily driven by an increase in CDM. First, the observed
changes appear to be larger than what our model predicts with CDM alone. Moreover, while the observa-
tional record is currently too short and too uncertain to establish whether CDM is increasing or decreasing
in the ocean as a whole over multidecadal time scales, it is certainly not the case that there was no CDM in
the ocean before 1982.

However, it is also worth noting that our model has a relatively coarse resolution in the vertical (eight boxes
cover the top 100 m). Under weak winds the diurnal summertime mixed layer can be very shallow and have
temperature excursions of 2-3 °C. Representing such mixed layers in climate models can require very high
resolution (as fine as 1 m) in the vertical (Bernie et al., 2006; Sui et al., 1997). In such regions, the impact of
changes in shortwave absorption will be even larger than seen here and our model will likely underestimate
the impact of such changes on climate. Moreover, there is evidence of increasing concentration of dissolved
organic carbon in inland waters (lakes and streams) and that in some regions a larger fraction of this dis-
solved organic carbon is becoming more tinted (Pagano et al., 2014; Strock et al., 2017; Worrall & Burt,
2010). A few regions, most notably the Gulf of Maine, have seen both documented increase in CDM and
an increase in temperature ranges (Balch et al., 2016; Thomas et al., 2017).
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It is also interesting that the patterns of change in SST annual range are quite different than those seen from
global warming alone. Figures 4c and 4d show the changes in SST annual range from the first 5 years of a
three-member ensemble immediately after atmospheric carbon dioxide is doubled. The annual range
changes with and without CDM are very similar (with a correlation coefficient of 0.95 and regression coeffi-
cient of 1.015) and are poorly correlated with the pattern of annual change associated with CDM (the corre-
lation coefficient between the fields shown in Figures 4c and 4d and that in 2e is —0.19). This suggest that it is
important how heat is added to the surface ocean—changing the trapping of outgoing longwave radiation
via increasing greenhouse gasses has a different signature than increasing the trapping of shortwave radia-
tion in the mixed layer.

Our results have a number of important implications for observing and modeling the Earth. The first is that
they highlight the importance of changes in the amplitude of the annual cycle. In many locations, these
changes are significantly larger than annual mean changes. As such changes in temperature can have impor-
tant implications for phenology, adequately predicting changes in marine ecosystem structure requires more
attention needs to be paid to the mechanisms driving the amplitude of the annual cycle. Our second point is
that the processes that establish the profile of solar heating and its redistribution in the vertical are key to
understanding these seasonal changes. Recent changes in annual range are broadly consistent with a
mechanism in which more heat is trapped at the surface during the summer and less is brought up during
the winter—and thus, changes in ocean color could potentially play a role.

Advancing such understanding will require more comprehensive long-term monitoring of CDM. Currently,
it is difficult to detect trends in ocean color properties as there are relatively few in situ time series stations,
and satellite-based observations must be corrected for poorly known impacts of atmospheric absorption
(Blondeau-Patissier et al., 2014). Such problems are particularly challenging in coastal environments where
the spectral properties of CDM as well as its concentrations may vary with time. Modeling such changes may
require much higher vertical resolution than is standard in modern climate models, suggesting a further area
for investigation. It will also require understanding changes in nutrient deposition (Doney, 2010), which
would be expected to enhance the production of CDM as well as changes in the degradation of this
key absorber.
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