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Abstract Chlorophyll in phytoplankton absorbs solar radiation (SR) and affects the thermal structure and
dynamics within upwelling regions. However, research on this process across global-scale coastal upwelling
systems is still lacking. Here, we use a coupled ocean-biogeochemical model to investigate differing responses
to chlorophyll-induced solar absorption between Pacific and Atlantic coastal upwelling regions. Chlorophyll-
induced solar absorption leads to colder Pacific coastal upwelling but warmer Atlantic coastal upwelling. In the
Pacific, the shading effect of the surface chlorophyll maximum leads to colder subsurface water, which is then
upwelled, contributing to cooling. The more stratified upper ocean leads to shallower mixed layer depth,
intensifying offshore transport and upwelling. In the Atlantic, the absorption of SR by the subsurface
chlorophyll maximum causes warmer and weaker upwelling. The processes described, in turn, trigger positive
feedback to ocean biogeochemistry and potentially interact with climate dynamics, underscoring the necessity
to incorporate them into Earth system models.

Plain Language Summary Chlorophyll and related pigments in phytoplankton play a key role in
absorbing solar radiation and regulating ocean temperatures. In some coastal upwelling regions along the
eastern boundaries of oceans, where chlorophyll concentrations are high, studies have suggested that the solar
heat absorbed by chlorophyll can influence the temperatures and strength of upwelling. However, there is no
study focusing on this process across global coastal upwelling zones. Here, we use computer simulations of
ocean and phytoplankton to explore the effects of chlorophyll-induced solar absorption on upwelling
temperatures and strength on a global scale. Our study suggests that this effect varies between Pacific and
Atlantic coastal upwelling regions due to their different spatial distributions of chlorophyll: surface chlorophyll
in the Pacific warms the water after it has risen to the surface and as it is flowing offshore, while subsurface
chlorophyll in the Atlantic warms the water before it rises to the surface. As a result, chlorophyll-induced solar
absorption leads to colder and stronger coastal upwelling in Pacific but warmer and weaker upwelling in
Atlantic. Given the limited consideration of this process in previous studies, we emphasize the importance of
incorporating it, along with regional differences, into future simulations.

1. Introduction

Phytoplankton, the primary photosynthetic organisms in the ocean, plays a crucial role in regulating the vertical
distribution of solar radiation (SR) through absorption by chlorophyll (Chl) and related pigments (Marlon
et al., 1990; Morel, 1988). Previous research has established a connection between Chl-induced solar absorption
and the thermal structure of the upper ocean, based on observations (Huan et al., 2021; Mercado & Gémez-
Jakobsen, 2022), in situ data (Parida et al., 2022; Patil et al., 2023), and numerical models (Asselot et al., 2021;
Park et al., 2014). For instance, SR absorption by Chl has been proposed as a significant contributor to the upper
ocean heat balance in the open ocean, manifesting in the increase of upper ocean heating rate ranging from 2 to
20 W m~2 (Parida et al., 2022; Park et al., 2015; Timmermann & Jin, 2002). Thus, higher phytoplankton biomass
generally leads to a warmer ocean surface layer and exerts a significant influence on global climate (Manizza
et al., 2005, 2008). However, some state-of-the-art climate models, such as the UK Earth System Model
(UKESM), still lack a realistic representation of this process, relying on a spatially constant Chl value for
SR penetration calculations (Sellar et al., 2019). This constraint, along with the significant implications of Chl-
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Figure 1. Response of sea surface temperature (SST) to Chl-induced solar absorption in coastal upwelling regions.

(a) Distribution of surface Chl concentration in Case.MED. (b) SST difference of Case. MED minus Case.Con. Black lines
indicate Region.Cold, denoting coastal areas exhibiting surface cooling induced by Chl, and white lines indicate Region.
Warm, denoting coastal areas exhibiting surface warming induced by Chl.

induced solar absorption for ocean physics and climate processes, emphasizes the need for a comprehensive
investigation into this biophysical interaction.

Solar radiation absorption by Chl has been suggested to impact the large-scale climate variability (Jochum
et al., 2010; Tian et al., 2021; R. H. Zhang et al., 2019), and studies on this effect have mainly centered on the
Pacific equatorial upwelling region, due to its potential feedbacks to the El Nifio-Southern Oscillation (ENSO).
For example, the variations in the upper ocean thermal structure induced by Chl-absorbed SR in the Pacific
equatorial upwelling significantly influence the magnitude (Lengaigne et al., 2007) and asymmetry (Timmer-
mann & Jin, 2002) of ENSO. However, the thermal structure in the coastal upwelling regions, situated along the
eastern boundaries of mid-latitude ocean basins, can also influence the formation of stratocumulus clouds by
changing the ocean-atmosphere fluxes of heat and moisture, and can thus indirectly impact tropical or broader
climate (Richter, 2015; Wood, 2012). Hence, it is essential to understand the modification of Chl on the thermal
structure of coastal upwelling, as it may exert a substantial impact on climate system.

Previous studies have explored the Chl-induced temperature variations within specific upwelling systems. As
indicated by Echevin et al. (2021), increased surface Chl concentrations in the Peru upwelling can absorb more SR
in the upper ocean, thereby limiting its penetration into the subsurface. This process leads to a cooling of the upper
ocean, attributed to the subsurface cooling of source waters that are upwelled. Furthermore, Hernandez
etal. (2017) suggests a comparable surface cooling impact by Chl in the Benguela and Canary upwelling systems.
This cooling effect is associated with not only the redistribution of SR but also the modifications in horizontal
ocean advection. However, Hernandez et al. (2017) uses an empirical parameterization (Morel & Berthon, 1989)
to estimate a vertical profile of Chl from satellite-observed surface Chl, which introduces uncertainty into the
vertical structure of SR absorption by Chl in the subsurface ocean.

While Chl-induced solar absorption has been associated with ocean thermal structure and dynamics in specific
coastal upwelling regions, there remains a need for a comprehensive understanding and comparison of these
processes across global coastal upwelling regions, using the same model and assumptions for each region. In this
study, we use a global ocean model coupled with a biogeochemistry model to investigate the influence of Chl-
induced solar absorption on upper ocean temperatures and dynamics in five coastal upwelling regions
(Figure 1), with a specific focus on exploring the discrepancies between them.

2. Data and Methods
2.1. Model Description

Numerical experiments in this study make use of the Nucleus for European Modeling of the Ocean (NEMO)
(Madec & NEMO team, 2016) ocean physics model coupled with the Model of Ecosystem Dynamics, nutrient
Utilization, Sequestration and Acidification (MEDUSA) (Yool et al., 2013) marine biogeochemistry model. The
model domain is approximately 1° X 1° in horizontal resolution, with 75 vertical levels and an explicit nonlinear
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free surface. In NEMO, SR absorption down the water column depends on the Chl concentration at each model
level, using a three-waveband Red-Green-Blue (RGB) light scheme (Lengaigne et al., 2007; Morel, 1988).
Operationally, the model permits this Chl concentration to be directly driven by MEDUSA or to be specified
independently. In MEDUSA, the solar absorption is calculated separately from NEMO based on a two-waveband
light scheme to represent the self-shading by phytoplankton within the water column (Yool et al., 2013). In
Section 3.2, mixed layer depth (MLD) is used to explain the response of upwelling dynamics to Chl-induced solar
absorption. Here, MLD is defined as the depth where the vertical profile of potential temperature decreases by
0.5°C relative to the near-surface temperature.

Here, the configuration of NEMO-MEDUSA has been made consistent with that of the UKESM1 (Sellar
et al., 2019). UKESM is a fully coupled Earth system model that is built upon the HadGEM3-GC3.1 (Kuhlbrodt
et al., 2018) physical climate model, adding interactive atmospheric chemistry and terrestrial and marine
biogeochemistry (MEDUSA). HadGEM3-GC3.1 omits marine biogeochemistry, and instead utilizes a spatially
uniform Chl value when calculating the absorption of downwelling radiation in the ocean. To remain consistent
with HadGEM3-GC3.1, UKESM1 also uses this approach, despite MEDUSA including Chl dynamics. As a
result, this may lead to unrealistic model behavior, especially in regions where MEDUSA's Chl differs signifi-
cantly from this constant value. For example, where simulated Chl is much lower, as in the low productivity
oligotrophic gyres (Dai et al., 2023), or much higher, as in the highly productive upwelling regions (Ferreira
et al., 2021). Consequently, by contrasting model behavior when this constant value is used with that when
MEDUSA's dynamic Chl concentrations are used, this study aims to provide insights for future Earth system
model development.

2.2. Case Settings

The two case simulations in this study only differ in the Chl inputs of the RGB scheme, the component for
calculating solar absorption in NEMO. In the reference simulation (Case.Con), the SR penetration is based on a
horizontally and vertically constant Chl concentration set to 0.1 mg m ™, which is the default value in NEMO. In
Case.MED, SR penetration depends on the time-varying output of Chl concentrations from MEDUSA. Both cases
are forced at the ocean surface by identical atmospheric forcing, including SR, heat, freshwater and momentum
fluxes, provided by version 2 forcing for coordinated ocean-ice reference experiments (CORE2) (Griffies
et al., 2009).

2.3. Observational Data

Observed sea surface Chl concentration data is used to evaluate the model performance in Figure S1 in Supporting
Information S1. Monthly mean Chl concentrations are derived from Moderate Resolution Imaging Spectror-
adiometer (MODIS) satellite data spanning 2005 to 2022 (NASA OBPG, 2022). For ease of computation, the raw
data is interpolated to the model grids.

3. Results

3.1. Modifications of Chl-Induced Solar Absorption on Upper Ocean Temperatures in Coastal Upwelling
Regions

Chl concentrations simulated by MEDUSA within global coastal upwelling regions consistently exceed
0.1 mg m™>, the reference value to calculate SR penetration in Case.Con (Figure 1a). However, higher Chl levels
exhibit a contrasting impact on sea surface temperatures (SSTs) between different coastal upwelling regions,
producing a surface cooling in Pacific upwelling regions but a surface warming in Atlantic upwelling regions
(Figure 1b).

To understand the different responses of SSTs to Chl between Pacific and Atlantic coastal upwelling regions, we
have categorized global coastal upwelling regions (Chavez & Messié, 2009; Patti et al., 2008) into two zones:
Region.Cold and Region.Warm (Figure 1). Region.Cold is defined as the coastal upwelling regions where the
enhanced Chl-induced solar absorption leads to colder surface temperatures in Case. MED compared with Case.
Con. These regions include California, Peru, and Chile upwelling zones in the Pacific ocean. Conversely, Region.
Warm, situated along the eastern coasts of the Atlantic, experiences warmer surface temperatures due to enhanced
Chl-induced solar absorption.
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Figure 2. Mean cross-shore structures of Chl concentrations (a, c), solar radiation absorption per unit depth (e, g) and potential temperature (i, k) in Case. MED and their
differences of Case.MED minus Case.Con (b, d, f, h, j, and 1) in Region.Cold (left dashed box) and Region.Warm (right dashed box) as indicated in Figure 1. Red lines in
panels (f) and (h) indicate the mixed layer depth (MLD) in Case.MED, and black lines indicate the MLD in Case.Con. Red lines in panels (j) and (1) indicate the
isotherms in Case.MED, and black lines indicate the isotherms in Case.Con.

In Region.Cold, high near-surface Chl concentrations simulated by MEDUSA (Figure 2a) lead to increased
absorption of SR within the upper 20 m depth (Figure 2f) in Case.MED. This, in turn, restricts the penetration of
SR into the subsurface ocean (Figure 2f), resulting in subsurface cooling below 20 m depth (Figure 2j). Sub-
surface colder water is subsequently transported to the surface via upwelling (Figure 3e), while the solar heat
accumulated in the near-surface ocean is transported away from the coast via horizontal advection (Figure 3i).
This mechanism leads to the surface cooling within approximately 300 km of the coast within the upwelling
regions and simultaneous warming farther offshore (Figure 1b).

In Region.Warm, the modification of the vertical distribution of SR by Chl is similar to that of Region.Cold, that
is, more SR absorbed in the upper ocean and less penetration into the subsurface (Figure 2h). However, this effect
is less pronounced in Region.Warm, primarily due to the lower Chl concentrations in the near-coast surface ocean
(Figure 2c). Notably, within the range of 200-1,500 km away from the coast in Region.Warm, more SR is
accumulated in the subsurface ocean (at around 60 m depth) (Figure 2h), driven by the presence of a subsurface
Chl maximum (Figure 2c). As a result, additional solar heat is transported toward the coast at depth (Figure 3k)
and then upwelled (Figure 3g), leading to an upper ocean warming in the coastal upwelling regions (Figure 21).

3.2. Impacts of Chlorophyll-Induced Temperature Variations on Ocean Dynamics

Aligned with the differing temperature responses to Chl-induced solar absorption between the different upwelling
regions, the subsequent effects on ocean dynamics differ and are described in this section. The wind forcing,
acting as the atmospheric driver of coastal upwelling, remains constant in both cases. However, physical changes
in the ocean resulting from Chl-induced solar absorption could potentially influence the offshore transport and
thus the upwelling dynamics.
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Figure 3. Mean cross-shore structures of vertical temperature gradient (a, c), upwelling speed (e, g) and eastward (u-ward) current speed (i, k) in Case.MED and their
differences of Case.MED minus Case.Con (b, d, f, h, j, and 1) in Region.Cold (left dashed box) and Region.Warm (right dashed box) as indicated in Figure 1.

In Region.Cold, the reduction in subsurface temperatures (20-140 m depth) resulting from the Chl shading effect
intensifies the vertical stratification in the upper ocean (Figure 3b) and leads to a shallower MLD in Case. MED
(Figure 2f). The change of MLD only has a small impact on the solar absorption within the mixed layer. However,
based on the calculation of net offshore transport (Text S1 in Supporting Information S1) following Sweeney
et al. (2005), a shallower MLD intensifies offshore geostrophic transport, which largely explains the stronger net
offshore transport in the mixed layer in Case.MED (Figure S2a in Supporting Information S1). This leads to an
intensified upwelling, peaking just below the enhanced offshore velocity anomalies (Figure 3j), to compensate the
water transported away from the coast in the mixed layer (Figure 3f). Moreover, in Case. MED, the additional
water transported away from the coast at the ocean surface is subsequently transported back to the coast through
more pronounced downwelling between 200 and 500 km offshore, and subsurface coastward currents at around
60 m depth (Figures 3e-3j). This process enhances the existing mesoscale zonal overturning circulation in these
upwelling regions, characterized by an “upward-offshore-downward-onshore” flow pattern (Figures 3f and 3j).
The intensified upwelling near the coast contributes to cooling the near-coast water column, whereas enhanced
downwelling farther offshore leads to the off-coast warming. This process, along with the Chl-induced redis-
tribution of solar heat (Figure 2f), collectively contributes to the negative temperature anomalies in near-coast
regions and positive temperature anomalies in off-coast regions (Figure 2j).

In Region.Warm, the less stratified upper ocean (above 60 m depth) leads to a deeper MLD in Case. MED
(Figure 2h). This weakens the offshore transport (Figure 31 and Figure S2b in Supporting Information S1),
resulting in a reduced upwelling speed (Figure 3h). The circulation anomalies (Figures 3h and 31) are broadly
opposite to those in Region.Cold, indicating a weakening of the zonal overturning circulation consistent with a
slower offshore current.
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4. Discussion and Conclusions

The responses of the thermal structure and dynamics to Chl-induced solar absorption vary between the Pacific and
Atlantic coastal upwelling regions. In the Pacific coastal upwelling regions, increased Chl-induced solar ab-
sorption produces cooling in the near-coast areas but simultaneous warming farther offshore. This is in line with
Echevin et al. (2021), who proposed a cooling impact of Chl-induced solar absorption in the near-coast Peru
upwelling region. However, the maximum surface cooling reported in their study, up to 1°C, is larger than the
0.3°C in our study (Figure 1b). One possible reason is that the reference simulations of Echevin et al. (2021) are
based on no Chl as opposed to 0.1 mg m™ in our study, accentuating the Chl-induced cooling which is calculated
based on the Chl differences between reference and experimental simulations. Additionally, Echevin et al. (2021)
used a fine-resolution regional ocean model (10 km horizontal resolution), enabling a more accurate simulation of
the fine structure of the cooling effect caused by near-coast high Chl concentrations (Hilt et al., 2020).

In the Atlantic coastal upwelling regions, solar heat absorbed by the subsurface Chl maximum is transported
coastward by the subsurface eastward currents and then upwelled, resulting in an upper ocean warming (above
80 m) of the near-coast upwelling region. As a result of increased absorption of SR at a depth of 60—80 m, there is
areduction in the penetration of SR into the deeper ocean. Consequently, the negative anomaly of solar heat input
below 80 m depth (as shown in Figure 2h) is trapped in the stratified deep ocean, leading to a cooling effect within
80-150 m depth (Figure 21). This finding contrasts with Hernandez et al. (2017) who proposed a surface cooling
caused by Chl-induced solar absorption in the Benguela and Canary upwelling systems. The difference might
arise from the unrealistic vertical profile of Chl in their study, which was calculated by an empirical parame-
terization (Morel & Berthon, 1989) combined with satellite-observed surface Chl concentrations. This approach
may not accurately capture the Chl-induced temperature change if the empirical parameterization only alters the
distribution of SR within the mixed layer in response to varying Chl concentrations (see Figure 2 in Hernandez
et al. (2017)), and it may fail to represent the warming effect induced by the Atlantic subsurface Chl maximum
which is below the mixed layer (Figure 2h). Therefore, we emphasize the importance of simulating Chl vertical
distribution especially relative to the mixed layer when evaluating the effect of Chl-induced solar absorption (Du
et al., 2024; R. H. Zhang et al., 2018).

Furthermore, these results have been compared with the studies in equatorial upwelling regions. In the Pacific
ocean, similar cooling responses to Chl-induced solar absorption are found in both coastal and equatorial up-
welling regions, as supported by the majority of studies focused on equatorial upwelling (Shi et al., 2023; R. H.
Zhang et al., 2019). This similarity is attributed to the redistribution of SR caused by Chl (less penetration into
subsurface and then upwelled) and resultant stronger surface divergence and upwelling (Murtugudde et al., 2001;
Shi et al., 2023). However, the cooling effect in the Pacific coastal upwelling regions is more pronounced due to
the higher upwelling speed which can transport more of the colder water affected by the Chl shading effect (see
Figure 2 in Shi et al. (2023)). In the Atlantic ocean, SST responses to Chl-induced solar absorption differ between
coastal and equatorial upwelling regions due to varying dynamic and biogeochemical conditions. In equatorial
upwelling regions, the variations in complex ocean currents induced by Chl result in negative feedback on SST
(Murtugudde et al., 2001), while in coastal regions, more pronounced subsurface Chl maximum leads to positive
feedback on SST (Figure S3 in Supporting Information S1).

We further assess the uncertainties in the results introduced by the methods used in this study. A comparison of
surface Chl concentrations between modeling output and satellite observations (Figures Sla and S1b in Sup-
porting Information S1) shows that the Chl distribution in the Pacific upwelling regions is well captured by
MEDUSA, although it overestimates Chl concentrations in the Peru upwelling region. In Atlantic coastal up-
welling regions within 10°S—10°N, MEDUSA exhibits a negative bias in surface Chl concentrations (Figure S1b
in Supporting Information S1). Nevertheless, MEDUSA accurately reproduces the subsurface Chl maximum in
this region, which is a key feature contributing to the Atlantic upwelling warming (Figure S3 in Supporting
Information S1 and Yasunaka et al. (2022)). Due to the inaccurate simulation of nutrient availability in MEDUSA
(Yool et al., 2021), the positive bias in surface Chl of Pacific coastal upwelling and negative bias in the Atlantic
may exaggerate the findings of this study. However, the primary aim of this research is to understand the response
of ocean physics to Chl-induced solar absorption, rather than to reproduce precisely the observed ocean condi-
tions. Furthermore, the key results of this study are all statistically significant at the 95% level, based on a
Student's #-test analysis of the anomalies (Figure S4 in Supporting Information S1).
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The Chl-induced variations in upper ocean temperatures can further alter the ocean dynamics of upwelling re-
gions. Following Sweeney et al. (2005), the net offshore transport, which governs upwelling strength, is deter-
mined by two components: Ekman transport and geostrophic transport (Text S1 in Supporting Information S1).
The Ekman transport within the mixed layer remains consistent between the Case. MED and Case.Con simula-
tions due to identical wind forcings in both cases. Therefore, changes in upwelling dynamics are governed by any
variations in the geostrophic transport, in line with Ding et al. (2021) and Jing et al. (2023). In Pacific coastal
upwelling regions, the enhanced stratification in the upper ocean associated with Chl-induced solar absorption
leads to a shallower MLD. This intensifies the offshore geostrophic transport and can largely explain stronger net
offshore transport in Case. MED (Figure S2a in Supporting Information S1). Finally, the intensification of
offshore transport contributes to a stronger upwelling in the upper ocean (Figure 3f). The same mechanism
produces the opposite response in Atlantic coastal upwelling regions due to the deeper MLD produced by the deep
Chl maximum here (Figure S2b in Supporting Information S1).

However, the calculations of net offshore transport only provide an incomplete dynamical interpretation for
coastal upwelling, as it may overlook the remote effects of larger-scale circulation, which is an important
component in coastal upwelling systems (Lee et al., 2024). Hence, we present the difference of horizontal currents
between two cases within coastal upwelling regions in Figure S5 in Supporting Information S1. In Pacific coastal
upwelling regions, the horizontal currents in Case. MED show a 10% increase compared to Case.Con (Figures S5e
and S5f in Supporting Information S1), attributed to stronger geostrophic transport, aligning with stronger
offshore transport and upwelling caused by Chl-induced solar absorption (Figure 3f). However, in Atlantic up-
welling regions, variations in ocean currents caused by Chl-induced solar absorption appear to be part of a broader
pattern of surface current anomalies, likely correlated with other dynamical changes, such as equatorial currents
and larger-scale circulations (Figures S5g and S5h in Supporting Information S1), although these must ultimately
be driven by the difference in Chl between the two simulations. Therefore, future research should investigate both
local and remote processes driven by changes in Chl-induced solar absorption and resultant impacts on ocean
dynamics.

The variations in ocean dynamics caused by Chl-induced thermal structure change potentially feedback to the
upper ocean temperatures (Figures 3e-31). To quantify the relative contribution of changes in ocean currents on
Chl-induced temperature variations, a heat budget analysis has been applied to Case. MED and Case.Con (Figure
S6 in Supporting Information S1). The heat budget differences between the two cases align with our results,
revealing a solar heating effect in the upper ocean but a cooling effect from the transport of colder subsurface
water in Pacific coastal upwelling regions (Figures S6a—S6f in Supporting Information S1), and a warming effect
in subsurface water of Atlantic coastal upwelling regions (Figure S6c in Supporting Information S1) which is then
upwelled (Figures S6d and S6h in Supporting Information S1). We also conduct sensitivity tests by calculating
the heat budget difference between Case.MED and Case.Con under the assumptions that either the ocean currents
are kept constant or the temperatures are kept constant (Figure S7 in Supporting Information S1). Qualitatively,
the heat budget difference patterns between the two cases align closely with those caused by temperature changes
(Figures S7a-S7d in Supporting Information S1). Quantitatively, in Pacific coastal upwelling regions, the cooling
effect of —0.06°C month™! induced by changes in ocean advection within the mixed layer of near-coast regions
(primarily due to stronger upwelling), accounts for only 9% of the cooling effect of —0.68°C month™! induced by
upward transport of colder water induced by Chl shading. In Atlantic coastal upwelling regions, the weaker
upwelling contributes to 12% of the warming effect caused by Chl-induced solar absorption.

The simulation of phytoplankton growth in the biogeochemistry model (MEDUSA) is based on the temperature,
nutrients and SR availability, influenced by the physical conditions provided by the ocean model (NEMO).
Therefore, the variations in ocean physics caused by Chl-induced solar absorption may initiate a feedback effect
on Chl concentrations. In Pacific upwelling regions, the stronger upwelling in Case.MED supplies more nutrients
to the upper ocean, resulting in increased Chl concentrations in the surface ocean (Figure 2b). Conversely, in
Atlantic coastal upwelling regions, weaker upwelling leads to lower Chl concentrations near the coast (Figure 2d)
(Messié & Chavez, 2015). However, in the areas away from the Atlantic coast, the penetration of more SR into the
subsurface ocean in Case.MED contributes to higher subsurface Chl concentrations (Figure 2d). Overall, the
surface Chl maximum in Pacific coastal upwelling regions and subsurface Chl maximum in Atlantic coastal
upwelling regions can significantly impact ocean thermal structure and dynamics. These effects, in turn, trigger a
positive feedback that reinforces the Chl distribution pattern in each coastal upwelling region (Figures 2a—2d).
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Figure 4. Schematic figure of the oceanic responses to Chl-induced solar absorption in Pacific (a) and Atlantic (b) coastal
upwelling regions. Black arrows represent the mean state of ocean currents in coastal upwelling regions, with solid arrows
indicating stronger currents and dashed arrows representing weaker currents resulting from enhanced Chl-induced solar
absorption. The red dashed boxes and blue dashed boxes indicate warmer and colder temperature zones respectively caused
by Chl-induced solar absorption. The percentages inside the arrows quantify the variations in upwelling speed attributed to
Chl-induced solar absorption.

Figure 4 summarizes the different mechanisms behind Chl-induced variations in ocean thermal structure and
dynamics between Pacific and Atlantic coastal upwelling regions. This discrepancy arises from different Chl
distributions in these two regions (green boxes in Figure 4). In Pacific coastal upwelling regions, the high surface
Chl concentrations near the coast induce a shading effect in the subsurface ocean that is then upwelled, conse-
quently leading to colder near-surface waters, a more stratified upper ocean and stronger circulation associated
with the upwelling (Figure 4a). In Atlantic coastal upwelling regions, the subsurface Chl maximum absorbs SR
and leads to a warmer upper ocean and weaker circulation (Figure 4b). This study highlights the importance of
considering the spatial distributions of Chl when analyzing its effect on coastal upwelling.

Compared to the impact of Chl-induced solar absorption in equatorial upwelling, which has been shown to
significantly influence large-scale circulation (Nakamoto et al., 2001; Shi et al., 2023) and climate variability such
as ENSO (Kang et al., 2017; R. H. Zhang et al., 2009), the effect in coastal upwelling regions appears to be more
localized. However, the variations in ocean thermal structure driven by Chl in coastal upwelling have the potential
to impact stratocumulus clouds in the atmosphere over the upwelling regions and also the climate on a broader
scale. SST changes in coastal upwelling regions could alter the lower tropospheric stability, thereby impacting the
formation and persistence of oceanic stratocumulus clouds. The response of stratocumulus clouds to SST vari-
ations varies widely among models. Some models suggest a decrease in cloud cover (positive feedback), while
others indicate an increase (negative feedback) in response to warmer surface in coastal upwelling regions (Brient
& Bony, 2012; Qu et al., 2014; M. Zhang & Bretherton, 2008). Nevertheless, it is undeniable that temperature
variations driven by Chl-induced solar absorption can influence the formation and equatorward propagation of
stratocumulus clouds and subsequently impact the tropical climate (Hu et al., 2008; Yu & Mechoso, 1999).

In this paper, we have shown that the variability in Chl-induced solar absorption has a crucial role in regulating the
ocean thermal structure, dynamics, and climate, yet is absent in some physical ocean models and coupled climate
models such as UKESM1. Therefore, this biophysical feedback needs to be incorporated into future versions of
UKESM and other Earth system models to achieve a more realistic simulation of ocean physics and improve our
understanding of climate dynamics.
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