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Abstract

The effects of biological heating on the upper-ocean temperature of the global ocean are investigated using two
ocean-only experiments forced by prescribed atmospheric fields during 1990–2007,  on with fixed constant
chlorophyll  concentration,  and the other  with seasonally  varying chlorophyll  concentration.  Although the
existence of high chlorophyll concentrations can trap solar radiation in the upper layer and warm the surface,
cooling sea surface temperature (SST) can be seen in some regions and seasons. Seventeen regions are selected
and classified according to their dynamic processes, and the cooling mechanisms are investigated through heat
budget  analysis.  The  chlorophyll-induced  SST  variation  is  dependent  on  the  variation  in  chlorophyll
concentration  and  net  surface  heat  flux  and  on  such  dynamic  ocean  processes  as  mixing,  upwelling  and
advection. The mixed layer depth is also an important factor determining the effect. The chlorophyll-induced SST
warming appears in most regions during the local spring to autumn when the mixed layer is shallow, e.g., low
latitudes  without  upwelling  and  the  mid-latitudes.  Chlorophyll-induced  SST  cooling  appears  in  regions
experiencing strong upwelling, e.g., the western Arabian Sea, west coast of North Africa, South Africa and South
America, the eastern tropical Pacific Ocean and the Atlantic Ocean, and strong mixing (with deep mixed layer
depth), e.g., the mid-latitudes in winter.
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1  Introduction
Marine phytoplankton plays a key role in the global biogeo-

chemical system and can modulate the upper ocean temperat-
ure. Phytoplankton in the ocean could trap solar radiation in the
upper mixed layer, resulting in surface warming, subsurface
cooling, and mixed layer shoaling (Lewis et al., 1983, 1990; Sathy-
endranath et al., 1991; Siegel et al., 1995). Lewis et al. (1983) ob-
served that the vertical distribution of chlorophyll concentration
could impact the heating rate at different depths, and the heat-
ing rate decreases with increasing depth. Siegel et al. (1995) ob-
served that a bloom event in the western Pacific reduced the net
solar flux 6 W/m2 at a depth of 30 m and increased the upper
mixed layer heating rate by 0.11°C per month. Biological heating
significantly impacts the upper ocean temperature and atmo-
spheric processes (Wetzel et al., 2006; Ballabrera-Poy et al., 2007;
Lengaigne et al., 2007; Löptien et al., 2009; Gnanadesikan and
Anderson, 2009; Jochum et al., 2010; Ma et al., 2015; Zhang, 2015;
Kang et al., 2017; Zhang et al., 2018, 2019; Tian et al., 2020).

Biological heating effects are closely related to ocean dynam-
ics, e.g., upwelling. Nakamoto et al. (2001) showed that chloro-
phyll pigments in the eastern equatorial Pacific upwelling region
can lead to decreased sea surface temperature (SST) due to the
upwelling cold water caused by a strengthened equatorial under-
current and increased subsurface convergence. Anderson et al.
(2007) suggested that chlorophyll is implicated in the mainten-
ance of the Pacific cold tongue. The chlorophyll in the off-equat-
orial region affects the SST more than that in the equatorial re-
gion. Lin et al. (2007) reported similar results that the enhanced
upward velocity in the eastern tropical Pacific is mainly caused
by the horizontal gradient of the chlorophyll concentration,
which enhances the horizontal gradient of the upper ocean tem-
perature and strengthens the circulation. A lower SST combines
with the cooled water below the mixed layer. Liu et al. (2012a)
and Ma et al. (2012, 2014) investigated the biological effects in the
upwelling regions in the eastern tropical Indian Ocean, South
China Sea and western Arabian Sea, respectively. They also ob-  
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served decreased SST and strengthened upwelling in boreal sum-
mer when upwelling occurs. There have been contradictory res-
ults of a warming SST in the eastern equatorial Pacific (Mur-
tugudde et al., 2002; Marzeion et al., 2005). The inconsistency is
related to the radiation scheme in the control experiment and
biological experiment. The shortwave penetration depth impacts
the heat transport and large ocean circulation (Sweeney et al.,
2005). Murtugudde et al. (2002) use a constant depth of 17 m as a
reference, which is shallower than the attenuation depth in the
biological experiment. As a result, they determined a warming ef-
fect in the equatorial Pacific. In contrast, Nakamoto et al. (2001)
used a constant depth of 23 m in the control, which is deeper
than the attenuation depth in the biological experiment, and ob-
tained a cooling effect. Such inconsistent results reflect our insuf-
ficient knowledge of the subject and need for more studies to be
conducted.

In addition to upwelling, other factors can affect biological
heating effect, such as the structure of the mixed layer or level of
convective mixing. Wu et al. (2007) demonstrated that biological
heating is impacted by both the chlorophyll concentration and
the mixed layer depth (MLD). The SST increases by more than
1°C in summer and autumn with the existence of chlorophyll but
is negligible in winter and spring when the MLD is very thick in
the Labrador Sea. Ma et al. (2014) found that strong convective
mixing in the northern Arabian Sea in winter could also impact
biological heating. Compared to the control experiment, the bio-
logical experiment brought much colder subsurface water to the
surface and cooled the SST. Thus, the effect of the convective
mixing is similar to that of the upwelling, which can bring cold
water from below the mixed layer up to the surface layer.

Notably, most studies on the effects of biological heating have
been confined to the tropics and subtropics, e.g., the eastern

tropical Pacific Ocean, and the western and eastern tropical Indi-
an Ocean. Little attention has been paid to other regions, espe-
cially those in the Southern Hemisphere and mid-latitudes,
where the chlorophyll concentrations are also high. In the mid-
latitude regions, chlorophyll concentrations show strong season-
al variation, with high values in local spring, summer and au-
tumn and low values in local winter (Fig. 1). The effects of biolo-
gical heating in these regions and its seasonal variability are not
properly understood. Therefore, the purpose of the present study
is to examine the biological heating effects at the global scale. We
chose several special regions globally and sorted them into differ-
ent groups according to the heat budget analysis in the global
ocean (60°S–60°N). The differences in these groups’ responses to
chlorophyll heating and the associated changes in ocean dynam-
ics and thermodynamics are explored. The potential impacts for
the global climate are also discussed.

2  Model and data

2.1  Observational data
Satellite-retrieved chlorophyll concentration data from the

Sea-viewing Wide Field-of-view Sensor (SeaWiFS) (http://ocean-
data.sci.gsfc.nasa.gov/SeaWiFS/Mapped/Monthly/9km/chlor/)
are used in the present study to analyze the attenuation depth
and as a model input. The data are monthly and cover the period
from September 1997 to December 2007; the horizontal resolu-
tion is 0.25°. There are some missing chlorophyll concentration
data for high latitudes in local winter, so these were interpolated
via Kriging interpolation. The climatological ocean temperatures
and salinities are from World Ocean Atlas 2013 (WOA13) (Locar-
nini et al., 2013), with a resolution of 1° × 1°. The forcing of the
ocean model comes from the Corrected Inter-Annual Forcing
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Fig. 1.   Climatological mean of the chlorophyll concentration (shaded) and the 23 m attenuation depth of the visible and ultraviolet
bands (contours, m) in January (a), April (b), July (c) and October (d). The chlorophyll data are from the SeaWiFS ocean color data
from 1997 to 2007. The attenuation depth was computed using the method of Ohlmann (2003), in which the four parameters are all
functions of  chlorophyll  concentration.  The chlorophyll  concentration north of  51°N in January and south of  51°S in July was
interpolated by Kriging interpolation; and 51°S lines are indicated by thick black lines.
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(CIAF) and Corrected Normal Year Forcing (CNYF) of the Com-
mon Ocean-ice Reference Experiments (CORE) dataset (Large
and Yeager, 2004). The datasets were regridded to the grid of the
ocean general circulation model via the linear-interpolation
method.

2.2  Model description
The model used in this study is the State Key Laboratory of

Numerical Modeling for Atmospheric Sciences and Geophysical
Fluid Dynamics (LASG)/Institute of Atmospheric Physics (IAP)
Climate System Ocean Model (LICOM), version 2 (Liu et al.,
2004a, b, 2012b). LICOM is an ocean general circulation model
and is the oceanic component of the Flexible Global Ocean–At-
mosphere–Land System (FGOALS) model, version 1 (Yu et al.,
2004) and version 2 (Lin et al., 2013a, b). The longitudinal resolu-
tion of LICOM in the present study is 1°. The meridional resolu-
tion between 10°S and 10°N increases to 0.5°, and then gradually
decreases to 1° at 20° (N/S). The model has 15 uniform 10 m
levels in the upper ocean and 15 nonuniform levels below 150 m.

A two-exponential formula is employed to describe the pen-
etration of solar radiation in LICOM:

Qz = Q

(
Ae

− z
B + Ae

− z
B

)
, (1)

where Qz and Q0 represent the downward solar radiation penet-
rating at a certain depth (z), and the net solar radiation at the sur-
face, respectively. The terms A1 (A2) and B1 (B2) represent the
fraction of the total solar flux that resides in the infrared band (ul-
traviolet and visible bands) and its penetration depth, respect-
ively. The infrared band (first term) is usually absorbed in the up-
per 1 m, which is much smaller than the thickness of the first lay-
er (10 m); the visible-ultraviolet band (second term) can penet-
rate below 50 m in clear water. Thus, the variation in the penetra-
tion of solar radiation in the model is primarily caused by vari-
ations in the e-folding attenuation depth of the visible-ultraviolet
band (B2).

A global configuration of LICOM is employed in the present

study. The model was first integrated for 100 years using observa-
tional salinity and temperature data, forced by the CORE CNYF
dataset (Large and Yeager, 2004). Then, two 18-year integrations
(1990–2007) were run, forced by the daily mean atmospheric
variables from the CIAF of the CORE dataset. The only differ-
ences between the two experiments are the solar radiation penet-
ration schemes. In the control run, the parameters of the two
terms are assigned to constants following the method of Jerlov
(1968) (hereafter referred to as CONTROL). A1, A2, B1 and B2 were
set to 0.58, 0.42, 1 m and 23 m, respectively. The solar radiation is
absorbed in the upper 1 m due to the infrared band and is ab-
sorbed below the surface in the ultraviolet and visible bands
within the attenuation depth of 23 m. In the sensitivity run, the
scheme proposed by Ohlmann (2003) was employed to repres-
ent the influence of the chlorophyll concentration on the penet-
ration of solar radiation (hereafter referred to as CLIMCHL).
Here, all four parameters are functions of the chlorophyll con-
centration, which can be found in Table 1 of Ohlmann (2003).

The chlorophyll data used in the CLIMCHL run are the clima-
tological monthly mean. The effects of chlorophyll heating were
investigated by comparing the two runs. In the CLIMCHL run,
the 23 m attenuation depth approximately corresponds to a
chlorophyll concentration of 0.057 mg/m3. Within the contours
of the 23 m attenuation depth in Fig. 1, the chlorophyll concen-
tration is less than 0.057 mg/m3 and the solar radiation can pen-
etrate deeper than 23 m. Thus, less solar radiation will be ab-
sorbed by the upper layer in the CLIMCHL run than in the CON-
TROL run. In the regions outside the 23 m attenuation depth
contours, the e-folding depth is shallower than 23 m. Therefore,
more solar radiation will be absorbed by the upper layer in the
CLIMCHL run than in the CONTROL run and less solar radiation
will penetrate below.

2.3  Model validation
To evaluate the performance of LICOM, we first compared

the simulated SST from CONTROL with the observations from
WOA13 (Fig. 2). The SST of WOA show large variation both in the
tropic and the extratropic. LICOM could reproduces the seasonal

Table 1.   Classification of each region and summary of the dominant heat budget mechanisms of each region
Region Longitude and latitude range Classification Balance (warming~cooling)

1 15°–25°N, 150°–170°E

attenuation depths greater than 23 m Qnet~Qpen2 24°–32°N, 40°–70°W

3 20°–28°S, 115°–145°W

4 10°–20°N, 50°–60°E

tropical coastal upwelling regions Ent (wb)~Qnet + Qpen6 12°–25°S, 8°–15°E

7a 8°–15°S, 75°–85°W

5 16°–25°N, 15°–20°W
mid-latitudes upwelling regions Ent (wb) + Adv-u ~ Qpen

7b 35°–45°S, 72°–80°W

8 5°S–5°N, 100°–140°W
equatorial upwelling region Ent (wb) + Adv-v ~ Qnet + Qpen

9 5°S–5°N, 0°–30°W

10 35°–45°N, 160°E–140°W

mid-latitudes Qnet + Adv ~ Qpen
11 35°–45°S, 50°–110°E

12 38°–48°S, 110°–160°W

13 38°–48°S, 0°–40°W

14 20°–25°N, 60°–70°E

special regions Ent (dhdt) + Qnet~ Qpen + R15 35°–45°N, 10°–30°W

16 35°–45°S, 72°–80°W
      Note: These regions are marked in Fig. 4 in different colors. Ent (wb) indicates the contribution is from the enhanced vertical velocity at the
base of the mixed layer wb and Ent (dhdt) means that the contribution is from the quick deepening of the MLD. Adv-u and Adv-v are the zonal
and meridional horizontal advection, respectively. Qnet and Qopen are the net surface heat flux and the downward radiative flux at the bottom
of the mixed layer, respectively.
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variation of the SST. There are significant warming biases (larger
than 2°C) in the mid-latitudes (poleward of 40°), both in the
North Atlantic Ocean and the Southern Hemisphere, especially
in boreal winter. There are significant cooling biases in the east-
ern equatorial Pacific region during boreal spring (Figs 2a and b).
The averaged SST in the tropical region is 26.70°C and 27.38°C for

WOA and LICOM, respectively. In the Northern Hemisphere, the
averaged SST in the mid-latitudes (30°–60°N) is 13.98°C and
14.78°C for WOA and LICOM, respectively, and in the southern
mid-latitude (30°–60°S) it is 11.07°C and 11.58°C, respectively. In
general, the modeled SST is a little warmer than the observed
SST. However, comparing the differences between experiments,
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Fig. 2.   Seasonal variation in SST for January (a), April (b), July (c) and October (d). The contours show the SST (℃） from WOA13 and
the shading shows the SST differences between the LICOM CONTROL run and WOA13.
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Fig. 3.   Seasonal variation in the MLD for January (a), April (b), July (c) and October (d). The shading shows the MLD from WOA13
and the contours show the MLD differences between the LICOM CONTROL run and WOA13. Dotted white lines show the –30 m MLD
differences and solid white lines show 30 m MLD differences.
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it is likely that the systematic biases of the model will be greatly
reduced.

SST− ΔT ΔT

The MLD of LICOM was also validated against that of WOA13
(Fig. 3). Here, the MLD is defined as the depth with a potential
density equivalent to a specific density that is computed using
the sea surface salinity and  . Here, we selected  =
0.8°C following the methods of Kara et al. (2000) and Du et al.
(2005). The MLD shows significant seasonal variation, especially
in the mid-latitudes, from approximately several tens of meters in
local summer to several hundreds of meters in local winter. In
boreal winter and spring (Figs 3a and b), LICOM tends to simu-
late thinner MLDs approximately 50°N and 50°S (greater than 30 m),
and thicker MLDs approximately 30°–40°N (greater than 30 m).
In austral winter and spring (Figs 3c and d), there are both thin-
ner and thicker biases in the Southern Hemisphere. The biases
are oriented from northwest to southeast (with a maximum
greater than 30 m). In the equatorial regions, LICOM tends to
simulate thicker MLDs in the west in all seasons (greater than 30 m).
The biological heating effect in the upper mixed layer will be un-
derestimated with thicker MLDs and overestimated with thinner
MLDs.

Although there are biases in the model results, LICOM repro-
duces the seasonal variation of the SST and MLD well. Addition-
ally, given that we compared and computed the differences
between experiments, these systematic biases of the two model
experiments tend to be greatly offset. Thus, these biases will have
a negligible effect on our conclusions and we deem the model
suitable the present study.

2.4  Mixed layer heat budget
To understand the underlying mechanisms involved in the ef-

fects of biological heating, the mixed layer heat budget was calcu-
lated. The equation governing the mixed layer temperature is as
follows (Du et al., 2005):

∂T

∂t
=

Q − Qh

ρCph
−−→

V · ∇T− w (T− Td)

h
+ R, (2)

ρ−→
V

where T is the mixed layer averaged temperature; Q0 and Qh are
the net surface heat flux and the downward radiative flux at the
bottom of the mixed layer, respectively; Cp is the specific heat ca-
pacity of sea water (3 996 J/(kg·K));  is the seawater density
(1 025 kg/m3); h is the MLD;  is the horizontal velocity vector; w
is the entrainment rate; Td is the temperature just below the
mixed layer; and R is the residual term. The entrainment rate, w,
is defined as

w =

{
∂h
∂t

+wb +
−→
V · ∇h,

∂h
∂t

+wb +
−→
V · ∇h > ,

, otherwise,
(3)

∂h/∂t
wb −→

V · ∇h

where  denotes the rate at which the mixed layer deepens;
 is the vertical velocity at the base of the mixed layer, in which

positive (negative) indicates upwards (downwards); and 
is the horizontal advection of water parcels in the mixed layer
(hereafter referred to as Advh).

In the following, the term on the left-hand side of the heat
budget equation (Eq. (2)) is referred to as the temperature tend-
ency (dTdt) and the four terms on the right-hand side are re-
ferred to as the surface thermal forcing (Qhm), horizontal advec-
tion (Adv), entrainment (Ent), and residual (R). Qhm can be fur-
ther decomposed into the net surface heat flux (Qnet) and the

downward radiative flux at the bottom of the mixed layer (Qpen).
These terms are calculated by the monthly model output and
their relative importance was analyzed to elucidate the possible
mechanisms involved in controlling the response of the upper
layer to chlorophyll heating.

3  Results

3.1  Temperature differences between the two experiments
We first investigated the annual mean SST differences

between the two experiments (Fig. 4a, CLIMCHL minus CON-
TROL). Negative SST differences could be seen in upwelling re-
gions and all the subtropical gyres. Most other regions show weak
positive SST differences. Compared to the seasonal SST differ-
ences (Figs 4b-e), the magnitude of annual mean SST differences
are much weaker. As SST differences show strong seasonal vari-
ation, positive and negative values are offset in the annual mean.
We will focus on the seasonal variation of the SST differences.

In regions where the attenuation depths are less than 23 m
(outside of the 23 m contours in Fig. 4, with chlorophyll concen-
trations greater than 0.057 mg/m3), solar radiation was absorbed
more by the mixed layer in the CLIMCHL run than that in the
CONTROL run. Therefore, there was biological warming in the
mixed layer. At mid-latitudes (poleward of 30°), the SST in most
regions was cooling (by approximately 0.2–0.8°C) in local winter
and warming (by 0.2–0.8°C) in local summer in CLIMCHL (Figs
4b and d). The warming at mid-latitudes is caused by the absorp-
tion of heat by phytoplankton. The SST in the North Indian
Ocean was cooling in boreal winter and summer (Figs 4b and d)
and warming in boreal spring and autumn (Figs 4c and e). The
SST differences in the Pacific Ocean, Atlantic Ocean and the
South Indian Ocean were significantly negative in local winter
and positive in local summer, with both warming and cooling dif-
ferences in the transitional seasons (local spring and autumn). In
the equatorial regions, both warming and cooling are apparent,
with larger SST cooling differences in the upwelling regions (sig-
nificant in the Pacific Ocean and Atlantic Ocean, weak in the In-
dian Ocean) in boreal summer (Fig. 4d).

Within regions where the attenuation depths are deeper than
23 m (within the 23 m contours in Fig. 4, chlorophyll concentra-
tions less than 0.057 mg/m3), the seasonal variations of the SST
differences differed from those in regions with relatively higher
chlorophyll concentrations (greater than 0.057 mg/m3). The SST
differences showed warming in local winter and cooling in the
other seasons (Figs 4b-e).

The warming effects where the chlorophyll concentration is
higher than 0.057 mg/m3 are unsurprising. However, there are
also cooling areas with biological heating. The cooling effects are
related to different dynamic mechanisms (i.e., upwelling and
mixing), as presented in previous studies (e.g. Liu et al., 2012a;
Ma et al., 2012, 2014). We focus on these cooling regions and ex-
amine the underlying mechanisms involved by analyzing the
mixed layer heat budget. As there are no chlorophyll concentra-
tion data north of 51°N in January and south of 51°S in July in
SeaWiFS, we only examine regions within these bounds.

The distribution of the mixed layer averaged temperature dif-
ferences is similar to that of the SST differences (figures not
shown). As the effects of biological heating are also impacted by
dynamic processes, we defined 17 regions (boxes in Figs 4b and
d) according to their SST differences and dynamic features. As
shown in Fig. 4, the attenuation depths are deeper than 23 m
(blue boxes; regions 1, 2 and 3); upwelling dominates in coastal
areas (orange boxes; regions 4, 6 and 7a in the tropics and re-
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gions 5 and 7b in the mid-latitudes) and equatorial areas (gray
boxes; regions 8 and 9); strong mixing occurs in the mid-latit-
udes in local winter (black boxes; regions 10, 11, 12 and 13); and

significant negative SST differences are apparent, but not for any
of the aforementioned factors (red boxes; regions 14, 15 and 16).
The longitudes and latitudes of the domains are listed in Table 1.
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Fig. 4.   Annual mean of SST difference between CLIMCHL and CONTROL runs (a). Figures b-e show SST differences between the
CLIMCHL and CONTROL runs for  January,  April,  July  and October,  respectively.  The contours  are  the same as  in  Fig.  1.  SST
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The mixed layer heat budget analysis is analyzed for each re-
gion in the following subsections. In most regions, the ML in CLI-
MCHL is shallower than that of CONTROL, except for regions
where the attenuation depths are deeper than 23 m and regions
with very strong mixing such as the northern North Atlantic
Ocean in boreal winter and spring and some regions between
40°S and 60°S during austral winter (Fig. 5). As the MLD is very
deep in regions with strong mixing, according to Eq. (2), when di-
vided by the MLD, the Qhm and Ent terms are small, so the
deepened MLD does not significantly affect the results.

3.2  Regions with attenuation depths greater than 23 m (regions 1,
2 and 3)
Regions 1, 2 and 3 lie in the subtropical gyres, and attenu-

ation depths greater than 23 m. In these regions, the energy ab-
sorbed in the upper layer in the CLIMCHL run is less than that in
the CONTROL run. The SST differences are opposite in the two
hemispheres, with positive (negative) differences in the winter
(summer) hemisphere. We chose to study regions 1 and 2 in the
Northern Hemisphere and region 3 in the Southern Hemisphere,
as shown in Fig. 4. Our analysis focuses on periods when negat-
ive temperature tendency (dTdt) occurred.

The mixed layer heat budget differences in regions 1 and 2
show that dTdt clearly cooled for several months before June and
reaches a negative maximum in boreal spring (figures not
shown). Therefore, the SST differences are negative in boreal
spring and summer (Fig. 4). In the Southern Hemisphere, the
situation for region 3 is similar to that of regions 1 and 2, but the
large cooling season appears in austral summer (Fig. 4b) and the
maximum negative dTdt difference occurs in austral spring (fig-
ures not shown).

To further investigate the reasons for cooling, Qhm was de-
composed into the net surface heat flux (Qnet) and downward

Q/ρCph −Qh/ρCph
radiative flux at the bottom of the mixed layer (Qpen), based on
Eq. (2). Qnet and Qpen are equal to  and , re-
spectively. The net surface heat flux, Q0, is mainly dominated by
the shortwave radiation and latent heat flux, and the penetration
of shortwave radiation, Qh, is affected by the perturbation of
chlorophyll. Variations in Qnet and Qpen are also related to vari-
ations in the MLD, h. We chose the period from April to June for
regions 1 and 2 and from October to December for region 3 (Fig. 6).
The balance is mainly between Qnet cooling and Qpen warming
for these regions. Although the shortwave radiation is strong in
local spring and summer, the latent heat flux of CLIMCHL is less
than that of CONTROL (data not shown) because the SST of CLI-
MCHL is colder than that of CONTROL. As a result, the Q0 for
CLIMCHL is greater than that of CONTROL. However, the MLD
of CLIMCHL is greater in these regions (Fig. 5), which leads to a
negative Qnet difference (cooling effect). As the radiation usually
reduced to 1% of the surface radiation even at depth of 20–30 m.
The deep MLD (around 100 m) in both experiments during sum-
mer means that the Qh differences for both experiments can be
neglected. The greater MLD of CLIMCHL leads to a positive
Qpen difference (Fig. 6), which plays a warming role. Therefore,
the cooling in these regions is due to the large heat capacities of
the thicker mixed layer, which prevent the temperature from in-
creasing as fast as that in a thinner mixed layer.

3.3  Regions of upwelling

3.3.1  Tropical coastal upwelling regions (regions 4, 6 and 7a)
We chose three tropical coastal upwelling regions with signi-

ficant negative SST differences: region 4 (western Arabian Sea) in
the Northern Hemisphere and regions 6 (west coast of South
Africa) and 7a (west coast of South America) in the Southern
Hemisphere. Upwelling occurs during boreal summer in regions
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Fig. 5.   MLD differences between the CLIMCHL and CONTROL runs for January (a), April (b), July (c) and October (d).
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4, 6 and 7a. The differences in the dTdt show a weak cooling
tendency before July in regions 4, 6 and 7a (figures not shown),
which leads to cooling SST differences during boreal summer.
We chose the period from May to July for analysis (Fig. 7). The
heat budget analysis shows that the balances are mainly between
the Qnet and Qpen heating terms and Ent cooling term. In re-
gions 4 and 6, the Adv differences also show a clear cooling effect.
When Qnet and Qpen heating are unable to cancel out the cool-
ing caused by Ent (and Adv for region 4), negative dTdt occurs,
which ultimately leads to negative SST differences, i.e., during
boreal summer in regions 4, 6 and 7a (Fig. 4).

Because there is little difference in Q0 in the two runs during
the study period, the shallower MLD in the CLIMCHL run leads
to positive Qnet differences (warming effect). The Qh for CLI-
MCHL is smaller than that of CONTROL, leading to a positive
Qpen difference (warming effect). The vertical velocity differ-
ences at the base of the mixed layer, wb, contribute mostly to the
Ent differences in these regions (about –0.5°C/month to
–1°C/month). In upwelling regions, the upward velocity for the

CLIMCHL run is enhanced, which could bring the colder subsur-
face water to the surface and cool the SST. Zonal advection (Adv-u)
contributes mostly to the horizontal advection for regions 4 and 6
(about –0.2°C/month to –0.5°C/month). Offshore current differ-
ences at the surface (figures not shown) transport the cooling wa-
ter away from the coast, which leads to more subsurface colder
water moving upwards to supply the surface and cool the SST. In
Liu et al. (2012a), the cooling mechanism identified for the Java
coast is similar to that in the regions mentioned in this subsec-
tion, although it is not as significant as in the coastal upwelling
regions above.

3.3.2  Mid-latitude upwelling regions (regions 5 and 7b)
We chose region 5 in the Northern Hemisphere and region 7b

in the Southern Hemisphere (southwest of South America). Both
regions show cooling during the local winter. The differences in
dTdt show a weak-cooling tendency during local winter in both
regions. We chose the negative dTdt period from November to
January and April to July for region 5 and region 7b, respectively.

−0.10

−0.08

−0.06

−0.04

−0.02

0.02

0.04

0.06

0.08

0.10

−0.10

−0.08

−0.06

−0.04

−0.02

0.02

0.04

0.06

0.08

0.10

−0.10

−0.08

−0.06

−0.04

−0.02

0.02

0.04

0.06

0.08

0.10

H
ea

t 
b

u
d

g
et

 t
er

m
 d

if
fe

re
n

ce
s/

(℃
·m

on
th

−1
)

dTdt

Qnet

Qpen

Adv
R

dTdt

Qnet

Qpen

Adv
Ent

R

dTdt

Qnet

Qpen

Adv

Ent
R

Ent
0

region 1 region 2 region 3

0 0

 

Fig. 6.     Histogram of the heat budget term differences for the upper mixed layer between the CLIMCHL and CONTROL runs for
regions 1, 2 and 3. dTdt is the temperature tendency; Qnet is net surface heat flux and Qpen is the downward radiative flux at the
bottom of the mixed layer; Adv is the horizontal advection; Ent is the vertical entrainment; and R stands for the residual term. All the
terms are averaged from April to June for regions 1 and 2 and from October to December for region 3 when dTdt is negative.
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Fig. 7.   As in Fig. 6 but for the tropical coastal upwelling regions (regions 4, 6 and 7a). The heat budget term differences are all outside
the 23 m attenuation depth contours. All terms are averaged from May to July when dTdt is negative.
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Fig. 8.   As in Fig. 7 but for the mid-latitude upwelling regions (regions 5 and 7b). The terms are averaged from November to January
for region 5 and April to June for region 7b when dTdt is negative.
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Heat budget analysis shows that the balances are mainly between
the Qpen heating term and the Qnet, Ent and Adv cooling terms
(Fig. 8). When Qpen heating are unable to cancel out the cooling
caused by Qnet, Ent and Adv, negative dTdt occurs, which ulti-
mately leads to negative SST differences.

Different from the tropical upwelling regions in Section 3.3.1,
Qnet has cooling effect in the mid-latitudes upwelling region. Q0

is negative for CLIMCHL and CONTROL during local winter (fig-
ures not shown), combined with shallower MLD in CLIMCHL
run (Fig. 5), leading to a negative Qnet difference (cooling effect).
The Qh for CLIMCHL is less than that for CONTROL, leading to a
positive Qpen difference (warming effect). Similar to the tropical
upwelling regions, the vertical velocity differences at the base of
the mixed layer, wb, contribute mostly to the Ent differences in
these two regions (figures not shown). Zonal advection (Adv-u)
and meridional advection (Adv-v) contributes mostly to the hori-
zontal advection for regions 5 and 7b, respectively (figures not
shown).

3.3.3  Equatorial upwelling regions (regions 8 and 9)
As the cooling SST differences in the tropical eastern Indian

Ocean are not very significant in all four seasons, we chose re-
gions in the equatorial Pacific Ocean (region 8) and Atlantic
Ocean (region 9) for analysis. The situations in these two regions
are similar. As the dTdt differences are negative before July (fig-

ures not shown), the negative SST differences are most signific-
ant in July (Fig. 4). We chose the negative dTdt period from May
to July for analysis. The heat budget analysis shows that the bal-
ances are mainly between Qnet and Qpen warming and Ent and
Adv cooling (Fig. 9).

The Qhm heating term differences are positive all year round.
The differences in Qhm are primarily dominated by the differ-
ences in Qnet and secondarily contributed by Qpen differences,
which are caused by the existence of chlorophyll. The warming
effects of Qnet and Qpen are similar to those in the coastal up-
welling region. The Ent differences are also mainly caused by the
wb differences in the equatorial upwelling region (figures not
shown). Enhanced wb reveals a strengthened upward velocity for
the CLIMCHL run, which could bring the colder subsurface wa-
ter to the surface and cool the SST. The negative Adv differences
are mainly caused by poleward meridional advection (Adv-v)
(figures not shown). Similar to the offshore currents in the coastal
region, the off-equator surface current differences (figures not
shown) will transport the cooling surface water away from the
equator, which will lead to more subsurface colder water moving
upwards to supply the surface water and cool the SST. In sum-
mary, in the equatorial upwelling region, the entrainment caused
by the upward velocity and poleward meridional advection can-
cel out the Qnet and Qpen heating and lead to a cooler SST.
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Fig. 9.   As in Fig. 7 but for the equatorial upwelling regions (regions 8 and 9). The terms are averaged from May to July when dTdt is
negative.
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Fig. 10.   As in Fig. 7 but for the mid-latitude poleward of 35°N and 35°S (regions 10, 11, 12 and 13). The terms are averaged from
October to December for region 10 and April to June for regions 11–13 when dTdt is negative.
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3.4  Regions in the mid-latitudes (regions 10, 11, 12 and 13)
We chose region 10 in the Northern Hemisphere and regions

11, 12 and 13 in the Southern Hemisphere. The MLD in the mid-
latitudes can reach up to several hundreds of meters in local
winter due to large heat loss. According to Eq. (2), if the MLD is
thick, there will be few differences between each term. The SST
differences show clear cooling effects during local winter for each
region. The differences in the dTdt show a clear cooling tend-
ency before local winter in all four regions (data not shown). We
chose the negative dTdt period from October to December for re-
gion 10 and from April to June for regions 11–13. The heat budget
analysis shows that the balances are mainly between Qpen
warming and Qnet and Adv cooling (Fig. 10).

The negative Adv differences are mainly caused by meridion-
al advection (Adv-v) (data not shown). There is not much differ-
ence in the Q0 (negative) of CLIMCHL and CONTROL during loc-
al winter (data not shown). However, the MLD is shallower in the
CLIMCHL run (Fig. 5), which leads to a negative Qnet difference
(cooling effect). Because the chlorophyll concentration is still
high during late autumn in CLIMCHL, the Qh is less than that of
the CONTROL. Combining with the MLD leads to positive Qpen
differences (warming effect), which means that more heat is
trapped in the upper layer. Although the Qpen differences consti-
tute a warming effect, they are very weak and cannot cancel out
the cooling of Qnet and Adv, and the dTdt differences turn negat-
ive several months before December in region 10 in the North-
ern Hemisphere and before July in regions 11, 12 and 13 in the
Southern Hemisphere. As a result, the SST differences show sig-
nificant cooling in local winter in these regions (Fig. 4).

3.5  Special regions (regions 14, 15 and 16)
In addition to the regions analyzed above, we also selected

three special regions: region 14 in the northern Arabian Sea, re-
gion 15 west of Europe, and region 16 southeast of Australia.
There is no upwelling in these regions, and significant cooling
SST differences occur in local winter. Although these regions are
distributed at different latitudes and in different oceans, the heat
budget analysis shows a similar mechanism. The differences of
dTdt show a clear cooling tendency before local winter in all
three regions (figures not shown). We analyzed the negative dTdt
period from October to December for regions 14 and 15 and from
May to July for region 16. The heat budget analysis shows that the
balances are mainly between R warming and Qnet and Ent cool-
ing (Fig. 11).

In contrast to the mid-latitude regions in Section 3.4, both Ent
and Qnet are cooling terms in local winter (Fig. 11), which are
balanced by R warming. The Ent differences are contributed by
dhdt (Fig. 11), which is caused by the more rapid increase in the
MLD of the CLIMCHL run (data not shown); this is different from
the situation in the upwelling regions, where the contribution is

from wb. According to Eq. (1), if the MLD is thick in winter, there
will be little difference in the downward radiative flux at the bot-
tom of the mixed layer (Qpen) between the two runs. Q0 was neg-
ative during local winter and the absolute Q0 of the CLIMCHL
run was less than that of CONTROL run but combined with MLD,
leading to negative Qnet differences.

4  Summary and discussion
The present study investigates the biological effects on SST in

the global ocean by using an ocean general circulation model.
Based on the mixed layer heat budget, the physical mechanisms
are analyzed by comparing two experiments with and without
chlorophyll concentrations. The biological heating is a thermo-
dynamic process and involves ocean dynamic processes such as
changing circulation and MLD. We selected 17 regions for ana-
lysis, including 14 regions where the chlorophyll concentrations
are higher than the reference value (0.057 mg/m3), and found
SST is cooling instead of warming in certain seasons. We classi-
fied these regions according to their dynamic processes, as ocean
dynamics impact the warming or cooling effects of the chloro-
phyll concentration. We obtained a global view of the biological
effects. SST warming will appear in regions with shallow mixed
layer during the period from local spring to autumn and SST
cooling will appear in regions experiencing strong upwelling
(usually during local summer and autumn) and strong mixing
(usually during local winter). The results of the heat budget ana-
lysis are summarized in Table 1.

In regions with attenuation depths greater than 23 m (regions
1, 2, and 3), the SST differences are opposite in the two hemi-
spheres, with positive (negative) differences in the winter (sum-
mer) hemisphere. The balance is mainly between Qnet cooling
and Qpen warming for these regions.

In the tropical upwelling regions (region 4, region 6 and re-
gion 7a), SST differences show cooling effects during boreal sum-
mer. The heat budget analysis shows that the balances are mainly
between the Qnet and Qpen heating term and Ent cooling terms.
In the mid-latitude upwelling regions (region 5 and region 7b),
SST differences show cooling effects during local winter. The heat
budget analysis shows that the balances are mainly between the
Qpen heating term and the Qnet, Ent and Adv cooling terms
(Fig. 8). In the equatorial Pacific Ocean (region 8) and Atlantic
Ocean (region 9), the negative SST differences are most signific-
ant in July. The heat budget analysis shows that the balances are
mainly between Qnet and Qpen warming and Ent and Adv cool-
ing (Fig. 9). The Ent cooling effects in the upwelling regions
above are caused by the enhanced vertical velocity at the base of
the mixed layer, wb.

In the mid-latitudes (regions 10–13), the SST differences show
clear cooling effects during local winter for each region. The bal-
ances are mainly between Qpen warming and Qnet and Adv
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Fig. 11.   As in Fig. 7 but for the special regions (regions 14, 15 and 16). The terms are averaged from October to December for regions
14–15 and May to July for region 16 when dTdt is negative.
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cooling. In some regions (regions 14–16) that do not belong to
the categories above, significant cooling SST occurs in local
winter. The balances are mainly between R warming and Qnet
and Ent cooling. The Ent differences in these regions are contrib-
uted by dhdt, which is caused by the rapid increase in the MLD.
This is different from the situation in the upwelling regions,
where the contribution is from wb.

In Section 3, we do not discuss the significant cooling regions
northeast of the United States during boreal winter or southeast
of South America during austral winter. These two cases belong
to the western boundary currents and show some biases in the
output of the present model. Our intention is to verify them in fu-
ture work once the biases have been corrected.

The effects of biological heating on SST are expected to be en-
larged when atmosphere–ocean coupled models are used (Lin et
al., 2007; Gnanadesikan and Anderson, 2009). In most regions,
the SST differences between experiments are opposite in the
Southern and Northern Hemispheres (Fig. 4). The warming
(cooling) effects in the Southern Hemisphere and cooling (warm-
ing) effects in the Northern Hemisphere in boreal winter (sum-
mer) might change the meridional atmospheric circulation in at-
mosphere–ocean coupled models, e.g., the warming approxim-
ately 30° and cooling at the tropics in both hemispheres in local
winter might weaken the Hadley circulation (Fig. 4d). In addi-
tion, the persistent negative SST difference in the eastern tropic-
al Pacific might strengthen the Walker circulation. These changes
in atmospheric circulation might enhance the SST differences
until reaching a balance.

As chlorophyll concentrations may respond to changes in the
physical environment, feedback occurs between the biological
and physical processes taking place. Manizza et al. (2005) noted
that positive feedback occurs between phytoplankton dynamics,
SST, sea-ice cover and solar radiation. During summer, a phyto-
plankton bloom can warm the surface and lead to sea-ice melt-
ing. Thus, the sea-ice cover is reduced and more solar radiation
can reach the surface and further enhance the growth of phyto-
plankton. This positive feedback process could only be ex-
amined using a coupled ocean–biogeochemical model.

The present study has other limitations such as the coarse
resolution (no eddies) and biases in the western boundary cur-
rents. More processes should be considered in future research to
better understand the effects of biological heating.
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