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ABSTRACT

The impact of changes in shortwave radiation penetration depth on the global ocean circulation and heat
transport is studied using the GFDL Modular Ocean Model (MOM4) with two independent parameter-
izations that use ocean color to estimate the penetration depth of shortwave radiation. Ten to eighteen
percent increases in the depth of 1% downwelling surface irradiance levels results in an increase in mixed
layer depths of 3–20 m in the subtropical and tropical regions with no change at higher latitudes. While 1D
models have predicted that sea surface temperatures at the equator would decrease with deeper penetration
of solar irradiance, this study shows a warming, resulting in a 10% decrease in the required restoring heat
flux needed to maintain climatological sea surface temperatures in the eastern equatorial Atlantic and
Pacific Oceans. The decrease in the restoring heat flux is attributed to a slowdown in heat transport (5%)
from the Tropics and an increase in the temperature of submixed layer waters being transported into the
equatorial regions. Calculations were made using a simple relationship between mixed layer depth and
meridional mass transport. When compared with model diagnostics, these calculations suggest that the
slowdown in heat transport is primarily due to off-equatorial increases in mixed layer depths. At higher
latitudes (5°–40°), higher restoring heat fluxes are needed to maintain sea surface temperatures because of
deeper mixed layers and an increase in storage of heat below the mixed layer. This study offers a way to
evaluate the changes in irradiance penetration depths in coupled ocean–atmosphere GCMs and the poten-
tial effect that large-scale changes in chlorophyll a concentrations will have on ocean circulation.

1. Introduction

Global ocean general circulation models (OGCMs)
can treat solar heating of the ocean in terms of two
processes. The first process is the heating due to infra-
red (IR) radiation, which is generally described as ra-
diation above 700 nm. While IR radiation can represent
40%–60% (Mobley 1994) of the total downwelling sur-
face ocean irradiance, it is almost completely (�99.9%)
absorbed in the upper 2 m of the water column. The
second process is the heating due to ultraviolet and
visible wavelengths (VIS). VIS can penetrate much
deeper than IR, and so its role in setting mixed layer
depths (MLD) is far more important. The parameter-
ization of ultraviolet and visible solar irradiance
through the water column has taken on particular sig-

nificance in recent climate modeling studies. This is be-
cause of the effects that it has on the mixed layer
depths, overturning circulation, and the low-latitude
sea surface temperatures of GCMs (Schneider and Zhu
1998; Murtugudde et al. 2002; Nakamoto et al. 2001;
Rochford et al. 2002).

While many one-dimensional studies of the mixed
layer have considered the importance of heating due to
VIS at depth (i.e., Denman 1973; Simpson and Dickey
1981; Dickey and Simpson 1983; Lewis et al. 1983;
Woods and Onken 1982; Woods et al. 1984; Martin
1985; Siegel et al. 1999, 1995; Ohlmann et al. 1996,
1998), the climate modeling community has been slow
to implement these parameterizations in OGCMs. As a
first step, most models assume that all of the solar ir-
radiance is absorbed at the surface in the same way that
latent and sensible heat are passed across the air–sea
interface. In an effort to provide a more realistic pa-
rameterization, many OGCMs (i.e., Rosati and Mi-
yakoda 1988) use two exponential functions whose
e-folding depths provide parameterization of both IR
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and VIS (Paulson and Simpson 1977). The double ex-
ponential parameterization expands on the single ex-
ponential function used by Denman (1973). While
Paulson and Simpson (1977) specify six different water
types described by Jerlov (1968), climate models have
generally incorporated only a single water type that
best represents the mean water type of the open ocean.
A more recent parameterization of solar irradiance
penetration in the water column using remotely sensed
observations of chlorophyll a (Morel 1988; Morel and
Antoine 1994; Ohlmann 2003) and availability of ocean
color satellite data [i.e., Coastal Zone Color Scanner
(CZCS), Sea-Viewing Wide-Field-of-View Sensor
(SeaWiFS), and Moderate-Resolution Spectroradiom-
eter (MODIS)] has led to several studies exploring the
benefit of the added spatial and temporal variation in
shortwave penetration depth. These studies show the
importance of considering both spatial (Murtugudde et
al. 2002) and seasonal (Nakamoto et al. 2001; Rochford
et al. 2002) variability of solar irradiance penetration
due to changes in chlorophyll a concentrations in the
surface waters.

In particular, studies in the central equatorial Pacific
Ocean have suggested that chlorophyll a may have sig-
nificant impact on sea surface temperatures. Chloro-
phyll a concentrations in this region have been ob-
served to vary by up to a factor of 20 during recent El
Niño–La Niño events (Strutton and Chavez 2004).
Similarly, large changes in the chlorophyll a concentra-

tion in the western equatorial Pacific have been ob-
served during westerly wind bursts, which increase sur-
face heating in the mixed layer by as much as 0.13°C
month�1 (Siegel et al. 1995). This has special signifi-
cance in the western equatorial Pacific region because
of the sensitivity of the lower tropospheric convection
cell strength to the heat content of western warm pool
(Gildor et al. 2003; Siegel et al. 1995).

In addition to temporal variability, there also exists a
large zonal gradient in surface chlorophyll a (Fig. 1) in
the equatorial Pacific and Atlantic Oceans. Many in-
vestigators have speculated that the neglect of the re-
sulting gradients in shortwave absorption could account
for some of the cold bias seen in coupled ocean–atmo-
spheric GCMs within the cold tongue region. However,
Nakamoto et al. (2001) showed quite the opposite trend
when they compared the constant attenuation depth
model (23 m) with the chlorophyll a concentration de-
pendent parameterization of Morel and Antoine (1994).
In areas of the eastern equatorial Pacific where the
attenuation of solar irradiance was more pronounced
because of high chlorophyll a concentrations, lower
SSTs were found. They attribute the decrease in SSTs
to an increase in the strength of the equatorial under-
current triggered by the decrease in equatorial mixed
layer depths. In a similar experiment, Murtugudde et al.
(2002) compared a chlorophyll a–dependent param-
eterization with a constant attenuation of solar irradi-
ance (25 m) and found no change in temperatures at

FIG. 1. Mean annual chlorophyll a (mg m�3) climatology produced from 8-day composites of SeaWiFS images
taken from 1999 to the end of 2001 (Yoder and Kennelly 2003; see online at http://www.po.gso.uri.edu/�maureen/
sm_seawifs.html). High primary productivity in the eastern equatorial, near-shore, and upwelling zones leads to
high concentrations of chlorophyll a in these areas while low productivity in the subtropical gyres leads to low
concentrations of chlorophyll a.
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the equator but a net increase in diverging surface cur-
rents.

The objective of this study is to lay out how changes
in the parameterization of solar irradiance or actual
chlorophyll a concentrations will affect mixed layer
depths, meridional overturning circulation, and sea sur-
face temperatures (SSTs) in GCMs. We have chosen to
do this study using an ocean-only GCM that restores
SSTs to climatological values instead of a coupled
ocean–atmosphere GCM where feedback processes be-
tween ocean and atmosphere may obscure the direct
effect of solar penetration to the ocean. While other
studies (Schneider and Zhu 1998; Murtugudde et al.
2002; Nakamoto et al. 2001; Rochford et al. 2002) have
chosen to compare very different parameterizations,
this study has been specifically designed to compare
two parameterizations that are very similar. They are
similar because they both incorporate the same chloro-
phyll a climatology. The subtle difference between the
parameterizations used in this study provides a realistic
sensitivity test making it possible to quantify how
GCMs can be affected by different solar irradiance pa-
rameterizations and observed chlorophyll a concentra-
tions.

2. Method

a. The circulation model

Both optical models were tested using the most re-
cent version of the National Oceanic and Atmospheric
Administration (NOAA) Geophysical Fluid Dynamics
Laboratory (GFDL) Modular Ocean Model (MOM4:
Griffies et al. 2003), which solves the hydrostatic,
z-coordinate primitive equations. The model resolution
is 2° in the east–west direction. The north–south reso-
lution varies from 2° in midlatitudes, to 2⁄3° in the Trop-
ics. Enhanced resolution is also used in the Arctic,
where the tripolar grid of Murray (1996) is used, with
an average resolution of 2° � 1°. The model has 50
vertical levels. In the top 230 m the resolution is uni-
form with a grid spacing of 10 m. Below 230 m vertical
grid spacing increases linearly to 366 m at the bottom-
most tracer cell.

The model is initialized using temperatures and sa-
linities from the NOAA World Ocean Atlas (see online
at http://www.nodc.noaa.gov) and run for a 10-yr pe-
riod. In the model experiments, both temperature and
salinity are restored to seasonally varying observations
over a 10-day period. Additional fluxes of heat and
freshwater are taken from the output of the GFDL
atmospheric model run according to the Atmospheric
Model Intercomparison Project (AMIP) protocol.
Wind stress is given from a reanalysis dataset created
for the Ocean Model Intercomparison Project (OMIP)
(Roeske 2001), which includes realistic levels of synop-
tic variability. For the mixed layer the K-profile param-
eterization (KPP) scheme of Large et al. (1994) is em-

ployed. For the vertical and horizontal advection the
“quicker” scheme of (Holland et al. 1998; Pacanowski
and Griffies 1999) is employed. The neutral diffusion
(Redi 1982) and thickness diffusion (Gent et al. 1995)
according to Griffies (1998) and Griffies et al. (1998) is
used with an along-isopycnal diffusivity of 1000 m2 s�1

for both tracers and layer thickness. Lateral friction is
parameterized using a Laplacian viscosity. This consists
of two components: one given by a background value
that is constant in time and equivalent to the grid spac-
ing times a velocity scale and an additional Smagorin-
sky-type viscosity that depends on the local horizontal
shears (Griffies and Hallberg 2000; Smagorinsky 1963).
Away from the equator a dimensionless constant of
2 is used to define the value of Smagorinsky compo-
nent and a velocity scale of 0.5 m s�1 is used to set the
constant term. At the equator the velocity scale used to
set the viscosity was much lower (0.05 m s�1) and the
Smagorinsky term was set to zero. This allows for a
realistically narrow equatorial undercurrent and the
presence of tropical instability waves. Vertical diffusiv-
ity was made a function of depth using the vertical pro-
file of Bryan and Lewis (1979) with values of 0.05
cm2 s�1 in the surface ocean and 1.05 cm2 s�1 in the
deep ocean.

b. Formulation of shortwave penetration

Solar penetration shifts the location of solar short-
wave heating downward in the ocean column, resulting
in heating at depth. The profile of downward radiative
heat flux I(x, y, z) is represented as

I�x, y, z� � Io��x, y�J�z�, �1�

where Io- (W m�2) is the total shortwave downwelling
radiative flux per unit area incident just below the sea
surface and J(z) is a dimensionless attenuation function
that ranges from 1 at the surface to an exponentially
small value at depth. Note that the total downwelling
radiation Io- is to be distinguished from the total short-
wave flux Io, where Io-� (1 � �)Io, with � 	 0.06 being
the sea surface albedo (Morel and Antoine 1994).

Shortwave heating affects the local temperature (T)t

in a Boussineq fluid according to

�T�t � ��1��Cp����z��CpFz � I�. �2�

In this equation, Fz accounts for vertical processes
such as advection and diffusion and Cp is the heat ca-
pacity of seawater. Shortwave heating leads to the fol-
lowing net heating rate (K m s�1) over a column of
ocean fluid

�1��Cp��
�H

�

dz�zI � �1��Cp�
I��� � I��H��, �3�

with I(�) as the solar radiation at the free surface (z � �).
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To compare the effect of solar irradiance parameter-
ization on the ocean general circulation, two param-
eterizations have been picked that have been explicitly
developed for large-scale ocean models with low reso-
lution in depth space (
z � 5 m).

1) MOREL AND ANTOINE SOLAR IRRADIANCE
PARAMETERIZATION

Morel and Antoine (1994, hereinafter MA94) ex-
pand the exponential function used by Denman (1973)
into three exponentials to describe solar penetration
into the water column. The first exponential is for
wavelengths � 750 nm (i.e., IIR) and assumes a single
attenuation of 0.267 cos� m, where � is the solar zenith
angle. For simplicity, we assume that the solar zenith is
zero throughout the daily integration of the model.
Thus, the resulting equation for the infrared portion of
the downwelling radiation is

IIR�x, y, z� � IIR��x, y�e��z�0.267 cos��, �4�

where z is the depth in meters and IIR�(x, y) is a frac-
tion, of the total downwelling radiation Io- such that

IIR��x, y� � JIRIo�, �5�

where JIR is the fraction solar radiation in the infrared
(750–2500 nm) band. Although MA94 note that water
vapor, zenith angle, and aerosol content can each affect
the fraction of incoming radiation that is represented by
infrared and visible light, in the present implementa-
tion, we have chosen to keep these fractions constant so
that JIR � 0.43. For the models used in this paper, the
top level is 10 m thick so that essentially all infrared
energy is absorbed in the top layer.

The second and third exponentials represent a pa-
rameterization of the attenuation function for down-
welling radiation in the visible range (300–750 nm) in
the following form:

IVIS�x, y, z� � IVIS-�x, y�
V1e��z��1� � V2e��z��2��.

�6�

This form further partitions the visible radiation into
long (V1) and short (V2) wavelengths, assuming

FIR � FVIS � 1 �7�

and

V1 � V2 � 1; �8�

V1, V2, �1, and �2 are calculated from an empirical re-
lationship as a function of chlorophyll a concentration
using methods from MA94 (our appendix A). Through-
out most of the ocean, V1 � 0.5 and V2 � 0.5. The
e-folding length scales �1 and �2 are the e-folding depths
of the long (�1) and short visible and ultraviolet (�2)
wavelengths. Based on the chlorophyll a climatology
used in the GFDL model, �1 should not exceed 3 m
while �2 will vary between 30 m in oligotrophic waters

and 4 m in coastal regions. All of these constants are
based on satellite estimates of chlorophyll a plus pheao-
phytin-a, as well as parameterizations that have “non-
uniform pigment profiles” (MA94). The nonuniform
pigment profiles have been proposed to account for
deep chlorophyll maxima that are often observed in
highly stratified oligotrophic waters (Morel and Ber-
thon 1989).

2) THE OHLMANN (2003) SHORTWAVE
PENETRATION MODEL

The second light transmission parameterization that
we use to compare with that of MA94 is based on work
done by Ohlmann (2003, hereinafter O03). Instead of
three exponentials this parameterization uses two ex-
ponential functions, which broadly describe the attenu-
ation of downwelling solar radiation in the visible and
infrared wavebands. The HYDROLIGHT in-water ra-
diative transfer model that resolves wavelengths from
250 to 2500 nm (Ohlmann and Siegel 2000) was used to
produce synthetic data that could be used to fit a two
exponential function and a term that takes into account
the incident angle (�) of the sun and the cloud index
(ci):

I�x, y, z� � Io��x, y�
V1e��z��1� � V2e��z��2��

� 
1 � H���G�ci��. �9�

The first exponential parameters (V1 and �1) are used
to describe the UV–visible spectrum (300–750 nm). It is
this exponential that describes light transmission below
8 m. The second exponential parameters (V2 and �2)
represent the fraction of light in the infrared spectrum
(750–2500 nm) and attenuation depth of light between
2 and 8 m. Above 2 m a more rigorous model is needed
to look at skin temperature and boundary layer dynam-
ics (Ohlmann and Siegel 2000). All of the parameters in
Eq. (9) have been fit as a logarithmic or exponential
functions of chlorophyll using a full spectrum (300–2500
nm) light model called HYDROLIGHT (our appendix
B). From the HYDROLIGHT model it can be ob-
served that the solar angle of incidence significantly
effects the solar transmission when the angle of inci-
dence is �60°. Below that value the angle of incidence
is not considered to significantly affect the transmission
of light (O03). For consistency we have kept the angle
incidence and cloud index equal to 0 in our implemen-
tation of this parameterization.

3) SEAWIFS-BASED CHLOROPHYLL a
CLIMATOLOGY

A chlorophyll a climatology was produced from es-
timates of surface chlorophyll a using SeaWiFS. The
climatology is based on 8-day composites of SeaWiFS
images taken from 1998 through 2001. The climatology
calculates the median chlorophyll a concentration on
the 15th day of each month considering all data 15 days
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