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INTRODUCTION

Kelp beds are commonly distributed throughout
temperate coastal waters (Dayton 1985). Typically,
they grow from rocky substrates and extend upward
to the sea surface, where kelp fronds spread out to
form dense canopies (Jackson & Winant 1983). Kelp
beds serve as food and refuge for a variety of benthic

and pelagic animals (Gaylord et al. 2007, Gruber &
Kemp 2010). They provide a unique 3-D habitat for
marine organisms and are recognized as a vital com-
ponent of marine ecosystems (Mann 1973).

Studies have indicated that kelp beds modify local
ocean current fields by significantly enhancing the
physical drag on flows (Jackson & Winant 1983, Gay-
lord et al. 2007, Rosman et al. 2007). Based on obser-
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vations across a kelp forest at Point Loma California
(USA), Jackson & Winant (1983) reported that flow
speeds in the interior of the forest decreased by as
much as 80% compared to those in ambient kelp-
free areas; flow speeds along the forest edge, in con-
trast, increased by up to 20%. The reduction of cur-
rents in the interiors of kelp forests enhances the
residence time of water there; on the other hand, the
increase in flow along the edges enhances the veloc-
ity shear between forests and the surrounding waters
(Jackson & Winant 1983, Gaylord et al. 2002, 2012,
Fram et al. 2008, Gruber & Kemp 2010, Pinsky et al.
2013). Using a 3-D numerical model, Wu et al. (2017)
investigated dispersion properties around the kelp
beds in Hecate Strait, British Columbia, Canada. They
found that the presence of kelp decreased the disper-
sion rate in the interior of the beds but increased the
dispersion rate along bed edges.

In addition to the modifications of flow speeds, the
presence of canopies also reduces the penetration of
solar radiation, much like trees shade terrestrial veg-
etation (Gerard 1984, Reed & Foster 1984, Jackson
1987). Using field observations, Gerard (1984) reported
that kelp canopies were able to trap 95% of the solar
irradiance within the uppermost 1 m. Not surpris-
ingly, one direct effect of the strong shading is to de -
crease the rate of carbon fixation by kelp tissues below
the surface canopies and thus to limit the re cruitment
and growth of understory algae (Arkema et al. 2009,
Gruber & Kemp 2010). Many field stud-
ies have documented profound effects
of the light reduction by canopies on
the underlying benthic community
and on biological mechanisms (Gerard
1984, Reed & Foster 1984, Arkema et
al. 2009, Gruber & Kemp 2010). Since
kelp canopies are able to modify the
distribution of solar radiation in the
upper surface layer, sea surface tem-
peratures (SSTs) will differ from those
in adjacent kelp-free waters.

There is a general agreement that
micro-pigments of phytoplankton ab -
sorb solar radiation and heat ambient
water (Sathyendranath et al. 1991,
Na kamoto et al. 2000, Shell et al.
2003, Wu et al. 2007, Chen et al. 2015,
Son & Wang 2015). Using satellite
images of the ocean color in the Ara-
bian Sea to quantify chlorophyll con-
centrations and a 1-D upper ocean
mixed layer model, Sathyendranath
et al. (1991) estimated that biologi-

cally induced heating over 1 month could in crease
the surface water temperature up to ~4°C above
the case when chlorophyll levels were not consid-
ered. Wu et al. (2007) examined the effect of
phyto plankton on SST in the Labrador Sea with a
3-D ocean model and spectrally dependent attenu-
ation coefficients; they found that the bio-optical
heating associated with the seasonal change in
chlorophyll distribution in creased surface layer
temperatures by 1 to 3°C. While a number of stud-
ies have ad dressed the effect of micro-pigments on
SST, heating due to kelp canopies (macro-pigments)
on ocean temperature has not been investigated
extensively in the scientific literature. One possible
reason is the small spatial scale of kelp coverage,
generally extending only several hundred meters
offshore in coastal areas, which most ocean-color
sensors, such as the Moderate Resolution Imaging
Spectroradiometer (MODIS), are not able to resolve
given their coarse footprint of 1 km for the thermal
bands at nadir. In the present study, we used
satellite images with a resolution of 30 m from the
Landsat 8 sensor and a mixed layer model to exam-
ine the effect of kelp canopies on SST. The study
area was in the nearshore waters around 3 groups
of islands in the Hecate Strait (Fig. 1), where kelp
beds are distributed from depths of 5 to 30 m
(Druehl 1978, Lobban 1978, ASL Environmental
Sciences 2014).
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Fig. 1. Study domain, covering near-shore waters around 3 island groups:
McKenney, Whitmore, and Moore Islands. Red dots (Sites 1–3) indicate loca-
tions where climatological temperatures and salinity were available for model
initiation (Foreman et al. 2008). Inset shows the location of the islands in the 

Hectate Strait off British Columbia (BC), Canada
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MATERIALS AND METHODS

Satellite data

We used 2 geophysical products, namely kelp
density and SST, derived from Landsat 8 Opera-
tional Land Imager and Thermal Infrared Sensor
(TIRS) downloaded from the United States Geologi-
cal Survey (USGS, http://glovis.usgs.gov). The spa-
tial resolution of these images is 30 m. Landsat 8 has
a revisit time of about 10 d at the latitude of interest
(~50° N). Given the typically cloudy conditions of
the region, only 4 clear scenes were available for
spring (April− June) and 5 for summer (July−Sep-
tember) for 2013− 2014 (Table 1). In addition to the
quality control, which included correction for adja-
cent effects and land masking, performed by USGS
on the Landsat 8 data, we applied the cloud mask
generated by USGS and a realistic coastline vector
mask. The density of kelp was parameterized as the
normalized difference vegetation index (NDVI),
which was derived from the images using Band 4
(0.64 to 0.67 nm) and Band 5 (0.85 to 0.88 nm).
NDVI is a standard vegetation index which has been
used as a measure of kelp canopy density. For exam-
ple, Cavanaugh et al. (2011) extracted kelp density
from Landsat images by using multiple endmember
spectra mixture analysis with which pixels in each
image were modeled as a 2-endmember linear mix-
ture of kelp and water (see Cavanaugh et al. 2010,
2011 for details). Following Cavanaugh et al. (2011),
we used a threshold NDVI value of 0.13; higher val-
ues are classified as kelp-dominated. More detailed
information of derivation and processing kelp con-
centration from Landsat images used in our study
area can be found in ASL Environmental Sciences
(2014).

The SST data were derived from the TIRS Band 10
(10.60 to 11.19 nm). Before converting the radiative
signal into SST, an atmospheric correction was ap -
plied to account for uncertainty in the Landsat TIRS
band (Schneider & Mauser 1996, Ferrier et al. 1997,
Fisher & Mustard 2004). Following Thomas et al.
(2002), the Landsat SST data were calibrated against
SST derived from Aqua MODIS. Due to the large dif-
ference in the spatial resolution of Landsat and
MODIS, Landsat images were projected onto the
MODIS grid for all 9 scenes using the Beam Software
package from the European Space Agency (www.
brockmann-consult.de/cms/web/beam/). As expected,
the raw comparison of both datasets gave a positive
correlation coefficient (R) of 0.68 (N = 65 418); noise
arises from various sources such as different satellite
overpass times, possible presence of cloud cover and
cloud edge, and the projection of Landsat data onto
the MODIS grid. We applied a method similar to
that of Thomas et al. (2002) to the combined 9 images
to re  move possible outliers by iteratively running a
model-2 type regression and removing points with an
absolute residual greater than the mean residual plus
1 SD. The resulting number of points after an iterative
procedure was reduced to 41 264. This procedure
gave an R2 of 0.98, a slope of 1.02, and an intercept of
2.66°C (Fig. 2). We ap plied these pseudo-calibration
coefficients to Landsat imagery to retrieve SST.

Mixed-layer model

The satellite images of Landsat only provide the
temperature at the sea surface, and the vertical dis-
tribution of temperature in the water column is not
known. Therefore, we introduced a 1-D mixed layer
model developed by Price et al. (1986), with which
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Image date    Day of                              NDVI > 0.13                                                    NDVI < 0.13                            ΔSST (°C)
                        year    NDVI   SST (°C)        Npts  NDVI   SST (°C)          Npts
                                           Avg     SD           Avg       SD                         Avg     SD           Avg       SD            

2013-04-15       105            0.45    0.16          9.67      1.26       3195        −0.08   0.05          7.93      0.37       20851          1.74
2013-05-26       146            0.36    0.15          11.75      1.37       1839        −0.31   0.10          9.27      0.54       22204          2.48
2013-07-13       194            0.54    0.18          12.81      1.77       3904        −0.34   0.11          10.72      0.56       20100          2.09
2013-07-29       210            0.39    0.16          12.51      2.02       3798        −0.10   0.07          10.61      1.07       20248          1.90
2014-05-04       124            0.43    0.16          10.83      1.62       2984        −0.05   0.04          8.50      0.47       21032          2.33
2014-06-05       156            0.39    0.15          8.87      1.54       3244        −0.03   0.03          7.21      1.01       20738          1.65
2014-07-23       194            0.32    0.16          13.98      0.89       1086        −0.04   0.05          12.73      0.46       22961          1.25
2014-08-17       229            0.33    0.13          10.37      1.88       2458        −0.07   0.05          7.01      2.49       19001          3.36
2014-09-02       245            0.34    0.14          13.44      0.95       2971        −0.13   0.06          12.38      0.39       21046          1.06

Table 1. Summary statistics for individual images. Dates are given as yy-mm-dd. NDVI:  normalized difference vegetation index, 
SST:  sea surface temperature, Npts:  number of pixel points
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the vertical variation in temperature and solar radia-
tion was investigated. The model was forced by
winds and heat fluxes. In the model, SST is estimated
in the upper mixed layer by the balance between
buoyancy due to the density stratification and veloc-
ity shear caused by wind forcing. Following Price et
al. (1986), the temperature, salinity, and momentum
balance can be written as

(1a)

(1b)

(1c)

where T (°C), S, and v represent the temperature,
salinity, and horizontal velocity vector; t (s) is time, ρ0

(kg m−3) and cp (J [kg K]−1) are the density and heat
capacity of seawater, and f is the Coriolis parameter.
The terms FH (W m−2), FW, and G represent the fluxes
of heat, freshwater (m), and momentum (m2 s−2). At
the sea surface, FH (0) = Q, which corresponds to the
net heat flux; FW (0) = S(E − P), which corresponds to
the surface salinity times the net freshwater flux
(evaporation rate minus precipitation rate); and G(0)
= τ is the wind stress. In addition to the longwave
radiation and sensible and latent heat fluxes, which
represent the heat exchange due to reflection, con-
vection, and evaporation, respectively, the net heat
flux includes the downward shortwave solar radia-
tion, whose depth distribution can be described as a

sum of 2 exponential formulas (Paulson & Simpson
1977):

(2)

Where I(0) is the downward solar radiation at the sea
surface. The first term on the right side represents
the red spectral (non-penetrating) component, which
in general attenuates within the top few centimeters.
The second term represents the penetrating, blue-
green spectral component, which attenuates at tens
of meters depending on water turbidity. The variable
α is the fraction of the non-penetrating component,
and λ1 and λ2 are the extinction depths of the non-
penetrating and penetrating components, respectively.
Following Paulson & Simpson (1977), we used α =
0.62, λ1 = 0.6 m and λ2 = 20 m for clear water.

In order to include the effect of kelp on downward
irradiance, the value of λ2 in kelp areas is estimated
based on the in situ data of Gerard (1984). The data
consist of canopy density, defined as the blade area
per bottom area (m2 blade m−2), and downward short -
wave solar radiation (400−700 nm) at 1 m below the
kelp canopy. Gerard (1984) measured the solar radi-
ation at 1 m below kelp canopy with 2 quantum scalar
profiling systems with spherical underwater sensors.
The data were collected during June to August 1983
at 6 locations under sunny conditions within 2 Macro -
cystis pyrifera forests at Palos Verdes and Laguna
Beach, California, USA. The canopy density was de -
termined by the mean frond density × mean canopy
length × mean blade area per canopy length. The re -
cording time at each location varied from 80 to
225 min. To determine the relationship be tween solar
radiation and kelp concentration, one can estimate
the extinction depth by fitting solar radiation observa-
tions made throughout the water column, which is
covered by the kelp canopy with specific concentra-
tions. However, the solar radiation data collected by
Gerard (1984) were at only 2 depths, at the sea surface
and 1 m below the sea surface. Therefore, in this
study, using the data of Gerard (1984), a relationship
between NDVI and the extinction depth of λk due to
kelp was derived based on 2 assumptions: (1) the
canopy density is assumed to be proportional to the
NDVI (Fig. 3A); and (2) the relation between the light
fraction and the NDVI at 1 m depth can be written as
an exponential form of

(3)

and

(4)
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Fig. 2. Comparison of sea surface temperature (SST) derived
from MODIS and from Landsat for all 9 images used in the
study; sl.: slope, int.: intercept. Correlation coefficient R = 0.98
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where k = 0.263 m is a fitted constant,
derived using a nonlinear least squares
method. The fitted line based on the
relation between λk and NDVI is plot-
ted in Fig. 3B. The first term on the
right hand side of Eq. (4) represents
the attenuation of light due to kelp and
the second term is the attenuation due
to sea water. Since a threshold value of
NDVI of 0.13 was used (Eq. 4), the
relationship is only valid for NDVI val-
ues greater than 0.13.

The extinction depth changes rap-
idly from 20 m in kelp-free water to
about 2 m in water with NDVI of 0.3,
whereupon the extinction depth de -
creases more slowly in a quasi-linear
fashion. Thus, we expected a rapid in -
crease in SST for NDVI values in the
range of about 0.13−0.30, with a slower
increase for values of NDVI exceeding
0.30. Using the extinction depth λk, the
distribution of the penetrative compo-

nent of solar radiation with water depth can be calcu-
lated. For cases where the penetration depth due to
kelp is less than the penetration depth of the non-
penetrating radiation, i.e. λk < λ1, we set λ1 = λk.

The mixed layer model was initialized with clima-
tological temperatures and salinities from a seasonal
data set covering the Northeast Pacific Ocean based
on the analysis of Foreman et al. (2008). The climato-
logical dataset has 52 vertical layers, 5 within the
upper 30 m. There are 3 grid points (Fig. 1) in our
study area, Sites 1 and 2, corresponding to a kelp
bed, and Site 3 in open water; their vertical distribu-
tions of temperature and salinity of the mean winter
and spring seasons are shown in Fig. 4. At all 3 sites,
the temperature differences in winter and spring
were within 0.02°C over the entire profile; on the
other hand, salinity at Site 1, the most offshore loca-
tion, was higher than at Sites 2 and 3 by <0.1. The
mean temperature and salinity of these 3 grid points
were used to initialize the model. Atmospheric forc-
ing, including wind speed, air temperature, relative
humidity, precipitation rate, and solar radiation at the
sea surface used in the model were from the hourly
output of a regional model with a spatial resolution of
2.5 km (Mailhot et al. 2014). Wind stress was com-
puted using the wind velocity and a neutral drag coef-
ficient of Smith (1980); heat fluxes were computed
using the bulk formula. The water depth of the model
run was 30 m, and the vertical grid interval was 1 m.
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The model was integrated from 1 April
to 31 October 2013, with a time step of
15 min. Fourteen model runs were
made with different NDVI values (0.0,
0.14, 0.15, 0.16, 0.18, 0.20, 0.25, 0.30,
0.40, 0.50, 0.70, 0.80, 0.90, and 1.00).
The output was truncated to hourly
intervals for subsequent analysis. We
did not run the model for 2014 because
atmospheric data were not available.

RESULTS

Observations

Two sample images of NDVI and
SST from the spring and summer of
2013 are shown in Fig. 5. In spring, the
region was dominated by low NDVI
values with high values (or kelp) con-
centrated close to shore around is lands
(Fig. 5A). SST shows a similar spatial
distribution, with lower temperatures in
the open water and higher tempera-
tures in the near-shore zone, especially
in areas occupied by kelp (Fig. 5C).
During summer, areas with NDVI
>0.13 were more extensive and with
larger amplitudes than those during
spring (Fig. 5B); the spatial SST mir-
rors that of the NDVI distribution (Fig.
5D). In both seasons, SST differences
between coastal and open ocean areas
can be as much as ~6°C. The compar-
isons of SST and NDVI for the 2
images indicate that the SST in kelp
areas (NDVI > 0.13) was higher than
that in the ambient kelp-free waters
(NDVI < 0.13). Despite considerable
variability, the data show a trend of
SST in creasing with NDVI (Fig. 5E,F).

The averages and standard devia-
tions (SD) of SST and NDVI in both kelp (NDVI ≥
0.13) and kelp-free (NDVI < 0.13) waters within
depths of 5−30 m for the individual images are given
in Table 1. For kelp areas, mean NDVI values vary
from 0.32 to 0.54 with SDs of 0.13 to 0.18. Mean SSTs
in kelp areas vary from 8.9 to 14.0°C and correspon-
ding SDs from 0.9 to 2.0°C. In the non-kelp areas,
mean NDVI values are negative from all images,
varying from −0.34 to −0.03 with SD from 0.03 to 0.11.
The mean SSTs vary from 7.0 to 12.7°C with SD of 0.4

to 2.5°C. All images show that the mean SST in the
kelp areas is higher than in the non-kelp areas. The
mean magnitude of the in crease for the 9 images is
about 2.0°C and the maximum reaches 3.4°C.

The 9 images used in this study are from early
spring to late summer over a 2 yr period when mean
SST can differ by ~7°C in the study region and the SD
by a factor of ~6 (Table 1). To compare and poten-
tially combine data sets, we normalized SST using the
Z-transform (ztf):
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Fig. 5. Examples of (A,B) normalized difference vegetation index (NDVI) and
(C,D) sea surface temperature (SST) in spring (A,C) and summer (B,D). (E,F) 

SST and NDVI for the depth range 5−30 m
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(5)

where i and j indicate the i th pixel in the j th image, re -
spectively. The subscript avg represents the average
SST in image j. The transformed images have mean
normalized SSTs of 0 and SDs of 1. After transfor -
mation, the images could be combined to determine if
a systematic pattern emerges. The transformed data
for NDVI > 0.13 for the 9 images are shown in Fig. 6.
For all images, SSTztf increases with increasing NDVI
over most of the range; some images show a decrease
in SSTztf at high values of NDVI (>0.7 or 0.8). There is
considerable scatter in all of the images. While the
overall tendency in all of the images is for SST to
increase almost linearly with increasing NDVI, par-
ticularly for NDVI < 0.6, the fitted lines account for
only 10 to 28% of variances in SST. There are 4
images where more than 20% variances are accounted
for (Fig. 6D,F,H,I). The increases in SST are reduced

for NDVI > 0.60 and even decrease (NDVI > 0.8) for
some images, particularly for 13 July 2013, when
NDVI accounts for the least amount of variance of all
the images (Fig. 6C).

The increased SST due to the presence of kelp can
be estimated by comparing the SST of the endpoint
of the fitted line (see Table 2 for filter characteristics)
and the SST in the non-kelp area. The results indi-
cate that SST in kelp areas is higher than that in non-
kelp areas (Table 2). The kelp enhances the SST by
0.2 to 5.4°C, with a mean (median) value of 2.7°C
(2.9°C) and SD of 1.4°C. The fitted curves with 1 ex -
ception generally increase from lower to higher
NDVI values, with some leveling off at the high end
of the curve. This implies that changes in SST are
also controlled by mechanisms other than the heat
absorption effect of kelp. In Fig. 6, there is a strip
with approximately constant normalized SST at the
bottom of some images (e.g. Fig. 6C,I). This may be

ii j
j j

j
SST

SST ( ) SST

SDztf
, avg=

−
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Fig. 6. Z-transformed sea surface temperature (SSTztf) and normalized difference vegetation index (NDVI > 0.13) from Landsat
images. Solid red lines are from a linear Loess (40%) filter. Dash-dot lines represent a moving window estimate of the standard 

deviations. Dates are given as dd/mm/yy
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explained by the horizontal advection
and enhanced mixing rather than
solely by local solar heating. The SSTs
of points in this region are close to the
background SST, which is defined as
the mean SST at a water depth >30 m
(Fig. 7A,B). Moreover, there is some
consistency in their locations from one
image to another. The pixels with SST
lower than the background value are
mainly distributed around small iso-
lated islands.

The fits of SST as a function of NDVI
for the 9 images are summarized in
Fig. 8. It is apparent that transforming
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Image date        SST from SST from Loess (°C)                     SST 
                              NDVI              NDVI at          SST at Loess      difference 
                          < 0.13 (°C)     Loess endpoint     endpoint (°C)            (°C)

2013-04-15             7.93                    0.84                     10.74                  2.81
2013-05-26             9.27                    0.75                     12.20                  2.93
2013-07-13            10.72                   0.99                     10.87                  0.15
2013-07-29            10.61                   0.83                     13.65                  3.04
2014-05-04             8.50                    0.81                     11.59                  3.09
2014-06-05             7.21                    0.83                     10.73                  3.52
2014-07-23            12.73                   0.75                     14.68                  1.95
2014-08-17             7.01                    0.69                     12.43                  5.42
2014-09-02            12.38                   0.76                     14.03                  1.65

Table 2. Comparison of sea surface temperature (SST) from the normalized
difference vegetation index (NDVI < 0.13) and endpoint SST from a Loess 

filter (linear, 40%). Dates are given as yy-mm-dd

Fig. 7. (A,B) Sea surface temperature (SST, orange dots) lower than open-ocean SST and (C,D) their spatial distributions on 13
July 2013 (A,C) and 2 September 2014 (B,D). Dashed red lines in A and B indicate offshore SST defined as the mean SST of
water with depths >30 m in our study domain (see Fig. 1). Numbers (upper right corners in C,D) are the number of orange 

points and (in parentheses) the total number of points
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the SST data for the 9 images, where the ranges for
the areas where NDVI > 0.13 (< 0.13) of average SST
is 5.1°C (5.7°C) and the ratio of SDs is 2.3 (6.7, see
Table 1), is successful in collapsing the result into a
compact representation. The composite curve shows
a nearly linear relationship between SST and NDVI
for NDVI ranging between 0.13 and 0.60. Two images
(13 July 2013 and 02 September 2014) are the main
contributors to the levelling off and downturn of the
composite curve. This decrease in SST indicates that
SST in kelp areas is also controlled by other mecha-
nisms, for example vertical mixing, which we will
discuss next.

Since kelp grows mainly in shallow water, one
could argue that the depth could be the main reason
for the higher SST. To address this argument, we
plotted SSTztf versus water depth in Fig. 9. For the 9
images, the R2 between SSTztf and water depth ranges
from 0.01 to 0.04, indicating an extremely weak rela-
tionship between SST and bottom depth.
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Model

Comparison with observations

A direct comparison of SST between the model and
Landsat images is not possible because spatial varia-
tions in the initial conditions of temperature and salin-
ity and the atmospheric forcing in the kelp forests are
not available. We therefore used an indirect approach.
Using the model and the satellite data of SST and
NDVI, comparisons of SSTztf (Eq. 5) be tween model
results and the 4 images collected in 2013 are plotted
in Fig. 10. The modeled Z-transformed SSTs are de -
rived from the daily mean SSTs of the 14 model runs
with NDVI varying from 0 to 1.0. Modeled relation-
ships between SST and NDVI in general capture the
tendency of SST to increase with increasing NDVI.
Both the model and observations show that SST in -
creases more rapidly for low values of NDVI and
tends to level off at higher  values. The observations
show considerable scatter throughout the entire range
of NDVI values, perhaps attributable to spatial varia-
tions in the ocean temperature, salinity, and currents,
and of atmospheric forcing not accounted for by the
1-D model. The correlation coefficients between the

model results and observations range from 0.32 to
0.46, all higher than their 95% significant levels, but
only capturing 10 to 21% of the variances.

The composite fit of the LANDSAT data and the
model results are compared in Fig. 11. The model
result increases rapidly from NDVI = 0.13 to ~0.3,
then plateaus with little variation over the rest of the
range, unlike the observations, which increase nearly
linearly from NDVI = 0.13 to ~0.6 The root mean
square difference between the model and observa-
tions is 0.46 (SD units) for NDVI ≥ 0.13; it is generally
within the area defined by ±1 SD of the observations,
except for NDVI values of 0.25−0.32, where the mod-
eled SSTzft is slightly higher than the observations.
The higher modeled SSTzft and its rapid increase
over the lower range of NDVI is likely due to the
shallow extinction depth used in the model (Fig. 4B).

NDVI and temperature: model simulations

Despite only qualitative agreement between the
model predictions and the observations, further ex -
ploration of the model might provide some insight into
how kelp could modify ocean temperature. The time

series of SST from the model shows
clear seasonal and high frequency
variation from spring to summer, and
their dependence on kelp concentra-
tions (Fig. 12A). Compared to the non-
kelp case, SST is in general higher and
increases in magnitude for higher val-
ues of NDVI (Table 1), and these ob -
served differences are also plotted in
Fig. 12B. The modeled differences in
SST due to kelp agree well with the ob-
served counterparts except in early
spring (15 April 2013), where high
modeled values are likely due to an
overestimation of the kelp effect in the
model but also could be due to the ini-
tialization of the model using climato-
logical conditions rather than the real-
ized conditions in 2013. Perry (2014)
indicated that SST at weather buoy
C46185 (about 36 km SW of the
islands) at the end of March 2013 was
about 1°C below normal. This would
bring the initial model− observation
comparison into better agreement
(Fig. 12). The differences between kelp-
free modeled SST and 3 densities of
kelp during spring and summer

112
S

S
T zt

f

-4

-2

0

2

4
A

Model

Observations

15/04/2013

R=0.43

NDVI
0.2 0.4 0.6 0.8 1

-4

-2

0

2

4
B 26/05/2013

R=0.46

C 13/07/2013

R=0.32

0.2 0.4 0.6 0.8 1

D 29/07/2013

R=0.40

Fig. 10. Comparisons of observed (black dots) and modeled Z-transformed sea
surface temperature (SSTztf; blue line). Solid red lines are from a linear Loess
(40%) filter. Red dash-dot lines represent a moving window estimate of the
standard deviations. NDVI: normalized difference vegetation index. Dates 

are given as dd/mm/yy



Wu et al.: Kelp enhances sea surface temperatures

showed some surprising results (Table 3). In spring
(day of year [DOY] 90−180), the mean SSTs are 1.11,
1.12, and 1.14°C higher for NDVI = 0.20, 0.60, and
0.90, with SDs of 0.88, 0.90, and 0.92°C, respectively.
The maximum differences are 3.45, 3.66, and 3.82,
and the minima are 0. This means that in spring the
SST when kelp is present is always higher than that in
the kelp-free case. In summer (DOY 180−270), the
mean differences are about 1.31°C and SDs are from
1.02 to 1.08°C. The maximum differences are 3.01,
3.20, and 3.32°C and, in contrast to the spring results,
the minima in summer are −1.38, −1.41, and −1.43°C.
The negative differences are interesting since they in-
dicate that SSTs in the kelp cases can be lower than
those in the kelp-free area, which shows that pro-
cesses other than surface heating must play a role in
determining the SST.

Time series of temperature profiles from the model
for cases with and without kelp are plotted in Fig. 13.
Temperature in the upper mixed layer shows sea-
sonal variation, increasing from spring to summer
and then decreasing for all cases with and without
kelp. In early spring (DOY 90−120), temperature is

low and the mixed layer depth (MLD)
is up to 30 m. The MLD is defined here
as a temperature difference of 0.2°C
between the surface and that at the
base of the mixed layer. With the in -
crease in solar radiation from spring to
summer, water with a kelp canopy
stratifies earlier and shallower, and the
temperature in the mixed layer is
higher than that in the kelp-free case.
Temperatures are higher with higher
NDVI. The MLDs in kelp cases are
shallower compared to the kelp-free
case, especially in the middle of sum-
mer, where it is about 8 m in the case
of NDVI = 0.6, about 50% shallower
than the case with no kelp. The shal-
low MLD is due to more heat absorbed
in the surface layer by kelp. By the end
of summer, however, the MLD sud-
denly deepens, and SST drops for all
the model runs. The SST for NDVI =
0.6 is lower than that in the kelp-free
case by about 2°C.

Mixing and temperature

At the end of summer, the MLD
increased and SST dropped due to a
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Fig. 11. Comparison of composite Z-transformed sea surface
temperature (SSTztf) with Loess filter from observations (black)
and model results (red). NDVI: normalized difference vege-

tation index

Fig. 12. (A) Sea surface temperature (SST) and (B) SST difference between
model runs with and without kelp. The black bars in B indicate the observed
SST differences (dot) ± 1 SD given in Table 1. NDVI: normalized difference 

vegetation index
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storm on DOY 260 (Fig. 13A). Accord-
ing to Wu et al. (2007), temperature
from the model in the upper mixed layer
after a storm can be estimated by:

(6)

where SST1 and SST2 are the mean
temperatures in the mixed layer
before and after storms; Z1 and Z2 are
the MLDs before and after the storm,
respectively. Tsub is the mean tempera-
ture in the layer between Z1 and Z2

before the storm. The first term on the
right hand side is the contribution from
water in the mixed layer before a
storm, and the second term is the con-
tribution of the MLD deepening. The
magnitudes of the variables in Eq. (7)
are listed in Table 4. Before the storm,
MLD for the kelp-free case is about
16 m, close to that of the kelp case of
NDVI = 0.14, but about 45% deeper
than that in the case of NDVI = 0.60 of
11 m. After the storm, the MLD in the
kelp-free cases is 25 m, 1−2 m deeper
than those of kelp cases. Before the
storm, SST is 17.6 °C in the kelp-free
case, slightly lower than the kelp cases
of 18.1 and 18.4°C. In the kelp-free
case, Tsub is about 14°C, slightly higher
than that for NDVI = 0.14, but consid-
erably higher than 10.9°C, the temper-
ature at NDVI = 0.60. The low temper-
ature in the sub-surface layer is the
consequence of the shading effect of
kelp, which absorbs more solar radia-
tion at the surface than in the case of
clear water. The contribution of the
mixed layer (Z1 × SST1) to the post-
storm conditions, defined as Term1 in
Table 4, in the clear water case is
282°C × m, slightly lower than that of
NDVI = 0.14, but 40% higher than that
of NDVI = 0.60. The low value of
Term1 for NDVI = 0.6 is at tributed to
the shallower MLD despite slightly
higher SST. The shallowing of the
MLD and the increasing of SST are not
symmetric. The presence of kelp re -
sults in a shallower MLD by 45%, but

Z
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1
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NDVI ZMLD (m) Mean temp. (°C)      Term1      Term2       Total    SST2 

                Z1     Z2          SST1     Tsub              (°C × m)    (°C × m)   (°C × m)   (°C)

No kelp   16     25           17.6     14.1             282           127          409       16.4
0.14          16     24           18.1     13.9             290           111          401       16.7
0.60          11     23           18.4     10.9             202           137          333       14.5

Table 4. Mixed layer depth (ZMLD) and temperature before and after a storm
occurred around day of year 260 (see Figs. 12 & 13). Subscripts 1 and 2 indi-
cate the variables before and after the storm, respectively. NDVI: normalized
difference vegetation index, SST: sea surface temperature, Tsub: mean temper-

ature in the layer between Z1 and Z2 before the storm

NDVI               Spring (ΔSST, °C)                       Summer (ΔSST, °C)
                    Mean     SD      Max     Min          Mean     SD      Max     Min

0.2                 1.11      0.88      3.45       0.0             1.31      1.02      3.01    −1.38
0.6                 1.12      0.90      3.66       0.0             1.30      1.06      3.26    −1.41
0.9                 1.14      0.92      3.82       0.0             1.31      1.08      3.32    −1.43

Table 3. Comparison of the change in sea surface temperature (ΔSST) be-
tween model runs with and without kelp present in spring and summer. NDVI: 

normalized difference vegetation index

Fig. 13. Temperature distributions of cases of (A) no kelp, (B) normalized dif-
ference vegetation index (NDVI) = 0.14, and (C) NDVI = 0.60. The vertical
solid and dashed lines indicate the mixed layer depth before and after a strong 

wind occurred, respectively
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only increases SST by 5%. The value of Term1 in the
case of NDVI = 0.14 is 290°C × m, higher than other
cases because of the higher SST and the comparable
MLD to kelp-free case. The value of ([Z2 − Z1] × Tsub),
Term2 in Table 4, is 127°C × m in the kelp-free case,
higher than for NDVI = 0.14, but lower than for NDVI
= 0.60. The higher Term2 for NDVI = 0.60 is clearly
due to the greater increase (12 m ver-
sus 9 and 8 m for no kelp and NDVI =
0.14) of the MLD despite the lower
temperature of 10.9°C. We conclude
that variation in SST in waters with
kelp is not only related to the in -
creased SST due to surface trapping of
heat, but is also related to the temper-
ature below the mixed layer and the
deepening of the mixed layer driven
by atmospheric forcing.

Effects of heat fluxes on SST

In the upper mixed layer, changes in
SST are controlled by 2 related pro-
cesses: (1) the penetrating solar irradi-
ance and (2) the heat exchange be -
tween ocean and atmosphere at the
sea surface. Here we discuss the mod-
ifications of heat flux due to the pres-
ence of kelp. The time series of wind
stress and heat flux (positive corre-
sponds to heat transfer from ocean to
atmosphere), defined as the sum of
longwave radiation, latent heat, and
sensible heat, clearly shows a strong
wind event at the end of summer
(around DOY 260) when the magni-
tude of wind stress reaches 0.8 Pa
(Fig. 14A). The heat flux shows sea-
sonal variation both for the cases with
and without kelp (Fig. 14B). In the
kelp-free case, the mean heat flux is
98 W m−2 in spring and 157 W m−2 in
summer. The mean flux in spring
(summer) is 107 (175) for NDVI of 0.14,
and 128 (196) W m−2 for NDVI of 0.60.
This means that the presence of kelp
leads to more heat transfer from the
ocean to the atmosphere, 30 W m−2

more in spring, and 39 W m−2 more in
summer for NDVI = 0.6, about 31 and
25% greater than that of the kelp-free
case. The integrated difference of heat

flux in the model runs (kelp − kelp-free) reaches 1.8
× 108 J m−2 for NDVI = 0.14 and 5.3 × 108 J m−2 for
NDVI = 0.60 by the end of summer (Fig. 15). The in -
creased heat flux from the ocean to the atmosphere
will raise the local air temperature; further investiga-
tion of the air temperature due to kelp heating, how-
ever, is beyond the scope of this study.
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Fig. 15. Integrated model heat flux (longwave + sensible + latent) differences 
due to kelp. NDVI: normalized difference vegetation index
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SUMMARY

SST in kelp forests was examined using observa-
tional data and a 1-D mixed layer model. The obser-
vations consistently indicate that SST in creases with
increasing NDVI with a maximum asymptotic value
of 5.4°C and a median of 2.7°C (SD = 1.4°C). The re -
lationship between SST and NDVI is nearly linear;
however, it only accounts for 10−28% of the variance,
indicating considerable scatter. Model results indi-
cate that the presence of kelp confines the absorption
of solar shortwave radiation in the upper layer, in -
creasing SST, re sulting in a shallower MLD and en -
hancing the heat flux from ocean to atmosphere. At
the same time, the model demonstrated that the SST
with kelp present is strongly related to vertical mix-
ing events; the change in SST in such situations is
controlled not only by extra heat trapped by kelp, but
also by the temperature in the sub-mixed layer and
the deepening of the mixed layer.

In the model, the extinction depth due to kelp was
based on several assumptions: (1) a linear relation-
ship exists between the NDVI and frond density; (2)
the extinction parameter is independent of water
depth; and (3) the horizontal variation of processes,
such as advection and diffusion, plays a minor role in
determining SST in kelp forests. Moreover, the rela-
tionship between light attenuation due to kelp and
NDVI is based on few, non-contemporaneous in situ
observations. The scatter of SST observations with in -
creasing NDVI values, and in particular the low values
of SST anomalies over a broad range of increasing
NDVI, indicates that these assumptions, particularly
the lack of spatial dependence, need further exami-
nation beyond a 1-D model. Nonetheless, the current
model has captured some of the physics governing
SST variability in the presence of kelp.

While the model in this preliminary study captured
some of the dynamics, the scatter of the SST observa-
tions for all NDVI values remains problematic. More
in situ data on kelp concentrations, ocean currents,
and mixing strengths, and contemporaneous obser-
vations of NDVI would be valuable to determine if
the scatter of SST about the empirical fit and model
predictions could be reduced. Given the variability in
the SST response throughout the entire range of
NDVI values, it appears that this would require a
major field and modeling effort.
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