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Summary

Relationships between photosynthetically active radiation
(PAR) and solar radiation (SR) and between diffuse ra-
diation and global radiation at Bloemfontein, South
Africa were investigated. The ratio of PAR to SR (PAR=SR)
has been reported from many places in the northern
hemisphere, but there were not many PAR=SR measure-
ments documented from the southern hemisphere, including
the study region. Based on the present observations, mean
PAR=SR in the region (0.48) was not exceptionally dif-
ferent from other reported data (0.45–0.50). The effects
of sky condition on PAR=SR were also investigated and
confirmed the previous findings. PAR=SR increased as the
clearness index (KT¼ ratio of global to extraterrestrial SR)
decreased, as sky conditions varied from clear to cloudy.
Thus, PAR=SR can be a simple function of the clearness
index (the global PAR model). In this study, PAR=SR was
explained by a quadratic function of KT. For the relation-
ship between diffuse and global radiation, a simple linear
threshold diffuse PAR model, as a linear function of KT,
was proposed for the study region using long-term data of
diffuse and global SR. Using the previous findings on the
relationship between the ratio of diffuse to global SR (KSR)
and the ratio of diffuse to global PAR (KPAR), at high KT,
KPAR can be estimated as 30% higher than KSR, while at
low KT KPAR is equivalent to KSR.

1. Introduction

All energy harnessed on earth is directly or in-
directly derived from solar radiation (SR). Plants
capture and store solar radiant energy through

their photosynthetic systems. Radiation of wave-
length between 0.4 and 0.7 mm is most efficiently
utilised in photosynthesis, and therefore it is
called photosynthetically active radiation (PAR).
The maximum energy intercepted at the earth’s
surface depends on the solar angle, which is
determined by the daily rotation of the earth
and the orbit of the earth around the sun (Sinclair
and Gardner, 1998). Radiation attenuation in the
atmosphere is modified by molecular and aerosol
scattering and by ozone, water vapour and oth-
er atmospheric gases absorption (Monteith and
Unsworth, 1990). Thus, the irradiance of solar
radiation at the earth’s surface is influenced by
both the sun-earth geometry and atmospheric
transmissivity.

The PAR input is usually required in radiation-
based crop growth models, but PAR is not rou-
tinely measured, however, SR is observed in
weather stations. Moon (1940) computed the
spectral distribution of direct sunlight for sea
level and suggested that the ratio of PAR to SR
(PAR=SR) was 0.44 for places at low altitudes.
Williams (1976) conducted a simulation for a
wide variety of climatic conditions and con-
cluded that the ratio of PAR to SR was constant.
PAR=SR has been investigated worldwide to
predict PAR from routine measured SR, and on
the basis of previous studies in several locations,



PAR=SR basically falls between 0.45 and 0.50,
as shown in Table 1. Howell et al. (1983) and
Meek et al. (1984) estimated PAR to be 45%
of SR whereas Szeicz (1974) and Stanhill and
Fuchs (1977) recommended the use of 50% of
SR. The latter has been observed within the
wavelength 0.3 to 0.7mm although at present,
PAR is defined as a constant response to equal
energy or quantum fluxes in wavelengths be-
tween 0.4 and 0.7mm (McCree, 1972). In both
studies it was concluded that PAR=SR was a con-
stant ratio. Recently, Udo and Aro (1999) reas-

sessed PAR=SR across locations (latitudes from
7 to 70 degrees) and reported that PAR=SR
should be regarded as a region-dependent value,
as stated by Stigter and Musabilha (1982). How-
ever, Pinker and Laszlo (1992) mentioned that
the use of constant PAR=SR could lead to errors
in a radiation-based plant growth model. In fact,
PAR=SR increases as sky conditions change
from clear to overcast (McCree, 1966; Rao,
1984; Papaioannou et al., 1993, 1996) and as
irradiance intensity decreases (Britton and Dodd,
1976).

Table 1. The ratio of photosynthetically active radiation (PAR) to solar radiation (SR)

Location (latitude, altitude)a Months PAR=SRb Reference

Range Mean

The ratio of PAR defined as wavebands between 0.3 and 0.7�m to SR

Dar es Salaan, Tanzania (7�S, 58 m) Oct–Jan – 0.51 (p) Stigter and Musabilha (1982)
Jerusalem, Israel (31�470N, 736 m) Jan–Dec 0.45–0.48 0.48 (p) Stanhill and Fuchs (1977)
Athens, Greece (37�580N, 107 m) Jan–Dec 0.43–0.50 0.47 (p) Papaioannou et al. (1993)
Washinton DC, USA (38�540N, 22 m) Jan–Dec 0.46–0.51 0.49 (p) Stanhill and Fuchs (1977)
Rockeville MD, USA (39�050N, 90 m) Jan–Dec 0.48–0.50 0.49 (p) Stanhill and Fuchs (1977)
Guelph, Canada (43�330N, 80�150W) Nov–Jun – 0.47 (p) Blackburn and Proctor (1983)
Cambridge, UK (52�N, 25 m) Jan–Dec 0.47–0.51 0.49 (p) Szeicz (1974)
Copenhagen, Denmark (55.7�N, 30 m) May–Oct 0.53–0.56 0.54 (p) Kvifte et al. (1983)
Aas, Norway (59.7�N, 95 m) May–Oct 0.50–0.57 0.53 (p) Kvifte et al. (1983)
Aas, Norway (59.7�N, 95 m) Mar–Aug 0.47–0.49 0.48 (p) Hansen (1984)
Ultuna, Sweden (59.8�N, 17 m) May–Oct 0.50–0.53 0.52 (p) Kvifte et al. (1983)
Reykjavik, Iceland (64.1�N, 62 m) May–Oct 0.49–0.53 0.51 (p) Kvifte et al. (1983)
Sodankyl€aa, Finland (67.4�N, 180 m) May–Oct 0.51–0.55 0.53 (p) Kvifte et al. (1983)
Tromsø, Norway (69.7�N, 100 m) May–Oct 0.49–0.53 0.51 (p) Kvifte et al. (1983)

The ratio of PAR defined as wavebands between 0.4 and 0.7�m to SR

Ilorin, Nigeria (8�320N, 375 m) Jan–Dec 0.42–0.47 0.46 (q) Udo and Aro (1999)
Lhasa, Tibet (29�410N, 3688 m) Apr–Oct 0.43–0.45 0.44 (p) Zhang et al. (2000)
College Station, TX, USA (30�350N, 97 m) Jan–Dec 0.46–0.48 0.47 (q) Britton and Dodd (1976)
Jerusalem, Israel (31�470N, 736 m) Jan–Dec – 0.45 (p) Goldberg and Klein (1977)
Fresno, CA, USA (36�200N, 87 m) Jan–Dec 0.44–0.46 0.45 (q) Howell et al. (1983)
Fresno, CA, USA (36�400N, 104 m) Jan–Dec 0.44–0.46 0.44 (q) Howell et al. (1983)
Athens, Greece (37�580N, 107 m) Jan–Dec 0.41–0.45 0.43 (p) Papaioannou et al. (1996)
Rockeville, MD, USA (39�050N, 90 m) Jan–Dec – 0.45 (p) Goldberg and Klein (1977)
Lower Hutt, New Zealand (41�180S, 174�550E) – – 0.48 (p) McCree (1966)
Scottsbluff, NE, USA (41�570N, 1225 m) Sep – 0.46 (q) Weiss and Norman (1985)
Ithaca, NY, USA (42�260N, 76�290W) Aug – 0.47 (p) Yocum et al. (1964)
Corvallis, OR, USA (44�340N, 66 m) Jan–Dec 0.44–0.46 0.46 (p) Rao (1984)
Copenhagen, Denmark (55.7�N, 30 m) May–Oct 0.47–0.50 0.49 (p) Kvifte et al. (1983)
Aas, Norway (59.7�N, 95 m) May–Oct 0.46–0.52 0.48 (p) Kvifte et al. (1983)
Aas, Norway (59.7�N, 95 m) Mar–Aug 0.43–0.45 0.44 (p) Hansen (1984)
Ultuna, Sweden (59.8�N, 17 m) May–Oct 0.43–0.47 0.46 (q) Rodskjer (1983)
Ultuna, Sweden (59.8�N, 17 m) May–Oct 0.45–0.47 0.46 (p) Kvifte et al. (1983)
Reykjavik, Iceland (64.1�N, 62 m) May–Oct 0.45–0.48 0.46 (p) Kvifte et al. (1983)
Sodankyl€aa, Finland (67.4�N, 180 m) May–Oct 0.47–0.49 0.48 (p) Kvifte et al. (1983)
Tromsø, Norway (69.7�N, 100 m) May–Oct 0.44–0.47 0.45 (p) Kvifte et al. (1983)

a Dar es Salaam, Tanzania and Lower Hutt, New Zealand in the southern hemisphere
b q – quantum sensor and p – pyranometer used for PAR measurement
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A radiation-based crop growth model, espe-
cially a canopy radiation transmission model
(e.g. Tsubo and Walker, 2002) requires direct
and diffuse components of radiation. The meth-
ods to estimate a component of global radiation
at the earth’s surface is divided broadly into
two models: the Beer’s (Bouguer-Lambert’s) Law
model and the Liu and Jordan (regression) mod-
el. The former estimates direct radiation while
the latter predicts diffuse radiation. The Beer’s
Law model explains the attenuation of mono-
chromatic radiation through the atmosphere
(Monteith and Unsworth, 1990). The model of
direct radiation transmittance from the top of
the atmosphere to the surface of the earth is
described as an exponential equation of the prod-
uct of the atmospheric extinction coefficient and
air mass (Gates, 1966; Bird et al., 1982; Weiss
and Norman, 1985; Gueymard, 1989a, b; Alados
et al., 2000; Alados-Arboledas et al., 2000). The
atmospheric extinction coefficient is subdivided
into scattering (Rayleigh scattering, Mie scatter-
ing) coefficients and absorption (ozone, water
vapour and other gaseous absorption) coeffi-
cients. Thus, the atmospheric extinction coeffi-
cient is complex. In contrast, the Liu and Jordan
model is a simple equation. As proposed by Liu
and Jordan (1960), the ratio of diffuse to global
SR (KSR) can be estimated from the clearness
index, defined as the ratio of global to extra-
terrestrial SR (KT). Many authors have found
relationships between KSR and KT in several
locations on an hourly basis (e.g. Orgill and
Hollands, 1977; Erbs et al., 1982), on a daily
basis (e.g. Stanhill, 1966; Choudhury, 1963; Ruth
and Chant, 1976; Tuller, 1976; Collares-Pereira
and Rabl, 1979; Erbs et al., 1982; Spitters et al.,
1986; Gopinathan and Soler, 1995; Roderick,
1999) or on an average monthly basis (e.g.
Tuller, 1976; Collares-Pereira and Rabl, 1979;
Erbs et al., 1982; Gopinathan and Soler, 1995;
Roderick, 1999).

In the radiation-based crop growth model, it is
essential to estimate PAR and its components.
However, little information concerning them is
available for southern Africa and the southern
hemisphere. The objective in this study was,
therefore, to investigate global PAR=SR and the
ratio of diffuse to global PAR (KPAR) on the bases
of daily and hourly data in order to develop the
global and diffuse PAR models.

2. Data collection and calculation

Global SR (0.3 to 2.8 mm in wavelength) and
PAR (0.4 to 0.7 mm in wavelength) were mea-
sured at the Soil Science experimental site
of the University of the Free State (29�010S,
26�090E, 1354 m) at intervals of ten seconds,
using the LI-200SZ pyranometer sensor and the
LI-190SB quantum sensor (LI-COR Inc., Lincoln,
Nebraska, U.S.A). Prior to the experiment, the
radiation sensors were calibrated at the Soil-
Plant-Atmosphere Continuum Research Unit,
School of Applied Environmental Science, Uni-
versity of Natal, Pietermaritzburg, South Africa.
The readings were averaged hourly and stored in
a CR10X datalogger (Campbell Scientific Inc.,
Logan, Utah, U.S.A.). The data was collected
from mid January 2000 to mid April 2000, giving
86 daily data sets including 1051 hourly data that
were valid, for the data analysis and the global
PAR model development. The models were
tested using data collected from December
2000 to March 2001 at the Agrometeorology
experimental site of the University of the Free
State (29�060S, 26�110E, 1411 m; 15 km away
from the Soil Science experimental site). Since
the energy in PAR is not directly measured, the
PAR quantum flux (mmol) was converted into
its energy flux (J) using 4.6mmol J�1 (McCree,
1972; McCartney, 1978).

Data for global and diffuse SR (0.3 to 2.8 mm
wavelength) for Bloemfontein Airport, South
Africa (29�060S, 26�180E, 1351 m) was provided
by the South African Weather Service (period of
37 years from 1957 to 1993). All measurements
were taken using Kipp and Zonen CM3 or CM5
thermopile pyranometers (Kipp & Zonen, Delft,
The Netherlands), which were regularly main-
tained by the South African Weather Service.
The analysis on an hourly basis was made year
by year, whereas the dataset for the whole period
was used for the analysis on a daily basis.

Hourly and daily extraterrestrial SR on a
horizontal surface were estimated using the sun-
earth geometry relationship (Gates, 1980) and
the solar constant 1373 W m�2 (the extraterres-
trial PAR was calculated as 40% of the extra-
terrestrial SR) (Monteith and Unsworth, 1990).
It was assumed that the sun-earth distance did
not vary seasonally because the ratio of the
distance between the earth and the sun on a
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specific day to the mean distance throughout the
year is never more than 3.5% away from one
(Gates, 1980).

3. Results and discussion

3.1 Ratio of global PAR to solar radiation

The mean and standard deviation of PAR=SR on
a daily basis were 0.48 and 0.06. The mean
PAR=SR fell between 0.45 and 0.50, so PAR=SR
measured in the region was not different from
other reported datasets. Energy of PAR in wave-
bands between 0.4 and 0.7 mm above the atmo-
sphere is 40% of radiation emitted by the sun
whereas that of PAR in wavebands between
0.3 and 0.7mm PAR is 48% (Monteith and
Unsworth, 1990). From the literature (see Table
1), a similar tendency is found for terrestrial
PAR=SR. Figure 1 presents a plot of PAR=SR
against latitude. PAR=SR on the basis of PAR
in wavebands between 0.3 and 0.7 mm is higher
than that of PAR in wavebands between 0.4 and
0.7 mm across the range of latitudes. This means
that the definition of PAR can be important for
this kind of study, as reported by Udo and Aro
(1999).

The standard deviation (�12.5%) implied that
sky conditions varied from clear to overcast.
To investigate the effects of sky conditions on
PAR=SR, the clearness index (KT) was divided
into three equal classes. PAR=SR calculated on
a daily basis was 0.53 for the range 0.00�

KT<0.33; 0.47 for the range 0.33�KT�0.67
and 0.42 for the range 0.67<KT�1.00. Thus,
PAR=SR decreased as KT increased. This can
be explained mainly by radiation scattering and
absorption by clouds in different ranges of the
waveband. Clouds absorb more radiation in the
infrared waveband than in PAR waveband; in
other words, PAR scatters more than the infrared
radiation. This results in the increased PAR=SR
under cloudy sky conditions. Similarly, Britton
and Dodd (1976) sorted daily total SR and found
that PAR=SR decreased with increased daily
total SR. Howell et al. (1983), however, reported
that the effects of diurnal variations in the clear-
ness index on PAR=SR was negligible on a daily
basis for Fresno, California, U.S.A. (36 degrees
north).

Similar results were found for PAR=SR on an
hourly basis. The mean and standard deviation of
PAR=SR on an hourly basis were 0.49 and 0.08.
PAR=SR was 0.55 for the range 0.00�KT<0.33,
0.48 for the range 0.33�KT�0.67 and 0.43 for
the range 0.67<KT�1.00. No clear relationship
between PAR=SR and KSR on a daily basis was
reported by Stanhill and Fuchs (1977) and the
others above, however Stigter and Musabilha
(1982) found that on a half-hourly basis PAR=SR
increased with the increased KSR. Similarly,
in this study, more than 75% of the data on a
daily basis was distributed in the range
0.33�KT�0.67, however, the data on the hourly
basis was distributed more widely throughout
the clearness index classes. This indicates that

Fig. 1. Plots of the ratio of
PAR to solar radiation (PAR=SR)
against latitude
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PAR=SR on an hourly basis is more variable than
that on a daily basis because of the influences of
solar elevation and air mass, as mentioned by
González and Calb�oo (2002).

3.2 Relationships between global PAR
and clearness index

Recently, Alados et al. (1996) and Alados and
Alados-Arboledas (1999) found that PAR=SR
on an hourly basis could be estimated using a
multiple linear regression equation of the sky’s
clearness (the ratio of global to diffuse SR) and
the sky’s brightness (the ratio of diffuse to extra-
terrestrial SR). The product of the sky’s clearness
and brightness carries a quantity of information
equivalent to the clearness index (Perez et al.,
1990). Thus, PAR=SR can be a simple function
of the clearness index. To develop an equation
for Bloemfontein, South Africa to estimate
PAR=SR from KT, a method developed by Orgill
and Hollands (1977) using hourly data was used.
PAR=SR for each interval in KT of 0.1 was aver-
aged and the average values plotted against the
values of PAR=SR for the mid-point of that inter-
val (Fig. 2). Polynomial equations were found as
follows:

PAR

SR
¼ 0:150KT

2 � 0:401KT þ 0:635

r2 ¼ 0:946 on a daily basis ð1Þ

and

PAR

SR
¼ 0:121KT

2 � 0:334KT þ 0:613

r2 ¼ 0:977 on a hourly basis ð2Þ

There was a similarity between the quadratic
equations. When KT equals 1.0, theoretically
PAR=SR is 0.4 because energy in the wavebands
between 0.4 and 0.7mm is 40% of the Solar
Constant (Moon, 1940; Monteith and Unsworth,
1990). Substituting SR=SR0¼ 1 into the equa-
tions gave 0.38 and 0.40 in PAR=SR on the basis
of daily and hourly measurements, respectively.
These are in agreement with the theoretical
PAR=SR ratio of 40%. McCree (1966) and
Stigter and Musabilha (1982) reported that PAR=
SR was greater than 0.6 under very cloudy skies.
In this study, PAR=SR calculated from the equa-
tions also showed higher values up to 0.6 when
KT had extremely low values.

For the model validation, as recommended by
Willmott (1981), mean bias error (MBE), root
mean square error (RMSE), index of agreement
(d) as well as coefficient of determination (r2)
were employed. The d-index is a measure of the
performance of the model in predicting variations
about the observed mean value, calculated as:

d ¼ 1 �
Pn

i¼1ðyi � xiÞ2

Pn
i¼1ðjy0ij þ jx0ijÞ

2
ð3Þ

Fig. 2. Relationship between the ratio of PAR to solar radiation (PAR=SR) and the clearness index (KT) for Bloemfontein,
South Africa (29�010S, 26�090E, 1354 m)
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where xi and yi are the measured and calculated
values, n is the number of the paired set data;
x0i ¼ xi � �xx; y0i ¼ yi � �xx, and �xx is the measured
mean (Willmott, 1981). The models were tested
in relation to the amount of PAR (W m�2) rather
than the ratio of PAR to SR. MBE, RMSE, d and
r2 were 4.9 W m�2, 6.4 W m�2, 0.99 and 0.98,
respectively, for the daily PAR model while for
the hourly PAR model, 12.7 W m�2, 31.0 W m�2,
0.99 and 0.96. From these statistics, it appears
that the models reasonably predicted the mea-
sured PAR. However, the hourly model is less
accurate than the daily model. This may be
explained by great variation in PAR=SR on an
hourly basis, which can result from diurnal var-
iation of solar angles.

3.3 Relationships between diffuse
radiation and clearness index

Neither diffuse SR nor PAR is routinely observed
in weather stations, so has to be estimated from
the available radiation data, i.e. global SR, in
order to quantify components of radiation. Pre-
vious studies on diffuse SR models classified
KSR is into several KT ranges in order to develop
the models (Orgill and Hollands, 1977; Erbs
et al., 1982; Spitters et al., 1986; Roderick, 1999).
In this study, KSR was grouped into three KT

ranges: (i) the low KT class (0.0�KT<0.2), (ii)
the middle KT class (0.2�KT�0.8) and (iii) the

high KT class (0.8<KT�1.0). In general, there is
only a small proportion of the diffuse fraction
of radiation in the high KT class. By contrast, a
greater proportion of the diffuse fraction of
radiation is observed in the low KT class. The
ratio classes explain sky conditions and solar
angles. The high KT class means clear sky
and=or high solar elevation whereas the low KT

class describes overcast sky and=or low solar
elevation.

Most of the data in this study is distributed
over the middle KT class of the clearness index.
In this range, there is a correlation between KSR

and KT. The other ranges (the low and high
KT classes) represent a lower percentage of
the data and a constant value of the diffuse
fraction of radiation is recommended (Roderick,
1999). In this study, for the low KT class, a
maximum value of the diffuse fraction was cho-
sen and a minimum value was used for the high
KT class. For the middle KT class, a linear cor-
relation was made in the range 0.2�KT�0.8
(which represented most of the data used in
this study). Following the method of Orgill and
Hollands (1977), KSR for each interval in KT

of 0.05 was averaged, the average values
plotted against the values of KSR for the mid-
point of that interval, and linear equations were
fitted.

Figure 3 shows the relationship between KSR

and KT for Bloemfontein, South Africa. The

Fig. 3. Relationships between the ratio of diffuse to global radiation (K) and the clearness index (KT) for Bloemfontein
Airport, South Africa (29�060S, 26�180E, 1351 m)
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maximum KSR was 0.89 and 0.91 on the bases
of daily and hourly, respectively, while the
minimum KSR was 0.10 and 0.14. In the mid-
dle KT classes, the regression lines crossed at
KT of 0.60. Basically there was a similarity
between the bases of daily and hourly. The
simple linear threshold equations were derived
as follows:

KSR ¼
0:892 0:000�KT<0:218

1:191 � 1:374KT 0:218�KT�0:796

0:097 0:796<KT�1:000

8><
>:

on a daily basis ð4Þ

and

KSR ¼
0:907 0:000�KT<0:140

1:072 � 1:177KT 0:140�KT�0:794

0:138 0:794<KT�1:000

8><
>:

on an hourly basis: ð5Þ

At the transition from the low KT class to the
middle KT class, the above equations overesti-
mated because the actual values of KSR around
the transition point showed a curvilinear ten-
dency. Even though the polynomials have been
used by several authors (e.g. Erbs et al., 1982;
Spitters et al., 1986), in this study, the linear
model was chosen because r-square was greater
than 0.99 in the linear regression analysis for
the middle KT class and the model fell within
the standard deviations. This was supported by
two statistical tests: t-test for regression slope
and the runs test for linearity. The regression
slopes were significantly non-zero (p-values<
0.05), and the data followed a straight line (p-
values>0.05). Therefore, the above equations
were good enough to explain the relationship
between KSR and KT for the middle KT class.
Also, the original data used to develop the dif-
fuse models were substituted into the above
equations to verify the models, and the models
reproduced the diffuse radiation with a high
accuracy.

For estimating KPAR, as described by Spitters
et al. (1986), KPAR is 1.3 times greater than
KSR under clear sky conditions (the high KT

class) while KPAR is equivalent to KSR under
overcast sky conditions (the low KT class). As
shown in Fig. 3, the diffuse PAR model for

Bloemfontein, South Africa was represented
by:

KPAR ¼
0:892 0:000�KT<0:218

1:180 � 1:324KT 0:218�KT�0:797

0:125 0:797<KT�1:000

8><
>:

on a daily basis ð6Þ
and

KPAR ¼
0:907 0:000�KT<0:140

1:063 � 1:114KT 0:140�KT�0:793

0:180 0:793<KT�1:000

8><
>:

on an hourly basis: ð7Þ

4. Conclusions

Photosynthesis is driven by the radiation
absorbed by the leaf, namely PAR, therefore
crop growth models driven by radiation need
PAR as input data. PAR is, however, not rou-
tinely measured at standard weather stations but
SR is often observed. This study was estab-
lished in order to develop a model to estimate
direct and diffuse PAR from the SR. The global
PAR model was developed using the global
PAR and SR measured data together with the
extraterrestrial SR calculated values. As the
clearness index (KT) is available and provides
an indication of both the brightness and clear-
ness of the sky, it was used to generate the
PAR if the measured SR is available. The
proposed equations explained the theoretical
PAR=SR when the sky is clear (KT¼ 1) and
the PAR=SR measured previously by the sev-
eral scientists when KT had a low value. The
diffuse PAR model developed from 30 years
measured data has not been validated, however
it may be reasonably acceptable due to its logi-
cal development. If measured solar radiation
is available, then these models can be used
to calculate both the global PAR and diffuse
PAR. The difference between these two compo-
nents then provides the direct PAR component
needed as an input into the radiation based type
photosynthesis and crop growth models. This
project has confirmed that the PAR=SR rela-
tionships are similar in both hemispheres and
provided a dataset for the subtropics where
models were lacking.
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