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ABSTRACT

Marine air temperature reports from ships can contain significant biases due to the solar heating of the
instruments and their surroundings. However, there have been very few attempts to derive corrections. The
biases can reverse the sign of the measured air–sea temperature differences and cause significant errors in the
sea surface latent and sensible heat flux estimates. In this paper a new correction for the radiative heating errors
is presented. The correction is based on the analytical solution of the heat budget for an idealized ship, using
empirical coefficients to represent the physical parameters. For the first time heat storage is included in the
correction model. The heating errors are estimated for the Ocean Weather Ship Cumulus and the coefficients
determined. When the correction is applied to the Cumulus data the average estimated error is reduced from
0.328 to 0.048C and the diurnal cycle in the error is removed. The rms error is reduced by 30%. The correction
technique, although not the coefficients derived here that are specific to the Cumulus, can be applied to air
temperature data from any type of ship, or to data from groups of ships such as the Voluntary Observing Ships.

1. Introduction

Observations of the surface meteorological parame-
ters by merchant ships participating in the Voluntary
Observing Ships (VOS) Program are an important part
of the climate record. These observations are frequently
used in studies of climate change (e.g., Folland et al.
1984; Fu et al. 1999), in constructing climatologies (e.g.,
Rayner et al. 2003), in compiling atlases of surface heat
and momentum fluxes (e.g., da Silva et al. 1994; Josey
et al. 1999), in validating satellite parameters (e.g.,
Reynolds and Smith 1994), and for model output val-
idation (Josey et al. 2001). The observations have also
been collated in the International Comprehensive Ocean
Atmosphere Data Set (ICOADS; Woodruff et al. 1998;
Diaz et al. 2002). However, while these observations
have been widely used, they do contain systematic and
random errors and therefore need to be analyzed with
care. Marine air temperature (MAT) observations are
particularly prone to large systematic biases due to the
solar heating of the instruments and ship’s environment
(e.g., Glahn 1933; Deitrich 1950; Folland 1971; Hayashi
1974; Goerss and Duchon 1980; Kent et al. 1993a). As
a result of these errors, some studies use only nighttime
MAT (NMAT; e.g., Smith and Reynolds 2002) or use
the SST as a proxy for MAT (e.g., Trenberth et al. 1992;
Parker et al. 1994; Fu et al. 1999).
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The errors in MAT can be larger than the air–sea
temperature difference, leading to an apparent reversal
in sign of the implied sensible heat flux and unrealistic
direct heat gain by the ocean. In addition evaporative
heat loss by the ocean will be underestimated as at-
mospheric conditions may appear to be stably stratified
rather than near neutral or unstable. For calculation of
surface fluxes to 10 W m22 it is necessary to know the
mean air temperature to better than 60.28C (Taylor et
al. 2000). The radiative heating biases in VOS air tem-
perature can be much larger than this target accuracy,
implying that accurate turbulent fluxes cannot be cal-
culated from VOS daytime air temperatures as reported.
In many regions and periods VOS observations are
scarce, so the recovery of daytime MAT through cor-
rection for heating errors is extremely desirable.

It should be noted that, although air temperature mea-
surements are affected by solar radiation, the humidity
remains unaffected as the ship is not usually a source
or sink of moisture. If a wet- and dry-bulb psychrometer
is used, the dewpoint should be calculated using the
measured air temperature rather than the corrected air
temperature (Kent and Taylor 1996). There may, how-
ever, be a correlation between errors in humidity and
temperature as poorly ventilated sensors will give ele-
vated estimates of both quantities (due to an underes-
timate of the wet-bulb depression).

A correction methodology for heating errors in nine-
teenth century MAT observations from individual ships
has been proposed by Chenoweth (2000), and the heat-
ing errors in more recent observations have been ex-
amined and quantitatively assessed by Kent et al.
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(1993b, hereafter KTT). KTT examined the differences
between MAT observations and the output of a numer-
ical weather prediction model as part of the VOS Special
Observing Project for the North Atlantic (VSOP-NA;
Kent et al. 1993a). They related differences between
ship observations of the MAT and model output to the
incident solar radiation and relative wind speed at the
time of observation and proposed a correction based on
these parameters. The correction of KTT works well
when averaged over the VSOP-NA dataset; however,
the diurnal cycle of the corrected MAT is poor. There
is an overcorrection in the morning and undercorrection
in the afternoon as the correction does not allow for a
storage of heat by the ship, which can be significant (A.
Dai 2002, personal communication).

In addition to heating errors in ship MAT observa-
tions, there are heating errors present in observations
of MAT made by buoys. These have been examined by
Anderson and Baumgartner (1998, hereafter AB) and a
correction developed for individual buoy types. Ander-
son and Baumgartner model the heat budget for indi-
vidual buoys, assuming a steady state and that the con-
vective and conductive cooling balances the heating by
the solar radiation. The correction of AB works well for
buoys; however, it is unsuitable for ship observations
of MAT as there is no allowance for the storage of heat.
In this paper we develop a new correction for radiative
heating errors in ship-based MAT observations by ex-
tending the model of AB to allow for storage of heat
by the sensor environment. Due to the nature of the
VOS, with some ships reporting infrequently, it is not
always possible to determine the heating history of a
ship over the course of a day. The model must therefore
apply to individual ship reports where we have no
knowledge of the environmental conditions prior to the
observations. The heat budget is solved analytically for
a simplified ship model (section 2) using parameteri-
zations for the shortwave and longwave radiation and
for the convective and conductive heat exchange. Only
instantaneous values are required as input, the time-
varying history of solar radiation being estimated. Em-
pirical coefficients in the resulting model are derived
using a randomly chosen subset of hourly meteorolog-
ical observations from the Ocean Weather Ship Cumulus
(section 3). The results of applying the correction model
to a second independent subset of the Cumulus data are
presented in section 4, with a discussion and conclusions
in section 5. In a further study (D. I. Berry et al. 2004,
unpublished manuscript), the correction model devel-
oped in this paper will be applied to VOS meteorological
reports.

2. Development of the heating model

a. Introduction

In this study radiative heating errors in MAT have
been modeled using the principle of conservation of

energy: a heat budget approach. Convective and con-
ductive cooling are modeled following AB, but we ex-
tend their model in several ways. We have allowed for
storage of heat by the sensor environment. In this paper
we use the term ‘‘sensor environment’’ to mean that part
of the ship whose temperature affects the MAT. This
will be the section of the ship’s superstructure over
which air flows before reaching the sensor, typically the
bridge and accommodation block, and the part of the
deck and any structures near the sensor. Anderson and
Baumgartner used instantaneous values of measured so-
lar radiation in their model. We do not do this for two
reasons: first, neither the OWS Cumulus nor the VOS
measure solar radiation and, second, to allow for heat
storage we need the time history of solar radiation that
is not available for VOS reports. However, if we pa-
rameterize the solar radiation using the cloud cover, we
can assume the cloud cover remains constant and es-
timate the resulting diurnal variation in solar radiation.
The AB model is further extended by including the ef-
fects of longwave radiation.

Although in this paper we test the model using ob-
servations from a single ship, the OWS Cumulus, we
have developed the model with the aim of correcting
the MAT observations from a large number of ships in
the VOS fleet. We do not therefore wish to model spe-
cific details of the structure and properties of an indi-
vidual ship. Rather, we shall approximate the ship as a
simple homogenous block and empirically determine the
thermal and physical properties by fitting the model co-
efficients to estimates of the heating errors and envi-
ronmental conditions.

b. The heat budget

In order to model the error in MAT using a heat
budget approach we need to assume that any heating of
air as it flows around the ship is proportional to the
heating of the sensor environment. This allows us to
use the heating of the sensor environment as a mea-
surement of the heating of the air itself, and hence the
heating errors. Allowing the energy stored by the sensor
environment and sensors to vary with time, the heat
budget can be expressed as

dQship
5 Q 1 Q 1 Q 1 Q , (1)SW LW CONV CONDdt

where Qship is the energy stored by the sensor environ-
ment and sensors (J), QSW is the rate of solar energy
absorbed (W), QLW is the net rate of thermal heating
and cooling (W), QCONV is the rate of energy transfer
between the ship and the atmosphere through convection
(W), QCOND is the rate of energy transfer between the
ship and the atmosphere through conduction (W), and
t is time (s). We have assumed that the region of the
ship influencing the MAT measurements (the sensor en-
vironment) is remote from the ocean and therefore that
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TABLE 1. Coefficients for the Okta model (Dobson and Smith
1988).

Cloud cover
(oktas) ai bi

0
1
2
3
4
5
6
7
8

0.400
0.517
0.474
0.421
0.380
0.350
0.304
0.230
0.106

0.386
0.317
0.381
0.413
0.468
0.457
0.438
0.384
0.285

the transfer of energy between this region and the ocean
is negligible.

In this study, we wish to know the temperature of our
system (i.e., the true air temperature plus the heating
error) rather than the energy stored. To convert the en-
ergy stored to temperature we use

Q 5 mcT ,ship ship

where Tship is the temperature of the sensor environment
(K), m is the mass of the sensor environment (kg), and
c is the specific heat capacity (J kg21 K21). Hence Eq.
(1) becomes

dTshipmc 5 Q 1 Q 1 Q 1 Q . (2)SW LW CONV CONDdt

Before we can solve Eq. (2), we need to parameterize
the radiative (QSW and QLW) and convective and con-
ductive components (QCOND and QCONV) of the heat bud-
get. The mass and specific heat capacity will be incor-
porated into the empirically determined coefficients.

c. Radiative components

1) SOLAR HEATING (QSW)

The energy absorbed from the solar radiation by a
surface is proportional to the amount of solar radiation
and the area of the surface normal to the solar radiation
[Eq. (3)]:

Q 5 a A R ,SW S S S (3)

where aS is solar absorptivity of the sensor environment,
AS is the area normal to the solar radiation (m2), and
RS is the incident solar radiation (W m22). As the in-
cident solar radiation is not usually directly measured,
a parameterization based on the cloud and weather con-
ditions is used. We have used the okta model of Dobson
and Smith (1988), which parameterizes the incident so-
lar radiation using

R 5 R (a 1 b sinu) sinu,S top i i (4)

where sinu is the sine of solar elevation, ai and bi are
constants fitted to the total cloud cover categories by
Dobson and Smith (1988, see Table 1), and Rtop is the

solar radiation at the top of the atmosphere (1368 W
m22).

While we have a time series of observations for the
OWS Cumulus and other research ships, we wish to
develop the model with the aim of correcting as many
observations as possible, including VOS reports. Thus
we have developed the correction using only the infor-
mation available at the time of observation. Thus we
assume that the integrated solar heating since sunrise is
that which would have occurred at the observation po-
sition if the cloud and weather conditions had remained
constant. We exclude any observations for which the
weather codes indicate rain. Precipitation has not been
included in the model, but we expect errors due to solar
radiation to be small when it is raining and therefore
leave air temperatures uncorrected. If the code indicates
precipitation in the past but not at the current time, this
violates the assumption of constant conditions and the
air temperatures are discarded. Using the okta model
with these approximations and assumptions, the solar
radiation heating term becomes

Q 5 a A R (a 1 b sinu) sinu.SW S S top i i (5)

There are shortcomings with this simple parameter-
ization. Errors in the correction model arising from an
incomplete parameterization of solar radiation will,
however, be minimized if the model is fitted using a
similar range of environmental conditions to which it
will be applied. In this case the errors in solar radiation
will be similar in the model and data. However, it would
be unrealistic to expect these errors to cancel if, for
example, the training dataset contained only data from
high latitudes and these coefficients were applied to data
from the Tropics. If improved coefficients become avail-
able in the future, these can be used directly in the
model. However, if it is thought desirable to use a dif-
ferent form of solar radiation parameterization, then the
model will have to be rederived.

2) THERMAL RADIATIVE HEATING AND COOLING

(QLW)

The net rate of thermal radiative heating or cooling
of the sensor environment will be the balance of the
rate of heat lost to the atmosphere through radiative
cooling and the rate of energy absorbed from the at-
mospheric downwelling longwave radiation; that is,

Q 5 Q 2 Q ,LW LWpATMOS LWpSHIP (6)

where QLW is the net rate of thermal heating or cooling
for the sensor environment (W), QLWpATMOS is the rate
of atmospheric downwelling longwave radiation energy
absorbed (W), and QLWpSHIP is the rate of heat loss due
to radiative cooling (W).

The rate of cooling from the sensor environment can
be estimated using the Stefan–Boltzmann law (e.g.,
Çengel 1998) and will be proportional to the surface
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area of the sensor environment, ALW (m2), and the ther-
mal emissivity «LW, that is,

4Q 5 A « s T ,LWpSHIP LW LW SB ship (7)

where sSB is the Stefan–Boltzmann constant (5.67 3
1028 W m22 K24) and Tship is the temperature of the
sensor environment (K), Tship can be expressed in terms
of the air temperature and the heating error; that is,

T 5 T 1 DT ,ship air err (8)

where Tair is the air temperature (K) and DTerr the heating
error (K). We can then write

4 4 3 2 2T 5 T 1 4T DT 1 6T DTship air air err air err

3 41 4T DT 1 DT . (9)air err err

Assuming the air temperature is of the order 290 K and
the heating errors are of the order 3 K, the last three
terms are negligible compared to the first two. The rate
of thermal cooling can then be approximated as

4 3Q 5 A « s (T 1 4T DT ).LWpSHIP LW LW SB air air err (10)

The downwelling longwave radiation must be esti-
mated from the reported variables. Different longwave
parameterizations are reviewed by Josey et al. (1997).
Parameterizations are typically based on the air tem-
perature, sea surface temperature (SST), total cloud cov-
er, and vapor pressure. In this study we have used the
model of Josey et al. (2003):

4R 5 s T ,LW SB eff (11)

where RLW is the atmospheric downwelling longwave
radiation (W m22) and Teff is the effective blackbody
temperature of the atmosphere (K); Teff is given by

2T 5 T 1 a n 1 b n 1 c 1 0.84(D 1 4.01)eff air lw lw lw

5 T 1 DT , (12)air eff

where Tair is the air temperature (K), n is the fractional
total cloud cover, and D is difference between the dewpoint
temperature and the air temperature (K). The empirical
coefficients are alw 5 10.77, blw 5 2.34, and clw 5 218.44.
Again the higher power terms of the temperature adjust-
ment, DTeff, are negligible when Eq. (12) is substituted
into Eq. (11). Equation (11) then becomes

4 3R 5 s (T 1 4T DT ).LW SB air air eff (13)

Assuming that the thermal absorptivity of the ship is
the same as the thermal emissivity (i.e., the ship acts
as a blackbody) and the area normal to the downwelling
longwave radiation is the same as the area emitting
longwave radiation, the rate of longwave radiation ab-
sorbed is

4 3Q 5 A « s (T 1 4T DT ).LWpATMOS LW LW SB air air eff (14)

Substituting Eqs. (10) and (14) into Eq. (6) gives a net
thermal exchange of

3 3Q 5 A « s (4T DT 2 4T DT ).LW LW LW SB air eff air err (15)

It should be noted that due to the inclusion of the
radiative heating and cooling of the sensor environment
it will be possible to have a negative correction; that is,
it would be possible to increase the MAT observations
using such a correction. However, this will only occur
during nighttime when there is no solar radiation to heat
the sensor environment and when the convective and
conductive heating is small. With increasing convective
and conductive heating, the effect of longwave cooling
will tend toward zero as the heat lost from the sensor
environment will be regained from the atmosphere.

The formation of dew on the surfaces of the ship in
contact with the atmosphere will also act to limit the
longwave cooling of the ship’s environment. If these
surfaces are cooled by longwave radiation to below the
dewpoint temperature, dew will form on them. The for-
mation of dew releases latent heat and will warm the
surfaces. The magnitude of this heating will depend on
the rate of dew formation; however, we believe it will
be of a similar magnitude to that from the longwave
cooling. Maximum dewfall rates over grassland of 0.035
kg m22 h21 have been reported (Monteith 1957), and
we here assume a maximum rate of dew formation of
0.1 kg m22 h21, which indicates a maximum rate of
latent heat release of 69 W m22. This is comparable to
the net longwave (LW) heat flux between the atmo-
sphere and the ships environment under clear skies.
Where the rate of heating due to latent heat release is
greater than the net longwave cooling, the object would
warm above the dewpoint temperature and the formation
of dew would stop. The conductive and convective cool-
ing will also act to warm the object and will act to reduce
dew formation.

Including the effect of latent heat release by dewfall
in the model would add considerable complexity and
would be expected to lead to limited improvements in
a small fraction of the observations (for a combination
of nighttime, clear skies, and low wind speeds). Any
change in the temperature of the surfaces of the ship in
contact with the atmosphere due to dewfall is likely to
be a maximum of several tenths of a degree Celsius.
The heating errors are proportional to the temperature
difference between the ship environment and the at-
mosphere, hence any errors introduced into the heating
error calculation by the exclusion of the effects of dew-
fall will be even smaller than this.

d. Convective and conductive cooling (QCONV 1
QCOND)

The modeling of both the convective and conductive
cooling follow AB but are included here for complete-
ness. The rate of convective and conductive heat loss
from the sensor environment and instruments will be
proportional to the temperature difference between the
sensor environment and the air temperature. The rate of
heat loss will also be proportional to the surface area
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TABLE 2. Substitutions and empirical coefficients in the heat
budget equations.

x1 5 Asas /mc
x2 5 Ac /mc

h1 5 x2(x3Vx4 1 x5)
h2 5 x1Rtop(ak1 1 )2bk1

c2d
1/3x 5 kc Pr d3 11 2 @[ ]n h3 5 x1Rtop(ak2 1 2bk1 k2)

x4 5 c2

x5 5 ho

x6 5 A lw«lw /mc

2h 5 x R bk4 1 top 2
3h 5 x 4s T DT5 6 SB ship eff

k1 5 sin(lat · dr) sin(dec) k2 5 cos(lat · dr) cos(dec)

in contact with the atmosphere and to the convective
and conductive heat transfer coefficients; that is,

(Q 1 Q ) 5 (T 2 T )A hCONV COND air ship c m

1 (T 2 T )A h ,air ship c o

(16)

where Ac is the surface area of the sensor environment
in contact with the atmosphere (m2), hm is the convective
heat transfer coefficient (W m22 K21), and ho the con-
ductive heat transfer coefficient (W m22 K21), ho is
approximately constant over the range of MAT. How-
ever, hm depends on both the geometry of the ship and
the relative wind speed and can be estimated from the
empirically derived Nusselt number, Nu (e.g., Çengel
1998),

h dmNu 5 , (17)
k

where d is a characteristic length (m) and k is the thermal
conductivity of air (W m21 K21). Approximating the
geometry of the sensor environment as a block, the Nus-
selt number can be expressed in terms of the Reynolds
(Re) and Prandtl (Pr) numbers as

c 1/32Nu 5 c Re Pr ,1 (18)

where c1 and c2 are constants dependant on the geometry
of the sensor environment; Re can be written as a func-
tion of the relative wind speed, V (m s21), d, and the
kinematic viscosity of the air, n (m2 s21); that is,

Vd
Re 5 . (19)

n

Hence hm is given by
c2Vd

1/3kc Pr11 2nkNu
h 5 5 . (20)m d d

The Prandtl number (Pr) is a ratio of n and the thermal
diffusivity of air and is assumed constant over the range
of temperatures encountered in the MAT; k can also be
assumed constant over the range of temperatures en-
countered in the MAT measurements and d will depend
on the geometry and surface of the sensor environment
and is constant for a fixed surface. These assumptions
will allow us to group the different constants and un-
knowns together to give the convective heat transfer
coefficient as a function of two coefficients to be derived
empirically (x3 and x4, see Table 2) and the relative wind
speed; that is,

x4h 5 x V .m 3 (21)

e. Solution of the heat budget

Using the approximations and assumptions described
in the previous sections, the heat budget [Eq. (1)] be-
comes

dTshipmc 5 a A R 2 (h 1 h )A DTs s s m o c errdt
31 4« A s T (DT 2 DT ). (22)LW LW SB air eff err

From Eq. (8) we can write

dT d(DT 1 T ) d(DT ) d(T )ship err air err air5 5 1 , (23)
dt dt dt dt

and assuming, as a first approximation, the diurnal cycle
for the MAT is negligible, that is, d(Tair)/dt 5 0, we
then have

d(DT )errmc 1 (h 1 h )A (DT )m o c errdt
31 4« A s T DTLW LW SB air err

35 a A R 1 4« A s T DT . (24)s s s LW LW SB air eff

This approximation will not affect the solar radiative
heating errors calculated using the solution of the heat
budget [Eq. (27)]. However, if there is a diurnal cycle
in the MAT, there may be other heating errors in the
observations due to a lag between the atmospheric tem-
perature and the temperature of the sensor environment.
While it would be desirable to include this effect in the
model, it has been excluded due to poor knowledge of
the true diurnal cycle of MAT. It is expected that biases
due to this effect would be an order of magnitude small-
er than the radiative heating errors.

We can simplify Eq. (24) using order of magnitude
considerations (see section a of appendix A). Term 3 on
the lhs of Eq. (24) (the additional longwave cooling by
the ship due to the temperature error) is shown to be
negligible. The second term on the rhs of Eq. (24) ex-
presses the imbalance between the longwave emissions
by the ship and the atmosphere. The temperatures of the
sensor environment and the atmosphere are similar
(DTerr is of order a few kelvins), but the sensor envi-
ronment is a more efficient emitter of longwave radi-
ation than the atmosphere (the sensor environment is
closer to being a blackbody than the atmosphere). The
sensor environment therefore loses heat to the atmo-
sphere by longwave emission and order of magnitude
analysis shows that this term can be approximated as
constant over the course of the day. Making these ap-
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proximations for longwave radiation expanding the so-
lar radiation term, and grouping together the unknown
constants into coefficients to be determined empirically,
x1 to x6 (see Table 2), we can write Eq. (24) as

d(DT )err x41 x (x V 1 x )DT2 3 5 errdt
35 x [R (a 1 b sinu) sinu] 1 x 4s T DT . (25)1 top i i 6 SB ship eff

Expanding the sinu terms and making further substi-
tutions (see Table 2 and section b of appendix A), we
can write Eq. (25) as

d(DT )err 1 h (DT ) 5 h 1 h 1 h cos(at 1 b)1 err 2 5 3dt
21 h cos (at 1 b), (26)4

the solution of which is given by (full details are given
in section c of appendix A)

h 1 h2 5(DT ) 5err h1

24a h cos(f ) sin(f )4 t t1
2 2 [4a 1 h 2a1

2h cos (f ) 11 t1 1
2 ]4a 2h1

ah h3 11 sin(f ) 1 cos(f )t t2 2 [ ]a 1 h a1

1 k exp(2h t), (27)int 1

where kint is the constant of integration and ft is the
hour angle (see appendix A) at the time of observation,
and t is the time since sunrise. The constant of inte-
gration is found by solving Eq. (27) at sunrise, letting
t 5 0 and assuming the sensor environment is in equi-
librium with the atmosphere at sunrise (appendix A).
The nighttime heating error is calculated by allowing
the heating error at sunset to decay exponentially up
until the time of measurement, that is,

h5(DT ) 5 1 DT exp(2h t ), (28)err err,ss 1 ssh1

where DTerr,ss is the heating error at sunset calculated
using Eq. (27) and tss is the time elapsed since sunset.

3. Application of the model

a. Introduction

In order to use the model derived above, the various
empirical constants must be evaluated from a dataset
containing estimates of the actual heating errors. Ideally
comparisons of an air temperature sensor located, for
example, on the bridge top could be compared with
another, better exposed, sensor located far away from

the ships influence. Measurements like this are, how-
ever, rare and do not exist at all for VOS. We therefore
need to estimate the heating errors using the observa-
tions themselves and two methods for doing this will
be described in section 3c. The observations that we
have chosen to use were obtained on the OWS Cumulus
during 1988 (section 3b). Due to the nonlinear solution
to the heat budget we need to ensure that we are choos-
ing the optimal solution, the method of doing this is
described in section 3d.

b. Dataset

We use the observations made by the OWS Cumulus
during 1988 for several reasons. The Cumulus made
hourly observations at a single location giving infor-
mation about the full diurnal cycle. During this period
there were additional ‘‘MultiMet’’ research sensors on-
board (Birch and Pascal 1987; Taylor et al. 1992). The
MultiMet sensors included electrically aspirated psy-
chrometers on the port and starboard sides of the OWS
Cumulus adjacent to the Met Office screens, cup ane-
mometers near each psychrometer to give the relative
wind speed, and a weather vane near the port psychrom-
eter to give the relative wind direction. Throughout 1988
the OWS Cumulus occupied Ocean Weather Station
Lima (57.58N, 208W) in the North Atlantic, spending
approximately 4 weeks on station at a time before re-
turning to port. While on station the OWS Cumulus
would normally drift beam to wind, only steaming to
ensure the ship stays within a 30 n mi box about the
nominal position (Taylor et al. 1992).

As an example of the data obtained, Fig. 1 shows the
observations from the Cumulus made between 15 and
21 May 1988 (days 136–142). The dry-bulb air tem-
peratures from the port and starboard psychrometers are
shown in Fig. 1a along with the Met Office MAT and
SST observations. SST varies little over the 6-day pe-
riod ranging from 9.48C during day 136 to 10.28C during
day 142. The diurnal cycle of the SST is small, varying
by less than 0.58C over the course of any day. In con-
trast, the nighttime MAT varies by several degrees Cel-
sius over the period shown with a peak NMAT of 10.38C
during day 136 and a minimum value of 7.48C during
day 138. A strong diurnal cycle is present in the MAT
observations from all three sensors, with the port psy-
chrometer having the largest diurnal cycle. This is be-
cause the port psychrometer was on the leeward side of
the ship for the majority of the observing period shown.
From Figs. 1a and 1b it can be seen that the maximum
differences between the MAT from the port and star-
board psychrometers are found during days when the
solar radiation is high and the relative wind speed is
low, for example, days 136, 137, and 139 (Fig. 1b). The
smallest difference between all three MAT sensors oc-
curs during day 138, coinciding with the period of the
lowest incident solar radiation and some of the higher
wind speeds.
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FIG. 1. An example of data from the OWS Cumulus [15 (day 136)
to 21 (day 142) May 1988]. (a) Sea surface temperature (bold line)
and marine air temperature (dotted line) from the Met Office sensors.
Also shown are the port (solid line) and starboard (dashed line) air
temperature measurements. (b) Incident solar radiation calculated us-
ing the okta model of Dobson and Smith (1988) (solid line) and
relative wind speed (dotted line).

We have modeled the radiative heating errors in the
leeward psychrometer (the port psychrometer for the
observations shown in Fig. 1). The leeward sensor will
be poorly exposed when the ship is drifting a beam the
wind and therefore contains large errors. We exclude
observations made when the wind is within 258 of the
bow or stern since the exposure of the leeward sensor
will vary under these conditions.

c. Estimation of the heating errors

The only information that we have about the heating
errors is from the diurnal cycles of the observations
themselves. We can make two different assumptions to
get two different estimates of the errors. The first is that
there is, on average, no diurnal cycle in air temperature
and that all diurnal time-scale variations are due to ra-
diative heating errors. This will overcorrect the obser-
vations by the magnitude of the real diurnal variations
in air temperature, removing the diurnal cycle in the
MAT from the observations. However, we expect the
latter to be much smaller than the heating-induced tem-
perature errors in the dataset. We estimate the heating
errors by taking the difference from the nighttime mean
MAT. If there is significant heat storage by the sensor
environment we expect that heating errors will extend
after sunset because of thermal lag. We therefore cal-
culate the nighttime mean using only observations be-

tween local midnight and sunrise. This estimate of the
heating errors will provide an upper limit to the esti-
mated errors and the MAT correction fitted to these
estimated errors.

An alternative estimate of the heating errors can be
made by assuming that the diurnal variation of MAT 2
SST is negligible. In the same way as for MAT we can
estimate the heating errors as the difference of the ob-
servations from the nighttime mean MAT 2 SST dif-
ference. The diurnal cycle in SST is likely to be larger
than any real diurnal cycle in MAT. Thus, it is likely
that using this method we will undercorrect the obser-
vations by removing the diurnal cycle in SST from the
estimated errors. This method will provide a lower limit
to the estimated errors and the MAT correction fitted to
these estimated errors.

We can therefore make an estimate of the upper limit
of the heating error by minimizing the diurnal cycle in
MAT and an estimate of the lower limit by minimizing
the diurnal cycle in the MAT 2 SST. If the heating
errors are being estimated for a large group of ships
such as the VOS a climatology of nighttime values can
be calculated and the diurnal variation about this cli-
matology used to derive the heating errors. Errors will
be large for an individual observation, but should be
random, so a large number of observations can be used
to derive the model coefficients. Using a limited amount
of data from a single ship means that we need to remove
variability on time scales greater than a day to improve
the estimates of the heating errors. For the OWS Cu-
mulus MAT and SST observations the daily trends have
been estimated by calculating a nighttime mean value
from data between local midnight and sunrise for each
day and then linearly interpolating between these night-
time means. The trend is then subtracted from the MAT
or the MAT 2 SST differences to give the estimate of
the heating error. Using this method we have had to
discard any observations where the MAT changes rap-
idly, such as during the passage of a cold front, since
a rapid change in the MAT can lead to poor estimates
of the daily trend in both the MAT and the MAT 2 SST
difference and also of the heating errors themselves. In
this paper we have excluded any observations where
the daily trend in the MAT exceeds 61.58C from the
fitting routine, however, we will still correct these ob-
servations.

Figure 2a shows the MAT 2 SST differences for the
dataset example shown in Fig. 1. Also shown in Fig.
2a is the trend in the MAT 2 SST differences, calculated
using the method described above, with the cold front
during day 138 clearly visible. There is a strong diurnal
cycle in the MAT 2 SST differences, suggesting a
strong diurnal cycle in the estimated heating errors. Fig-
ure 2b shows the estimated heating errors calculated
using the MAT 2 SST differences (solid line) and using
only the MAT (dashed line). The estimated errors cal-
culated using both methods are very similar with dif-
ferences of less than 0.18C on average. The effect of
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FIG. 2. (a) Air 2 sea temperature difference (solid line) and es-
timated trend in air 2 sea temperature difference (dotted line) be-
tween 15 and 21 May 1988. (b) Estimated errors between 15 and 21
May calculated using the air 2 sea temperature difference (solid line)
and the MAT (dotted line).

FIG. 3. Diurnal cycle showing the hourly average estimated errors
for 1988 calculated using the air 2 sea temperature differences (solid
line) and the MAT (dotted line).

the cold front on the estimated errors can also be seen
in Fig. 2b, with negative heating errors throughout most
of day 138.

Figure 3 shows the estimated errors for the whole
1988 dataset calculated using the two methods and av-
eraged against the local solar time. As expected in this
northerly region with strong wind speeds the difference
between the two error estimates are small, implying that
the diurnal cycles in both MAT and SST are small. In
some other regions these diurnal effects will be much
more important. The estimated heating errors are slight-
ly larger in the afternoon compared to a similar time in
the morning. There may be some indication that there
is a phase difference between the error estimates con-
sistent with the SST diurnal cycle leading the MAT;
differences are, however, small.

d. Fitting the model coefficients

We fit the solution of the heat budget [Eq. (27)] to
the estimated errors by minimizing the sum of the
squared differences between the solution of the heat
budget and the estimated errors. The fitting routine used
is the nonlinear least squares regression subroutine
E04UNF from the Numerical Algorithms Group library
(NAG 2002). To ensure that the fitted solution is in-
dependent of the data to which it is being applied we

have divided the dataset into two randomly chosen sub-
sets, one subset of 500 observations to use as the training
set and one subset of 800 of the remaining 1245 ob-
servations to use as the evaluation set. Figures 4a and
4b show the estimated errors (calculated using the MAT
2 SST differences) for the two subsets of data averaged
over a 24-h cycle. The two subsets are similar, as would
be expected, with peak estimated errors of around 1.08C
between 1200 and 1300 h local solar time. The average
estimated error of training subset is 0.338C with a root-
mean-square error of 0.798C. For the evaluation subset
the average estimated error and rmse are 0.318 and
0.748C, respectively.

As the solution of the heat budget equation is non-
linear (with respect to the fitted coefficients) it is pos-
sible to obtain different solutions depending on the start-
ing values chosen for the empirically fitted coefficients
(x1 to x6, see Table 2) and their allowed ranges. Some
of these solutions will be related, for example, the co-
efficients may be scaled; however, local minima may
also exist. For very poorly chosen initial values and
ranges it is actually possible to obtain a solution that
increases the sum of squared differences. To ensure the
fitted values are not a local minima and that we have
the best fit possible we have run the fitting routine 500
times for a subset of the observations. Each run has
different initial values for the coefficients that are ran-
domly generated within the chosen bounds. To avoid
different solutions, that are similar, but scaled, we have
set the value of x1 at 0.01. The limits for the other
coefficients are given in Table 3.

Table 4 shows a summary of the fitted coefficients
for the top 100 runs using the estimated errors based
on the MAT 2 SST differences, ranked on the reduction
in rmse. Table 4 shows that, even though we have fixed
the value of the x1, there is still a considerable variation
in the other coefficients. For example, the average fitted
value of x3 is 28.7 with a standard deviation of 8.8
(30.8% of the average value). Variation of the other
fitted coefficients ranged from 17.4% for x4 to 45.1%
for x6. While this variation in individual coefficients is
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FIG. 4. (a) Estimated errors calculated using the MAT 2 SST differences plotted against local
solar time for the training subset. The center of the boxes indicate the average hourly value, the
outside of the boxes the standard error, and the error bars the standard deviation. The gray squares
are the individual observations. (b) As in (a) but for the evaluation subset.

TABLE 3. Lower and upper limits for initial x values in fitting
routine.

Lower limit Upper limit

x1

x2

x3

x4

x5

x6

0.01
0.01

20
0.2

40
0

0.01
0.10

100
2.0

400
0.02

large, the variation in the value of the solution and in
the reduction of the rmse is relatively small. The average
reduction in the rmse is 33.6% with a standard deviation
of 0.10% (0.1% of the average value).

The range of values of the solution given by the 100
runs with the greatest reduction in rmse is shown in Fig.
5a. The solution of the heat budget was calculated every
hour using the coefficients from each of the 100 runs
and fixed, typical environmental parameters of relative
wind speed: 8 m s21, total cloud cover: 4 oktas, marine
air temperature: 128C, dewpoint: 98C, day: 200 (19
July), and latitude: 57.58N. The average hourly value
has been plotted against local solar time with the error
bars indicating the standard deviation of the average
hourly values. Figure 5a shows that the actual values
of the solution varied little over these 100 runs, with a
peak value of 2.04 6 0.028C. This small variation in
the value of the solution and in the reduction in the rmse
compared to the large variation in the individual coef-
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TABLE 4. Summary of fitted values for top 100 runs using the estimated errors from the air 2 sea temperature difference and the
training set.

Best Median Mean Std dev (% of mean value)

x1

x2

x3

x4

x5

x6

x2x3V x4

x2x5

x2(x3Vx4 1 x5)
Residual error
Percent reduction in rmse

0.01
0.0100

20.0
0.771

284.0
0.000 350
0.99
2.84
3.83
0.0186

33.6

0.01
0.0172

27.0
0.485

146.0
0.000 485
1.29
2.51
3.81
0.0170

33.5

0.01
0.0170

28.7
0.500

162.0
0.000 465
1.29
2.51
3.80
0.0172

33.5

0.0 (0%) (fixed)
0.00473 (27.8%)
8.8 (30.8%)
0.087 (17.4%)

54.4 (33.6%)
0.000 210 (45.1%)
0.17 (13.2%)
0.16 (6.4%)
0.03 (0.9%)
0.0027 (15.6%)
0.05 (0.2%)

FIG. 5. (a) Range of values for the solution of the heat budget
calculated using the fitted coefficients (fitted to the training subset)
from the 100 runs with the greatest reduction in rmse. The values of
the solution have been calculated using fixed environmental condi-
tions of relative wind speed: 8 m s21, total cloud cover: 4 oktas,
marine air temperature: 128C, dewpoint: 98C, day: 200 (19 Jul), and
latitude: 57.58N. The boxes indicate the mean value (center) and
standard error (outside). The error bars indicate the standard devia-
tion. (b) As in (a) but for the top 100 runs fitted to random subsets.

ficients is due to the inverse correlation between the
convective and conductive cooling terms (x2x3V x4 and
x2x5) and the small influence x6 has on the daytime
values. Over the top 100 runs the correlation coefficient
between x2x3V x4 and x2x5 is 20.98 for a wind speed of
8 m s21; that is, an increase in the convective cooling
term (x2x3V x4) will be almost matched by a decrease in

the conductive cooling term (x2x5). The average value
of the combined convective and conductive cooling
terms [x2x3V x4 1 x2x5; i.e., ht in Eq. (A6)] is 3.80 with
a standard deviation of 0.03.

Table 5 shows a summary of the statistics for the top
100 runs of the fitting routine for the estimated errors
based only on the MAT. The variation of the fitted co-
efficients is similar to that found in using estimates of
the heating errors based on the MAT 2 SST differences
and that this variation does not result in a large variation
in the percentage reduction of the rmse or of the residual
errors. Again this is due to the anticorrelation between
the convective and conductive cooling terms (correla-
tion coefficient 5 20.98 for a wind speed of 8 m s21).
A similar value for the sum of the convective and con-
ductive cooling was found using the MAT-based error
estimates as was found using the MAT 2 SST differ-
ence-based estimates. The average value of the con-
vective and conductive cooling using the MAT-based
estimates was 3.90 with a standard deviation of 0.04,
compared to a average value of 3.80 6 0.03 for the
errors estimates based on the MAT 2 SST differences.

e. Estimated accuracy of fit

To gain an indication of the accuracy of the fit and
the impact that the selection of the subset used in the
fit has on the fitted coefficients we have run the fitting
routine an additional 500 times. In each run the subset
used is selected randomly from the whole dataset and
the initial values of the coefficients are generated as
described above. Table 6 shows the summary statistics
for the top 100 runs using the estimated errors selected
from the whole dataset. While the variation in the co-
efficients x2–x5 has increased, with a maximum variation
of 62.1% for x5, the variation in the convective and
conductive cooling is still small, with an average value
of 4.01 and a standard deviation of 0.33 (cf. to 3.80 6
0.03 for the fitting routine using a single subset). Figure
5b is similar to Fig. 5a but calculated using the coef-
ficients from the 100 runs with the greatest reduction
in rmse fitted to random subsets of 500 observations
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TABLE 5. As in Table 4 but for the error estimates based on the MAT.

Best Median Mean Std dev (% of mean value)

x1

x2

x3

x4

x5

x6

x2x3Vx4

x2x5

x2(x3Vx4 1 x5)
Residual error
Percent reduction in rmse

0.01
0.0100

20.0
0.882

263
0.0
1.25
2.63
3.88
0.0169

34.8

0.01
0.0142

22.7
0.656

155
0.0
1.54
2.36
3.89
0.0161

34.7

0.01
0.0154

26.0
0.677

168
0.0
1.53
2.37
3.90
0.0169

34.7

0.0 (0%) (fixed)
0.0044 (28.7%)
7.1 (27.5%)
0.115 (17.1%)

55 (32.6%)
0.000 (0%)
0.18 (11.6%)
0.17 (7.3%)
0.04 (0.9%)
0.0026 (15.5%)
0.04 (0.1%)

TABLE 6. As in Table 4 but for the whole dataset.

Best Median Mean Std dev (% of mean value)

x1

x2

x3

x4

x5

x6

x2x3Vx4

x2x5

x2(x3Vx4 1 x5)
Residual error
Percent reduction in rmse

0.01
0.0143

100.0
0.433

49.0
0.000
3.52
0.702
4.22
0.0298

37.6

0.01
0.0161

36.7
0.586

80.1
0.000
2.47
1.584
4.01
0.0374

34.5

0.01
0.0170

47.9
0.608

100.2
0.00129
2.50
1.514
4.01
0.0447

34.7

0.0 (0%) (fixed)
0.0064 (37.4%)

26.8 (56.0%)
0.231 (37.9%)

62.2 (62.1%)
0.00244 (189%)
0.78 (31.3%)
0.627 (41.4%)
0.34 (8.4%)
0.0300 (67.1%)
1.2 (3.6%)

from the whole dataset. The MAT 2 SST estimate of
the heating errors has been used. The peak value of the
solution is 1.93 6 0.148C compared to 2.04 6 0.028C
for the training subset (Fig. 5a). Figures 5a and 5b show
that fitting the solution of the heat budget to randomly
selected subsets results in a larger variation in the value
of the solution and fitted coefficients compared to fitting
the coefficients to a single subset. This is to be expected
due to the larger scatter in the randomly selected subsets
(e.g., Figs. 4a and 4b). The results suggest the accuracy
of the solution should be of the order of 60.28C.

4. Results and discussion

Figure 6a shows the estimated errors from the eval-
uation subset (i.e., the subset of data independent of the
fitting routine) calculated using the MAT 2 SST dif-
ference averaged against local solar time. Also shown
are the solutions of the heat budget and the residual
estimated errors after the MAT have been corrected us-
ing the solution of the heat budget. The solution of the
heat budget reproduces the average diurnal cycle seen
in the heating errors fairly accurately. After correction
the heating errors have been largely removed from the
observations; the average estimated error in the evalu-
ation subset has been reduced from 0.318 to 0.038C. The
rmse has similarly been reduced from 0.748C before
correction to 0.528C, a change of approximately 30%.
While the maximum hourly average residual errors may

be as large as 0.28C, this lies within the expected ac-
curacy of the fitting routine and solution of the heat
budget (section 3e). The maximum hourly residual er-
rors also lie just within the upper limit of the required
accuracy of 0.28C for flux calculation to within 10 W
m22 (Taylor et al. 2000), typical errors are much smaller.
The correlation coefficient between the estimated errors
and the solution of the heat budget is 0.64.

Figure 6b shows the same information for the heating
errors calculated using the MAT observations. As would
be expected, given the similarity between the estimated
errors from the two methods, the results are similar to
those shown in Fig. 6a. After correction we have re-
moved the diurnal cycle of the estimated heating errors
and the average estimated error has been reduced from
0.318C before correction to 0.038C after correction. The
rmse has been reduced from 0.758 to 0.558C (a change
of approximately 27%) and the correlation coefficient
between the estimated errors and the solution of the heat
budget is 0.54.

The estimated heating errors calculated using the
MAT 2 SST differences are shown in Fig. 7a for the
period 15–21 May 1988. Also shown are the correction
(dashed line) and residual heating errors (solid line).
While the correction is only expected to be accurate
when averaged over a large amount of data, Fig. 7a
suggests that the model reproduces and removes the
individual diurnal cycles relatively accurately. Figure
7b shows the corrected MAT observations (solid line)
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FIG. 6. (a) Diurnal cycle of the hourly average estimated error
(solid line), correction (dotted line), and residual estimated error
(dashed line) for the estimated errors calculated using the air 2 sea
temperature differences from the evaluation subset. (b) As in (a) but
for the MAT estimate of the heating errors.

FIG. 7. (a) Example of the estimated errors (bold line), correction
(dashed line), and residual estimated error (solid line) calculated using
the air 2 sea temperature differences, shown for the period 15–21
May 1988. (b) The sea surface temperature (bold line) and marine
air temperature (dashed line) from the Met Office sensors for the
period 15–21 May. Also shown is the corrected port psychrometer
air temperature (solid line; cf. Fig. 1a).

from the leeward psychrometer (in this case the port
psychrometer) for the same period. Also shown are
MAT from the Met Office sensor (dashed line) and SST
(bold line). When Figs. 1a and 7b are compared we see
that the MAT 2 SST differences calculated using the
leeward psychrometer are much more realistic. The di-
urnal cycle of MAT has been greatly reduced for in-
dividual days. From Fig. 7b it can also be seen that the
corrected MAT observations from the leeward psy-
chrometer are colder than the MAT observations from
the Met Office screen. This suggests that the windward
Met Office screen experiences a smaller, but observable,
solar heating effect. This suggests that, if we had used
the difference between the psychrometers and the Met
Office screens as an estimate of the heating errors, we
would have underestimated the true errors.

It should be noted that the heat storage seen in the
Cumulus observations (i.e., the persistence of the errors
in the afternoon) is relatively small due to the small size
of the ship, the northerly location of Ocean Weather
Station Lima (57.58N), and the practice of the Cumulus
to drift beam on to the wind. However, even with this
small heat storage taken into account an asymmetry
about midday can be seen, heating errors in the after-
noon are up to 0.28C warmer than at a similar time in
the morning. Figure 8a shows that heating errors cal-
culated using the solution of the heat budget plotted

against the time of day for the typical environmental
parameters used previously. Also shown are the same
heating errors mirrored about midday, with the morning
values projected onto the afternoon. The difference be-
tween the two curves is shown in Fig. 8b; it ranges up
to 0.28C in the afternoon. Heat storage will be even
more important for large ships, such as VOSs, operating
in lower latitudes.

5. Summary and conclusions

In this paper the development of a new correction to
remove the solar heating bias in ship MAT observations
has been presented. The first challenge is to estimate
the size of the bias. Two different methods have been
used to estimate the size of the heating errors in the
example dataset of OWS Cumulus data. One method
minimizes the diurnal variation in air temperature and
will lead to an overestimate of the heating error; the
other minimizes the diurnal variation in air 2 sea tem-
perature difference and should underestimate the heating
error. For the OWS Cumulus data the two estimates are
very similar as the diurnal cycles in both air and sea
temperature are small in this high-latitude region. For
other datasets either in lower latitudes or global datasets,
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FIG. 8. (a) Solution of the heat budget (solid line) calculated using
set environmental parameters of relative wind speed: 8 m s21, total
cloud cover: 4 oktas, marine air temperature: 128C, dewpoint: 98C,
day: 200 (19 Jul), and latitude: 57.58N. Also shown is the solution
of the heat budget from the morning mirrored about 1200 h local
solar time (dotted line). (b) The difference between the two lines in
(a).

such as ICOADS, the difference between the two es-
timates should be larger and will give an upper and
lower error bound on the estimate of the heating error.
The two methods for deriving error estimates presented
in this paper should ideally be used together to provide
upper and lower bounds on the estimated errors.

The correction developed has been designed to min-
imize the estimated air temperature errors due to the
solar radiative heating of the sensor environment by
modeling the heat exchange between the ship and the
atmosphere, allowing for heat storage by the ship and
time-varying solar heating. This is the first time that
heat storage by the ship has been included in a correction
for the solar heating. This model will therefore be able
to recover the true diurnal cycle of air temperature in
cases where there is significant heat storage. The thermal
characteristics of the ship are estimated by fitting six
different coefficients that combine characteristics such
as the solar absorptivity, conductive heat transfer co-
efficient, and surface area of the region of the ship near
to the air temperature sensor. The heating error varies
with the incoming solar radiation (which is estimated
from the cloud cover) and the relative wind speed over
the ship and these environmental variables are required

to calculate the correction. The coefficients are adjusted
to minimize the estimated correction for a random subset
of the dataset for which a correction is required, in our
case that for the OWS Cumulus in 1988.

When the correction is applied to an independent sub-
set of OWS Cumulus data the average estimated heating
error, based on estimates of the heating error from MAT
2 SST, is reduced from 0.318 to 0.038C. The root-mean-
square error is similarly reduced from 0.748 to 0.528C,
a reduction of about 30%. When the correction is fitted
to estimates of the heating errors based only on the MAT
observations similar results are found, with the average
heating error again reduced from 0.318 to 0.038C. The
reduction in the rmse is slightly less, with a reduction
from 0.758 to 0.558C. The results of fitting the correction
using a Monte Carlo approach suggests the correction
should have an accuracy of about 60.28C. In addition
to significantly reducing the average heating error and
rmse, the correction removes the average diurnal cycle
of the heating errors. The hourly average residual errors
lie within the expected accuracy of the correction (e.g.,
Fig. 6) and also within the upper limit of 60.28C for
flux calculation to within 10 W m22. The individual
diurnal cycles in the OWS Cumulus data are also im-
proved by the correction (Fig. 7).

It should be emphasized that the coefficients presented
in this paper are only valid for the OWS Cumulus. Ad-
ditionally, the training dataset used to determine the co-
efficients needs to be selected carefully to ensure that it
is fully representative of observations to which the cor-
rection will be applied. This will minimize any correlated
errors between the parameterizations used and the model.

Although the coefficients presented will only be valid
for the OWS Cumulus, the model can be fitted to es-
timate air temperature errors for any ship. It is expected
to perform equally well for observations from different
classes of ships, such as the VOS. If fitted to data from
classes of ships, we would not expect the correction to
be accurate for individual observations, but rather to the
means of a large number of observations from many
ships over a period of a month or longer. When applied
in this way the correction will improve the quality of
daytime air temperature observations in ICOADS. In D.
I. Berry et al. (2004, unpublished manuscript) we will
fit and apply the model to different classes of ships from
the ICOADS to estimate and correct the radiative heat-
ing errors in MAT observations from VOS.
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APPENDIX A

Simplification and Solution of the Heat Budget

a. Longwave approximations

From section 2e, we have Eq. (24):

d(DT )err 3mc 1 (h 1 h )A (DT ) 1 4« A s T DTm o c err LW LW SB air errdt
35 a A R 1 4« A s T DT .s s s LW LW SB air eff

By comparing the magnitudes of the different compo-
nents we can show that the longwave cooling on the lhs
of Eq. (24) can be assumed negligible under most con-
ditions and that the longwave cooling on the rhs can be
assumed constant.

From Eq. (20) we have

c2Vd
1/3kc Pr11 2n

h 5 .m d

Letting Tair 5 303 K we then have n 5 16.01 3 1026

m2 s21 , k 5 26.38 3 1023 W m21 K21, and Pr 5 0.712
(Chapman 1984). The constants c1 and c 2 will depend
on the geometry of the ship and for noncircular cyl-
inders range from 0.0385 to 0.246 and 0.588 to 0.782,
respectively (Chapman 1984). For flow over a flat
plane c1 5 0.332 and c 2 5 0.5 (Chapman 1984). To
gain an idea of the magnitude of hm we have used
values of 0.15 and 0.6 for c1 and c 2 , respectively. As-
suming that the surfaces on the ship have a character-
istic length of the order of 1 cm (0.01 m) and that
the relative wind speed is 8 m s21 , we can then write
hm as

0.68 3 0.01
1/30.026 38 3 0.15 0.712

261 216.01 3 10
h 5m 0.01

22 215 58.5 W m K . (A1)

Assuming the value of the conductive heat transfer co-
efficient is approximately 20 W m22 K21, the total con-
vective and conductive heat transfer coefficient is ap-
proximately 78.5 W m22 K21. Hence we can write the
convective and conductive cooling as

(h 1 h )A DT 5 78.5A DT .m o C err C err (A2)

We can similarly estimate the magnitude of the long-
wave cooling on the lhs. Letting the thermal emissivity
be equal to 0.9 and the air temperature 303 K, we can
write the cooling term on the lhs as

34« A s T DTLW LW SB air err

28 35 4 3 0.9 3 A 3 5.67 3 10 3 303 3 DTLW err

5 5.68A DT . (A3)LW err

If the areas cooled by the longwave cooling (ALW) and
the convective and conductive cooling (AC) are the same
then from Eqs. (A2) and (A3), we can see that the long-
wave cooling is less than 8% of the convective and
conductive cooling. However, some of the longwave
radiation emitted is likely to be reabsorbed by the sensor
environment, so this value represents an upper limit for
the effect of the longwave cooling. As the longwave
cooling on the lhs of Eq. (24) is small compared to the
convective and conductive cooling we can drop the
longwave term with the introduction of only a small
error.

Due to the assumption that the diurnal cycle of the
MAT is negligible and that the environmental conditions
do not change over the course of the day we can ap-
proximate the longwave term on the rhs of Eq. (24) as
constant. Even though we do not know the true air tem-
perature, we can use the observed air temperature to
calculate the longwave term with the introduction of a
small error into the solution of the heat budget and the
estimated errors (,3% of the estimated error). We can
examine the size of this error by looking at the solution
of the heat budget [Eq. (27)] and the term that includes
the longwave cooling (i.e., h5/h1):

h 1 h2 5(DT ) 5err h1

24a h cos(f ) sin(f )4 t t1
2 2 [4a 1 h 2a1

2h cos (f ) 11 t1 1
2 ]4a 2h1

ah h3 11 sin(f ) 1 cos(f )t t2 2 [ ]a 1 h a1

1 k exp(2h t)int 1

3 2h 5 4x s T [10.77n 1 2.34n 2 18.775 6 SB air

1 0.84(T 2 T 1 4.01)]dew air

h 5 x (h 1 h )1 2 m o

A « Ac LW LWx 5 , x 5 .2 6mc mc

Letting the measured air temperature be 303 K, the
dewpoint temperature 299.2 K (a dewpoint depression
of 23.88C and a relative humidity of approximately
80%), and the cloud cover 5 oktas (n 5 5/8), h 5 be-
comes

28h 5 4x 5.67 3 105 6

3 23 303 [10.77 3 0.625 1 2.34 3 0.625

2 18.77 1 0.84(23.8 1 4.01)]

5 281.54x .6
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Using the values of hm and ho given above h1 becomes
78.5x 2 . Assuming a thermal absorptivity of 0.9 and
that AC and ALW are equal, h 5 /h1 becomes 20.938C.
If there is a 38C error in the air temperature mea-
surement (i.e., the true value for Tair should be 300
K), then the correct value of h 5 /h1 would be equal to
20.918C. Hence by using the measured value of Tair

we are overestimating the h 5 /h1 term by 20.038C, an
error of approximately 3%. As the heating error de-
creases, so does the error in h 5 /h1 , with an error of
1% for a heating error of 18C. This error value (as a
percentage of h 5 /h1 ) is independent of the convective
and conductive cooling and also of the areas exposed
to the longwave cooling and the convective and con-
ductive cooling. Since the heating errors are rarely
larger than 38C this suggest the maximum error in-
troduced through using the observed air temperature
should be no larger than 3%.

b. Simplification of the heat budget equation

Before we can solve the heat budget, Eq. (25), we
need to expand the sinu terms as a function of time.

d(DT )err x41 x (x V 1 x )DT2 3 5 errdt
35 x [R (a 1 b sinu) sinu] 1 x 4s T DT .1 top i i 6 SB ship eff

The solar elevation, sinu, is given by

sinu 5 sin(lat · dr) sin(dec)

1 cos(lat · dr) cos(dec) cos(f), (A4)

where lat is the latitude (deg), dr is p/180, dec is the
declination of the sun (rad), and f is the hour angle
(rad). The hour angle and declination have been cal-
culated using

dec 5 223.5 sin[(80 2 day)dr]dr (A5)

360
f 5 (12 2 utc) 2 lon dr, (A6)[ ]24

where lon is the longitude (deg), utc is the time (UTC),
and day is the day of year. Substituting Eq. (A4) into
Eq. (25) gives

d(DT )err x41 x (x V 1 x )DT2 3 5 errdt
25 x R [(ak 1 bk ) 1 (ak 1 2bk k ) cos(at 1 b)1 top 1 1 2 1 2

2 2 31 bk cos (at 1 b)] 1 x 4s T DT ,2 6 SB ship eff

(A7)

where k1 5 sin(lat · dr) sin(dec), k2 5 cos(lat · dr)
cos(dec), and at 1 b 5 [(12 2 utc) 360/24 2 lon] dr
5 hour angle (f); b and t will depend on the longitude
and reference period, respectively, and a 5 2p/12.
Equation (A7) can be further simplified to give

d(DT )err 1 h (DT )1 errdt
25 h 1 h 1 h cos(at 1 b) 1 h cos (at 1 b),2 5 3 4

(A8)

where h1–h5 are given in Table 2.

c. Solution of the heat budget

From section 2 we have a simplified model of the
heat budget for an idealized ship [Eq. (26)], bal-
ancing the heating and cooling terms with the energy
stored:

d(DT )err 1 h (DT ) 5 h 1 h 1 h cos(at 1 b)1 err 2 5 3dt
21 h cos (at 1 b),4

where DTerr is the heating error (8C), t is the time (s),
h1–h5 coefficients constant with time (see Table 2 for
definitions); and a and b are constants used in the con-
version of time (UTC) and longitude to hour angle (at
1 b) (see appendix Ab). Equation (26) can be solved
by letting

P(t) 5 h1

2Q(t) 5 h 1 h 1 h cos(at 1 b) 1 h cos (at 1 b),2 5 3 4

and using the integrating factor

m(t) 5 exp P(t) dt 5 exp(h t).E 1[ ]
The solution of Eq. (26) is then given by solving

m(t)T 5 m(t)Q(t) dtE
2exp(h t)T 5 exp(h t)[h 1 h 1 h cos(at 1 b) 1 h cos (at 1 b)] dt1 E 1 2 5 3 4

2exp(h t)T 5 (h 1 h ) exp(h t) dt 1 h exp(h t) cos(at 1 b) dt 1 h exp(h t) cos (at 1 b) dt . (A9)1 2 5 E 1 3 E 1 4 E 1

| | | | | |
| | |
1 2 3
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We can then solve the individual components of Eq.
(A9) to give the estimated error. The solution of (1) is
given by

h 1 h2 5(h 1 h ) exp(h t) dt 5 exp(h t). (A10)2 5 E 1 1h1
| |

|
1

Using integration by parts the solution of (2) is given
by

h exp(h t) cos(at 1 b) dt3 E 1

| |
|
2

h a exp(h t) h3 1 15 sin(at 1 b) 1 cos(at 1 b) . (A11)
2 2 [ ]h 1 a a1

Similarly, using integration by parts the solution of (3)
is given by

2h exp(h t) cos (at 1 b) dt4 E 1

| |
|
3

24a h sin(2at 1 2b) 145 exp(h t) 112 2 [h 1 4a 4a 2h1 1

h h1 11 cos(2at 1 2b) 1 .
2 2]8a 8a

(A12)

Substituting (A10), (A11), and (A12) into (A9), and
including a constant of integration (kint), gives us

exp(h t)DT1

h 1 h2 55 exp(h t)1h1

h a exp(h t) h3 1 11 sin(at 1 b) 1 cos(at 1 b)
2 2 [ ]h 1 a a1

24a h sin(2at 1 2b) 141 exp(h t) 112 2 [h 1 4a 4a 2h1 1

h h1 11 cos(2at 1 2b) 1
2 2]8a 8a

1 k . (A13)int

We can then rewrite (A13) as

h 1 h2 5(DT ) 5err h1

h a h3 11 sin(at 1 b) 1 cos(at 1 b)
2 2 [ ]h 1 a a1

24a h cos(at 1 b) sin(at 1 b)41
2 2 [h 1 4a 2a1

2h cos (at 1 b) 111 1
2 ]4a 2h1

1 k exp(2h t). (A14)int 1

d. The integrating factor kint

In order to determine kint (and hence the value of
DTerr) we need to know the value of DTerr at a specified
time. Replacing t with t to represent a time interval, t
is then the time since DTerr was known. Heating errors
due to solar radiation can persist after sunset but should
have decayed to zero by the following sunrise. At sun-
rise the sensor environment will still be cooled by long-
wave radiation and the conductive and convective cool-
ing will act to reduce the cooling effect of the longwave.
If we assume the sensor environment is in equilibrium
at sunrise [i.e., d(DTerr)/dt 5 0], and that there is no
solar radiation, Eq. (27) can be reduced to

h5DT 5 . (A15)err h1

Using this value of DTerr at sunrise [substituting Eq.
(A15) into the lhs of Eq. (27)], letting fsr 5 the hour
angle at sunrise and with t 5 0, we can solve Eq. (27)
at sunrise and kint becomes

2h 4a h cos(f ) sin(f )2 4 sr srk 5 2 1int 2 25 [h 4a 1 h 2a1 1

2h cos (f ) 11 sr1 1
2 ]4a 2h1

ah h3 11 sin(f ) 1 cos(f ) . (A16)sr sr2 2 6[ ]a 1 h a1

APPENDIX B

List of Symbols

Symbol Name
a 2(p/12)
Ac Surface area of the sensor environment in

contact with the atmosphere (m2)
ai Coefficient from okta model [i 5 cloud

cover (oktas)]
ALW Surface area of sensor environment (m2)
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alw Empirical coefficient from downwelling
longwave radiation model of Josey et al.
(2003)

As Area normal to the solar radiation (m2)
as Solar absorptivity of sensor environment
at 1 b hour angle (rad)
bi Coefficient from okta model [i 5 cloud

cover (oktas)]
blw Empirical coefficient from downwelling

longwave radiation model of Josey et al.
(2003)

c Specific heat capacity of sensor environ-
ment J kg21 K21

c1 Constant
c2 Constant
clw Empirical coefficient from downwelling

longwave radiation model of Josey et al.
(2003)

D Difference between dewpoint temperature
and air temperature (K)

d Characteristic length (m)
day Day of year
dr p/180
DTeff Temperature adjustment to give effective

blackbody air temperature (K)
DTerr Heating error (K)
«LW Thermal emissivity
f Hour angle (rad)
ft Hour angle at time t (rad)
hm Convective heat transfer coefficient (W

m22 K21)
ho Conductive heat transfer coefficient (W

m22 K21)
i Total cloud cover (oktas)
k Thermal conductivity of air (W m21 K21)
lat Latitude (8N)
lon Longitude (8E)
m Mass of sensor environment (kg)
n Kinematic viscosity of air (m2 s21)
n Fractional cloud cover
Nu Nusselt number
Pr Prandtl number
QCOND Rate of energy transfer between the ship

and atmosphere through conduction (W)
QCONV Rate of energy transfer between the ship

and atmosphere through convection (W)
QLW Net rate of thermal heating and cooling

(W)
QLWpATMOS Rate of atmospheric downwelling long-

wave radiation absorbed (W)
QLWpSHIP Rate of heat loss due to radiative cooling

(W)
Qship Energy stored by sensor environment and

sensors (J)
QSW Rate of solar energy absorbed (W)
Re Reynolds number
RLW Atmospheric downwelling longwave ra-

diation (W m22)

Rs Incident solar radiation (W m22)
Rtop Solar radiation at top of atmosphere (1368)

(W m22)
sinu Sine of solar elevation
sSB Stefan–Boltzmann constant (5.67 3 1028)

(W m22 K24)
t Time (s)
t Time since sunrise (s)
Tair Air temperature (K)
Tdew Dewpoint temperature (K)
Teff Effective blackbody temperature of the at-

mosphere (K)
Tship Temperature of sensor environment (K)
tss Time since sunset (s)
utc Hour (UTC)
V Relative wind speed (m s21)
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