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Abstract. The transport and storage of heat by the ocean ign climate and climate change. The ocean has the largest heat
of crucial importance because of its effect on ocean dynameapacity of any single component of the climate system and
ics and its impact on the atmosphere, climate and climatdor this reason it is essential that we have an accurate under-
change. Unfortunately, limits to the amount of data that canstanding of the global and regional oceanic heat budgets at
be collected and stored mean that many experimental andll time scales.
modelling studies of the heat budget have to make use of Over the past 40 yr the ocean has been responsible for ma-
mean datasets where the effects of short term fluctuations aljer changes in global heat contehegitus et al, 2001). But
lost. despite the developments in global ocean observing system,
In this paper we investigate the magnitude of the resultingthe problems of quantifying heat budgets and their variabil-
errors by making use of data from OCCAM, a high resolu- ity at regional and global scales remains difficult. Errors in
tion global ocean model. The model carries out a proper heasuch estimates can be large and usually go unreported in the
balance every time step so any imbalances that are found ititerature Willis et al., 2004).
the analysis must result from the use of mean fields. A number of papers have focussed on generating accurate
The study concentrates on two areas of the ocean affectestimates of heat conteiillis et al. (2004 combined satel-
ing the El Nino. The first is the region of tropical instability lite altimetric height and historically available in-situ temper-
waves north of the Equator. The second is in the upwellingature data to produce global estimates of upper ocean heat
region along the Equator. content, thermosteric expansion, and temperature variability
It is shown that in both cases, processes with a period obver a 10.5yr period.
less than five days can have a significant impact on the heat Dong et al.(20073 studied the relative role of the air—sea
budget. Thus, analyses using data averaged over five dayseat flux and oceanic processes in the heat balance in the
or more are likely to have significant errors. It is also shown Southern Ocean. Their study identified an imbalance in the
that if a series of instantaneous values is available, reasonableeat equation, which they attributed partly to the complex
estimates can be made of the size of the errors. In modeleedback processes of the coupling system in these regions.
studies, such values are available in the form of the dataset§hese are not well resolved by existing measurements. They
used to restart the model. In experimental studies they maylso found that the air—sea heat flux datasets for the Southern
be in the form of individual unaveraged observations. Ocean showed large differences during the winter months,
most probably due to the sparseness of the basic raw data.
Using in-situ and altimetry data for the western North At-
lantic, Dong et al.(2007h studied how the subsurface ther-
1 Introduction mal structure changes correspond to changes in the upper
ocean heat content. The residual term in their heat equation
Quantifying the heat budget of the ocean, including its ability a5 ignored, as previous studies suggest that it is small in

to store and transport heat, is a key element in understandingyre regions. In order to balance the heat budget they used an
the mechanisms that drive the ocean circulation and its role
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814 A. M. Huerta-Casas and D. J. Webb: Fluctuations in heat content

inverse method to adjust velocity estimates in each isotherwhere the first term on the righthand side represents heat ad-
mal layer. They also estimate the residual by computing thevected by the large scale current field, the second represents
RMS difference between the sea surface height and heat corthe diffusion of heat by small scale oceanic processesSand
tent derived from a 3-D model study. is the surface heat flux.

Wells et al. (2009 analyzed the upper ocean heat bud- If the specific heat of sea water is constant, as is assumed
get of the North Atlantic using Argo profiling floats and in the ocean model, then this can be also written as:
NCEP/NCAR and NOC surface flux datasets. In their work
they considered that high frequency contributions could 97 =V.-uT +V-AVT +S, 2)
make a contribution to the heat advection if there were asso-df

ciated high frequency variations in the averaged temperaturg,pere 7 is temperaturey is the three dimensional current

between the depth of the upper ocean (300 m) and the Se@ctor (i, v, w) and A the diffusion tensor. In the OCCAM
surface. They believed those variations are only likely Néarmodel, A is a diagonal tensor, such that

frontal zones associated with mesoscale eddies and these
werednot resolved in their study. Therefore, the term was ig-AVT = ApVhT + A,9T/0z. ()
nored.
As a final example of the approaches that have been used is the horizontal gradient operatet, andA; are the hor-
Lee et al (2004 pointed out the need for caution in identify- izontal and vertical diffusion coefficients.
ing the mechanisms controlling the heat content of a region. It is convenient to split the temperature and velocity fields
They explored an alternative scheme for advecting temperainto mean and fluctuating parts,
ture which should make it easier to do this. _
Although studies such as these usually justify the use ofl (1) =T (1) +T' (1), (4)
mean datasets, there is always the possibility that the fluc-
tuations are making important contributions that are missed ,
when using the mean datasets. u(t) =u()+u (), ®)
The present study is therefore concerned with learnin
more about the errors that arise when mean datasets are u;g@?r R e R .
to estimate the advection and diffusion of heat within the period 7, ie. T = ?fo T_dt and u= ?_fo udt_’ the prime
ocean. We do this using the archived data from a run of theterms represent _fluctuat|0ns during this period. The product
high resolution OCCAM ocean general circulation model to uT in the advective term of EqZ) then becomes
study three regions of the Eastern Tropical Pacific. The latter

is a region of energetic variability mainly due to the presenceuT =@+u)T+T). ©)

of the tropical instability waves (Fid.). Integrating over the period
The archive data include the 5-day average datasets and '

e the terms with overbars are the mean during the time

the instantaneous datasets, from the end of each 5-day pex b ro
riod, which are used to restart the model. The model ensureq uTdt = /ﬁTdt + / uTl dt )
a proper heat balance every model time step so any erro 0 0
that arise in the analysis must result from the use of mean T T
datase_ts' . +fu/fdt+/u/T/dt.
Section2 of the paper discusses the heat balance equa- " ,

tion and its separation into the mean and fluctuating fields.
Section3 briefly describes the model and the equations itpg Tt [T u'dr =0 andii’ [ T'dr = 0. Thus
uses. The numerical details, the analysis for a single column 0 0

and the estimate of the error, or high frequency term, are de-: T T
scribed in Sect4. Section5 describes the analysis in two [ ,7dr = /ﬁfdt+/u/T/dt, (8)
larger regions on the eastern Equatorial Pacific. The pap
. . ) : 0 0
concludes with a brief summary and discussion of the results.
or
2 Mean field and fluctuations in time - - —
ul = wT)+@'T). (9)

Changes in the ocean’s heat content result from the effectsA it th | advective heat fi b lit i
of advection and diffusion within the ocean.d¥f is the heat S a result, the total advective heat flux can be split into a

content per unit volume of the ocean, then the conservatior‘l:cmt“bUtlon on]y dependent on the mean values of tempera-
of heat equation has the form: ture and velocity plus a contribution only dependent on the

fluctuations.
a0

S =V A+V-D+S, 1)
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Fig. 1. Meridional velocity (cms1) at 30 m depth in September 1993 (from an OCCAM restart dataset). The rectangular areas outline the
regions used for the flux study described later in this paper.

If D represents the diffusive term of EQ)(then separat- replaces the rigid lid of the standard Bryan-Cox-Semtner

ing the mean and fluctuation parts in the same way, scheme with a free surface and solves the resulting barotropic
_ equations using a simple tidal model with a time-step of 18 s.
D=AV(T+T). (10) It uses theNebb (1995 scheme for the vertical advection of

momentum and the split-QUICK schem&¢bb et al.1998
I the diffusion tensor is constant, as is often assumed, thefyr the horizontal advection of tracers such as temperature
when the equation is integrated over a periodhe fluctua-  5ng salinity. It uses th@acanowski and Philandét981)
tion term vanishes so scheme for the vertical mixing of tracers.
D= AVT (11) ' At the start qf fthe'run, the potentiql temperature and salin-
) ity fields were initialized from thé.evitus (1982 global an-

However, in regions where any of the terms of the diffusion U@l average database. There was then a spin-up phase last-

tensor vary in time, there will be an extra diffusive contribu- N9 1440 model days (4yr), during which the model was
tion from the fluctuations. forced by the monthly averaged ECMWF wind stress clima-

tology, calculated bgiefridt and Barnie(1993 for the years
1986 to 1988 inclusive. The data was corrected so that when
3 The model linearly interpolated in time, the correct average stress was
applied during each model montKil{lworth et al., 1991).
The Ocean Circulation and Climate Advanced Model (OC-The surface fluxes of heat and fresh water were calculated
CAM) is based on the Bryan-Cox-Semtnefok, 1984 g0 as to relax the surface layer of the model to the Levitus
Bryan 1969 Semtner 1974 ocean general circulation monthly average values.¢vitus and Boyer1994 Levitus
model. This is a “primitive equation” modeBfyan 1969 1982 Levitus et al, 1994.
which differs from other primitive equation models in the Fo||owing the Spin_up phase, the model was forced using
use of an Arakawa-B grid in the horizont#lrakawa 1966  six-hourly winds and surface flux data from the ECMWF
and level surfaces in the vertical. analyses. The analysis reported here used archive data for
The version of OCCAM used here has a resolution of athe year 1994 and, as in the model tracer calculation, as-

quarter of a degree in both the east-west and north—sout§umes a sea water density of 1gchand a specific heat of
directions. It has thirty-six levels in the vertical, with thick- 1 calg-tCc-1.
nesses varying smoothly from 20m in the surface layer to Model archive datasets were generated every five days.
255m at a depth of 5500 m. These contain the sea surface height field and the full three
The model includes a number of important developmentsgimensional fields of temperature, salinity and horizontal ve-
in both model physics and model numeficBhysically it |ocity. There are two copies of each field, the first being
1OCCAM uses asynchronous message passing, enabling it to b the average value over the previous five days and the sec-
run efficiently on modern multi-processor computers. It also differs ond containing instantaneous values at the end of each five
from other ocean models in that it is vectorised in the vertical. Thisd@y period. The latter were saved so that the model could
arrangement optimises processor usage by limiting main memory€ restarted from this point if required. Because of storage
transfers when the model is run either on shertL00) vector pro-  limitations the model did not archive any non-linear fields.
cessors or on modern Intel type processors with very high speed
memory caches.
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3.1 Analysis of the heat equation

The ocean model solves EQ) py first partitioning the ocean

into cells whose interfaces lie along lines of constant latitude, —
longitude and depth (see Fig). Model temperatures are de- AL Pl
fined at the centre of each cell (or model grid box). The range i1/
of depths used in this analysis means that the regions are not ’
immediately affected by surface fluxes but at the same time 1/? ik %1/ i+T)j,k
they may be typical of the upper part of the water column in A P '
the Pacific Ocean, therefot®= 0. Integrating Eq. 1) over 6 dz
each grid box gives the flux conserving equation, /%/g/ dy
X
aT,

Vn ot = Z(Inm Unm Tnm + Iannm)» (12) y

m X ijk+1
where the sum is over the celis surrounding celk. V, is .
the volume of the cell7}, its average temperature, afg,

the area of the interface between cellandm. T,,, is the (@)
average temperature on the interface &gl is the average uv @ Qu,v
velocity through the interface. The first term on the righthand
side is called the advective term, the second is the diffusive

term. The latter represents all the small scale dynamical and T
molecular diffusive processes not represented by the advec- L
tive term.

The above equation is stepped forward in time by approx-
imating the time derivation term,

(b) uv @ ou,Vv

a_T _T@+dn)—T(—d)

ot 20 (13)

Fig. 2. (a)Model grid box around the poirit j, k; i increases with
longitude, j with latitude andk with model depth. The length of
where d is the model time step. If the forcing on the right of each side of the box are given by,ddy and o, and interfaces
Eq. (L2) is represented by (¢), then this gives the equation  between boxes are represented Iay%, i— % etc.(b) Horizontal

arrangement of tracer (temperature) and velocity components in the
T@+d)~T (@ —dr)+2d F(r). (14) Arakawa B-grid.

The approximation is correct to order’dand if the time step _ _ _
is small enough, it is both accurate and stable when used for The average tracer at the interface can be estimated in
the advective term in Eq1@). Unfortunately, diffusive terms & similar way. Thus, replacing in Eq. (12) by the triplet

make it unstable and so in the model it is modified to i, j, k, representing the longitude, latitude and depth indices,
the mean temperature on the interface between thé and
T(+dt)=T(¢—dr)+2dr(A(r) + D(t —dr)). (15) i +1, j,k cells can be written (see Fig)
This equation is stable for both the advectiar(z)) and dif- To1 .= M (16)
i+35.J, 2

fusion (D(t — dt)) terms.
In the Arakawa B-grid used by the model, shown in This was the approximation used in the earliest ocean
Fig. 2b, horizontal velocities are defined at the corners ofmodels, and like all the other approximations discussed here,
the cells at the same depth as the central tracer (temperatures) adequate for modelling features with spatial scales much
grid point. The average velocities through the horizontal in-larger than the grid spacing and time scales much longer than
terfaces needed for EqlL?) are thus estimated in the model a model time step. Unfortunately, in ocean models there are
by averaging the two neighbouring corner values. often important features, such as ocean fronts and eddies,
As the total flux of water in and out of each grid cell which are only a few grid points across. In such cases the ap-
is zero, the ocean being assumed to be incompressible, theroximation involved in Eq.16) results in such short wave-
horizontal fluxes are then used to calculate the difference idength features being advected at the wrong speed or even in
fluxes through the bottom and top of each cell. These differ-the wrong direction.
ences are summed from the bottom of the ocean, where the A large number of papers have been written about the
vertical flux is zero, to give the velocity flux through each of problem and possible solutions, one of the most success-
the levels. ful solutions being the QUICK scheme devisedlsonard
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(1979. Farrow and Stevend 995 adapted QUICK for use 4.1 Numerical details
in an ocean model, but to ensure stability they replaced
Eq. (15) by a time stepping method that was computationally Equation {2) is implemented for each of the regions studied.
inefficient. LaterWebb et al(1998 showed that the QUICK  In terms of the model variables, the advective term on an
advective operator included a diffusive-like operator and thathorizontal interface +3 5 1s
if this was treated separately as an extra contribution to the
main diffusion term, then Eq16) could again be used. The =pl. 1Cpu (Ti+17n + Ti,ti) (18)
same analysis showed that slightly better accuracy could be i+3.0 i+g P itg 2
obtained by changing the term multiplying the second term
in the following equation from 1/16 to 1/12. (T2 = Tvt, = Ti + Ti-1s) )

The resulting MSQ (modified split-QUICK) scheme is the 12
one used by the OCCAM model for the run analysed here
Dropping thej andk indices in Eq. 16), the MSQ scheme is

The first term on the right is the contribution from the central
difference approximation and the second is the extra advec-
T+ T, _ Tivo—Ti1—Ti +T;1 tive component of the MSQ scheme discussed in Seit.

Ti+% o 2 12 17 Vertical fluxes are calculated similarly but with just the cen-
|U| Tiy2 —3T;41+3T7, —Ti1 tral differences term.
U 16 : The total heat advection into each region at tignis ob-

tained by summing Eq19) over all the interfaces surround-
ing the region. Thus, ift, is the total heat gain by advec-
tion in the region at time,

The second term on the right improves the advection of fea-
tures with wavelengths of four model grid points or more.
The final term is the additional diffusion introduced by the
MSQ scheme. Its effect is to damp out the very short wavesy, - ZA" s (19)
which, in the model, can generate large errors.

Note that MSQ was not used in the vertical. This is be-
cause, in the presence of realistic surface wind forcing, mosyvhere the sum is over all the interfaces surrounding the re-
of the near-surface vertical velocities are oscillatory due to9ion.
the internal waves generated. The oscillations tend to cancel The heatgain by diffusion is obtained in a similar way. For
out the errors due to the central difference scheme. At théach interface + 3 itis given by
same time, if MSQ is used with a rapidly oscillating current,

. . e Tit1 — T,
it produces unwanted extra numerical diffusion. D, 1, =AyAz [Ah <%) (20)
24 x

_ 4 |U| Tivo4 —3Tiq1y +3T; 4 — Ticay
4 Analysis "\u 16 ’

The main objective here is to quantify the errors that arisewhere Ay represents the horizontal diffusion coefficient and
when calculating oceanic heat fluxes using averaged datasetg. is a coefficient set to onéMebb et al. 1998. The last

To do this we apply Eg.1@2) to closed volumes of ocean and term is the diffusive component of the MSQ scheme. The
compare the heat flux, calculated using OCCAM 5-day mearexpression for interfaces above and below the study region
datasets for model year 1994, with the rate of change of heas similar except tha#y, is replaced by the vertical diffusion
content calculated from the instantaneous datasets from theoefficient and the MSQ term is missing.

beginning and end of the year under study. The total diffusive heat flux into the region is then
Results are presented for three regions in the Equatorial_

Pacific. The Equatorial Pacific was chosen because of the imPtot.; = Z Dy m.t; (21)

portance of heat transports there in the development of the El

Nino (Halpern 1987. where again the sum is over all the surrounding interfaces.
For each analysis period, E4.3) can then be written as,
30 - -
Y Atot,;; + Drotr; - (22)

4.2 Asingle vertical column

We first analysed a single vertical column of model grid cells.
The south-west corner of the column was at point°MD
4.5 N and it extended from a depth of 41.2m to 146.79m
(see Figl).

Www.ocean-sci.net/8/813/2012/ Ocean Sci., 8, 8835 2012
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The heat content is given by 1

O, = Z Cppdx,dy,dz, T, s, (23) e
n

where the sum is over the model cellsvithin the analysis
region. If the averaging time iar, then the mean rate of
change of heat content is

AQn,l,-
At;

Tyooi—Thr
_ ¢, pdxdydz (A—> . (24)

L

Figure 3 shows the results for the single column for the
year studied. The volume of the box isl& 10°m?3, so a
flux of 1 TW is equivalent to a temperature change of approx-
imately 0.25C day . The results show that rates greater I
than 0.1 TW are common and that there is a large amount T F M AMUJ J ASONOD
of short term variability. The differences between the actual  o8f
heat flux and that calculated from the 5-day mean datasets are 4|
small, but they are systematic and may occasionally exceed
10 % of the total flux.

The second part of the figure shows the heat fluxes inte- _ o2r
grated over a year. In this case a change in heat content of “ |
1EJis equivalent to an average temperature change &€2.9

The figure confirms that the errors are systematic, with the
mean fields overestimating the total heat flux into the region  -04f
during the year by approximately 1 EJ. The flux errors appear _ 4|
to be largest early in the year and from July onwards when
tropical instability waves are most developed.

10.02

10.01

TW yr

-0.01

1-0.02

1-0.03

4.3 Anindependent estimate of the advective error T F M AWM J J A S O N D

Figure3 shows that flux calculations using the mean datasetg '9: 3- Results for the single column of model cells at 158
produces errors, but it does not show whether they are prifl‘50 N during model year 1994) Sum of the advection and dif-

iV due t ' . lculating the advecti diffusi fusion terms (red — calculated from the 5-day mean datasets) and
marily dué to erro_rs.ln ca CL.J ating the advec |ve.or MUSIVE | ote of change of heat content (black — calculated from the instanta-
quxes._However, It is posglble to make an estimate of theneous datasets). Heat flux in TW &0N). (b) Cumulative integrals
advective error from the differences between the mean angs poth terms. Heat content in EJ ().
instantaneous datasets.

Starting from Eq. 9), for a single interface,
— e —— of time, «” and 7’ have their maximum amplitudes at the
ul = T)+ @ T); (25)  peginning and end of each 5-day period. As shown in Ap-

_ . H s ald
if T andu are values from the 5-day mean datasets, then th(?hergg'x A, Eq. £6) then overestimates'7” by a factor of

errors in the advective flux calculation correspond to the term
u'T'.

If the fieldsu(¢) andT (¢) oscillate many times during each
averaging interval, then — as discussed in Appendix:AF
will have the same statistical propertiesfsgm), where

Using this independent estimate, the total error in using
mean datasets to calculate the advective fluxes into a region
of the model ocean is

M
i _ Fetot=Y _ (AnSn(ue(m) —ii(m))(Te(m) — T(m))), (27)
Fe(m) = (ue(m) — ii(m)) (Te(m) — T (m)), (26) pra

andue(m) andTe(m) are the instantaneous values at the endwhere the sum is over the interfaces surrounding the region
of each intervaln available from the restart datasets. The being consideredd,, is the area of then’-th interface and
mean value and variance @%(m) over a period of time §,, equals +1 ifu represents inflow and-1 if it represents
should then be a good approximation to the mean and varieutflow. The estimate of the advective error will be referred
ance ofu’T’ during the same period. to as the high frequency term.

In the other limit when the fieldsg(s) andT (¢) are slowly Figure 4 compares this estimate of the advective error
varying, so that they can be approximated as linear functiongor the column considered earlier, with the actual error

Ocean Sci., 8, 813825, 2012 Www.ocean-sci.net/8/813/2012/
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2.25 N and the same longitude, the corresponding values are
16.6cms?tand 16.5cmst,

In the model, tropical instability waves grew rapidly each
northern summer (i.e. in July) and following this the largest
values of velocity variance occurred in the autumn. The satel-
lite derived estimates differed in that the variance was largest
in winter and the seasonal differences were smaller. How-
ever, overall the comparison indicates that the model results
presented below should be reasonably representative of the
real ocean.

5.1 The advection term

Figure 5a shows the rate of change of heat content within
the northern region and the heat flux due to advection and
diffusion, calculated from the averaged datasets. Both func-
tions show a large amount of variability so Fip shows the

Fig. 4. Estimates of the heat flux error (in TW) due to neglecting values integrated over tirie

short term fluctuations (blue — EA6) compared with, in red, the In the first figure the two flux curves follow each other
diffgrence between the actual change in model heat content and th%tlosely for most of the year. However, from July onward the
estimated from the 5-day mean datasets. integral calculated from the mean datasets produces a much
larger increase in the total heat content than is actually ob-

. ~ served. By the end of the year, the resulting error is as great
calculated from the difference between the two fluxes inas the annual variation in the heat content of the region.

Fig. 3a. At most times the advective estimate is of the same Figure 6 compares the error in the heat flux calculation
order but slightly larger than the actual error. This confirmsith the estimate of the advective error calculated using
that the error estimaté,, is comparable in magnitude with  Eq. 27). Both terms have the same overall behaviour and
the error arising from using mean datasets. The average ratig is noticeable that during July, when the errors are largest,
between the two flux magnitudes appears to be larger thathey show a remarkable amount of agreement.
the figure of three given above, but overall the result shows |n the OCCAM model, this region north of the Equator
that the instantaneous datasets can provide useful extra infols one where tropical instability waves are observed. These
mation on the transport of heat within the ocean. grow rapidly each June and have their greatest amplitudes
between July and January. It seems likely that the waves are
advecting heat out of the region and that this process is not
being captured by the mean datasets.

The second region studied has the same longitude range

We extend this analysis to two regions in the Equatorial PaPut spans the Equator, running from3 to 2.23N. Ad-
cific. The first, the most northerly of the two, lies in the east- Vection in the region is dominated by the westward flowing
ern Equatorial Pacific, between P30 and 120 W and be- Equatorial Undercurrent, but there is also strong equatorial
tween 2.25N and 4.75N (see Fig. 1). It covers the same upwelling and meridional convergences and divergences.
range of depths as the single column. This region is charac- Figure7 shows the rate of change of heat content and the
terised by strong horizontal shears due to the North Equato€Stimated heat flux due to advection and diffusion using the
rial Counter Current and the Equatorial Undercurrent. It isMean datasets. For this region a flux of ®W is equiva-

. e 1 2
also an area of energetic variability due to the presence ofent to a temperature change of 0.0f5day ™ or 83 W nm- _
tropical instability waves. through its upper surface. The integrated values are shown in

As variability is important in this analysis, the model sur- Fig. 7b, adifference of 1 ZJ being equivalent to a temperature
face currents on the northern and southern boundaries of thighange of 1.9C. ,
region were compared with satellite derived estimaBasf The heat flux calculated from the 5-day mean datasets is
jean and Lagerloef2002. Variances in this area of ocean gener_ally in good agreement with the fuII_ model calcula_tlon
depend primarily on the distance from the Equator as zonaPut this time the mean datasets tend to slightly underestimate
gradients are small. On the northern boundary, atA\7and ~ the fluxes.

135 W, the root mean square difference between the sur- 2y terms of other practical units, a flux of 0.1PW is equiv-
face velocity in the mpdel and the mean velocity dl_mng 1994 3lent to a mean rate of temperature change within the region of
was 7.7 cmst and this compared with 5.9 cm$estimated  0.021°C day 2 or a flux of 108 W T2 though its upper surface.
from the satellite observations. On the southern boundary, asimilarly 1 ZJ is equivalent to a mean temperature change 6.4

5 The eastern Equatorial Pacific
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0.4
0.02 |
0.3}

ol

~0.02
-0.04
~0.06
& _0.08

-0.1
—012 |
-0.14
-0.16

-0.18

J F M A M J J A S (0] N D

Fig. 6. Results for the northern region: Estimates of the heat flux er-
ror (in PW) due to neglecting short term fluctuations (blue —A%).
compared with, in red, the difference between the actual change in
model heat content and that estimated from the 5-day mean datasets.

the course of a year the cumulative error can be as large as
the seasonal signal. An estimate of the high frequency ad-
vective terms indicates that these may be responsible for the
discrepancy.

Near the Equator we find that the cumulative error from
using the mean datasets is smaller but that the high frequency
advective terms are likely to over correct the error. Thus, in
N this region errors due to fluctuations in the diffusion terms
JoOFE M oA M J J A S O N D also need to be considered.

TW yr

Fig. 5. Results for the northern region during model year 1994:
(a) rate of change of heat content (black — calculated from the in-

stantaneous datasets) and sum of the advection and diffusion term . . .
W&s discussed earlier, the scheme used to represent horizon-

(red — calculated from the 5-day mean datasets). Heat flux in P . o o .
(1015W). (b) Integrals over time of both terms. Heat content in zJ (@l diffusion in the ocean is linear and so is not affected by
(10%17), also shown as TW years. high-frequency non-linear effects. In the vertical, however,
the model uses theacanowski and Philandgr981) scheme
and this is non-linear and so will be affected by the high-
frequency fluctuations.
This differences shows up more clearly when integrated The pacanowski and Philand€98]) vertical mixing

over a year (Fig7b). The differences are less than they were scheme depends on the Richardson number, which in OC-
for the northern region, but whereas before the mean datasetsan is calculated as

were overestimating the heat gain, here they overestimate the
heat loss. Thus the missing high frequency terms must b@?ik _ g(ZkH — 2) (Pk — Pr+1) (28)
warming the region. o ((ur —urs1)? + (e — vi1)?)’

Figure8 shows that the warming may be due to the high _ . _
frequency advective term. However, especially from Septem—W herez is the_lgyer depth,o_ I the den3|tyu_ andv are the
ber onwards, the estimate of the missing advective contribu-zonal and |_'ner|d|_o T‘a' veloc_m_e S g@d; gravity.
tion is much larger than the actual error. Given the earlier The vertical mixing coefficient is given by
discussion on the different sources of error, this implies that )
in this region we also need to consider a possible high freAz = (1+aRi)" T Vb,
quency contribution to vertical mixing.

To summarise the results of this section, in the easterrwherea =5,n = 3, vp = 50 andvp = 0.5cn? s 1.
tropical Pacific we find that there are important heat transport When the Richardson number is larg®i (> 0.2), the
processes which are not captured by 5-day mean datasets. flow is stable to shear instabilities and the vertical mixing
the region of the tropical instability waves we find that over coefficient is small £ 0.5cn?s™1). Conversely, when the

5.2 The diffusion terms

(29)

Ocean Sci., 8, 813825, 2012 Www.ocean-sci.net/8/813/2012/



A. M. Huerta-Casas and D. J. Webb: Fluctuations in heat content 821

0.5 fr————————————————————— o1 [
0.08 |
0.06 |

0.04 |

0.02 |

PW
o

-0.02

-0.04

-0.06 -

Fig. 8. Result for the equatorial region: estimate of the heat flux er-

ror (in blue) resulting from ignoring the high frequency fluctuations
compared with (red), the difference between rate of change of the
model heat content and the fluxes calculated using the 5-day mean
datasets, and (green) the same but using the instantaneous datasets
to calculate Richardson numbers.

TW yr

I January-May instantaneous
8000 || I January-May 5-day mean

"] August-December instantaneous n
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Fig. 7. Results for the equatorial regio¢a) rate of change of heat

content (black — calculated from the instantaneous datasets) an
sum of the advection and diffusion terms (red — calculated from
the 5-day mean datasets). Heat flux in R%J. Total heat content

(black — from instantaneous datasets) plus cumulative integrals of 5oL
heat fluxes calculated using mean datasets (red) and instantaneous
datasets (green). Heat content in ZJ2(11.II), also shown as TW 1000
years.
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Richardson number is small, shear instabilities develop andFig. 9. Number of grid points at 41.20m (model level three) with
the mixing coefficient is large~ 50 cnt s_l). values of the Richardson number within the interval shown (see leg-
Over most of the ocean the Richardson number is Iarge?“d)'
so shear instabilities have little effect. However there exist
regions, such as the equatorial undercurrent, where vertical
shear is large and the stratification small. The Richardson The results are shown in Fig. At a Richardson number of
number is then small and there is strong vertical mixing. 0.8, the vertical mixing coefficient has a value of 0.F@m!.
We investigated this effect by calculating the Richardsonlt increases to 1.6 cfrs1, at a Richardson number of 0.2, to
number at the top of the cross equatorial region for each anali5cn?s~1 at 0.1 and 44 cs~! at 0.01.
ysis time step and grid point, during two time periods — Jan- The figure confirms that large Richardson numbers are the
uary to May and August to December. This was carried outmost common, but more importantly it also shows systematic
using both the average and the instantaneous datasets. Théferences between the values calculated from the instanta-
region had 1920 grid boxes in the top layer and the calculaneous and 5-day mean datasets. Thus, during the first anal-
tion was repeated for 28 datasets for both periods, giving &sis period the number of grid points in the instantaneous
total of 53 760 data points. Points with Richardson numberdatasets with Richardson number less than 0.1 is ten times
bigger than 0.8 have not been plotted. larger than for the five day datasets. For the second analysis
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period there is a similar order of magnitude difference for Table 1. Heat fluxes averaged over the year at each interface of
Richardson numbers of less than 0.07. the region north of the Equator. The columns show the heat fluxes
In both cases the results imply that the mean datasetgue to advection and diffusion, both calculated from the 5-day mean
are missing many of the strong vertical mixing events. Fordatasets, and the estimatgof the error in the advective flux due to
Richardson numbers larger than 0.15, the instantaneous arf@"°"ng high frequency fluctuations. The last column shows the ac-
mean dataset results tend to have similar numbers of pointk2] mean rate of change of heat content during t;e period. Positive
within each of the plotted bands. Thus, although there is a'9"s indicate flux into the region. Units are TW {£@v).

strong seasonal signal most of it is captured by the 5-day

mean datasets. interface  advection diffusion Fe %
Figure 7b compares the integrals of the heat fluxes ob- top 417.61 7.66 —26.16

tained when using either the mean or instantaneous datasets bottom 83.62 -21.33 1.15

when calculating the Richardson number, with the rate of east 340.28 0.01 0.59

change of the total heat content of the region being stud- ~ west —398.69  -0.01 -0.17

ied. It shows that the instantaneous datasets give the better ~ north 697.51 039  12.27

agreement; presumably, as discussed above, they are better south —1110.50 —0.93 -10.84

at capturing the periods of strong mixing. Total 29.83 —-14.20 -23.15 -2.20

Figure8 shows the difference between the rate of change
of heat content and the total heat flux into the volume us-

ing 5-day mean and instantaneous datasets. The figure alsQyyection of heat through the upper surface of the region.
shows the estimate of the error or high frequency term. ltthere s also a significant southward heat flux but the two
can be seen that while both curves follow each other mos{grms palance out so the net effect is small. Overall, the fluc-

of the time, the use of instantaneous datasets gives stronggfations in the advective term are estimated to generate a heat
fluctuations; at times the latter is closer to the high frequencyg cooling of 23.2 TW — close to the value needed to ex-
term than the error produced by the use of the 5-day mean,in the discrepancy when using the 5-day mean fields.
datasets. This is best seen during January and between June

and September. 5.4 Annual averaged fluxes in the equatorial region

5.3 Annual average fluxes in the north equatorial region  Table2 shows the corresponding values for the region cen-

tred at the Equator. The advection terms, calculated using the
Tablel shows the annual average heat fluxes through each °§-day mean datasets, generate a net cooling over the year of

the interfaces for the region north of the Equator for the yearss 54 T\w. The meridional flows act to heat the region but
under study. As before, the advection and diffusion terms arghs is palanced by large vertical and zonal heat losses.
calculated from the 5-day average datasets and the estimate a5 with the northern region, diffusion is dominated by the
of the high frequency contributions to the advective terms arg gtjca| terms, but this time they act to warm the region. The
calculated from the instantaneous restart datasets. total diffusive flux is 12.14 TW, as a result of which the ad-
The figures show that the region is warmed by the down-yection and diffusion using the 5-day datasets gives a heat
ward advection of heat and that this is largely balanced by &,,x |0ss of 20.4 TW. Over the year the model region actu-
loss of heat due to meridional advection. A smaller amounta"y cooled at a rate of 13.8 TW, meaning that the mean fields
of heat is lost to zonal advection. Thus, when using the 5-day, arcooled the region by 6.6 TW.
mean fields, the net effect of advection is to warm the region The estimates of the heat advected by the high frequency
atarate of 29.8 TW. o _ fluctuations indicates that they generate a southward flux of
The same mean fields produce a diffusive cooling at a ratgeat into the region which is partly compensated by a loss to
of 14.2TW. This is due primarily to a loss of heat to lay- {he surface layers of the ocean. The net heat flux by these
ers deeper in the water column. The combined effect of aderms (8.0 TW) is certainly sufficient to explain the errors
vection and diffusion, using the 5-day average values, thug,en using the 5-day mean datasets.
produces a heating at a rate of 15.6 TW. However, over the swever, the equatorial region is also one where shear in-

course of the year the model region actually cooled at a ratgapjjities above the equatorial undercurrent are likely to be
of 2.2 TW, which means that the mean fields are generatingmnortant. For this reason TabRalso includes a column
a spurious heating at a rate of 17.8 TW. showing the estimate of the diffusion obtained when the in-

The estimates of the contributions to the high frequencygiantaneous restart values are used to calculate the Richard-
advective term show that the main contribution comes fromgoy number. This shows an increase in the downward diffu-

30ther studies are often concerned with the heat flux through theSion of heat, the net effect being an increase of 4.6 TW in the

surface of the ocean. To convert TW to the equivalent flux in wom  diffusive heat flux into the region. _
through the top surface of each volume studied, multiply by 1.08 for  If the high-frequency and instantaneous Richardson num-
the north equatorial region and 0.83 for the larger equatorial regionber contributions are taken together, their sum (12.2 TW) is
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Table 2. As Table1 but for the region centred at the Equator. In gion concluded that the zonal eddy heat flux is small. They
addition the table shows the vertical diffusive flux when using the used datasets which had been averaged over several days so
restart datasets when calculating the Richardson number. Flux ifhis may explain why their analysis came to this conclusion.

TW. Overall the results stress the importance of short period
: - — 20 fluctuations in the transport of heat within the ocean. Such
interface  advection diffusion Fe ¢ advective fluctuations are often called eddy heat fluxes and,

5-day  restart as concluded bryden and Brady1989, they make a sub-

top —5298.29 29.81 3417 292 stant!al contribution to the heat b'ala.nces in the Equatqnal

bottom 42955 _18.68 _18.69 —0.25 Pauflc Ocean. The model r'esul'ts |nd|gate .that in t'he regions

east ~1002.88 0.01 0.01 0.48 studied the “eddies” are primarily tropical instability waves

west 911.50 0.02 0.02 008 and that datasets, averaged over periods of only 5days, are

north 1110.50 0.93 093 10.84 insufficient to fully resolve their effect.

south 817.08 0.05 0.05 —0.25 It is possible that such terms have their greatest effect in
the tropical regions studied here but, until it is shown other-

Total —-32.54 12.14 16.50 7.98 —13.84

wise, they need to be treated with care in all regions of the
ocean.

almost double the amount needed to explain the discrep- )

ancy when using the mean datasets. However, if the higf'\PPendix A

frequency term is being overestimated (see Appendix A), = - _ _
which is possible given the long term drift in heat content Estimating the contribution of short period fluctuations

(see Fig. 7), then its actual value could be neargav. To- Assume that the model is run for a period of time to estimate
gether with the Richardson number contribution, this would P

give a net cooling of 13.3 TW, close to the actual change ofuT' Let thg period be made up 6f mter_vals., each myolvmg
13.8 TW. N model time steps of lengthvdThen ifu(i) and T (i) are

the values oft andT on an interface at time stépthe total
heat flux, Fy, through the interfaces is

M N s
u(i)T (i)

Fa=2.) ~yn (A1)

. . . . MN

The overall purpose of this study was to shed light in the lim- m=1n=1

itations of using 5-day mean datasets in heat budget analyses .

. . - herei equals(m — 1)N + n.

in the ocean. The results show that processes with a period of At the end of the model run the data archive includes the

less than five days can have a significant impact on the heat

budget and that model restart datasets can be used to estimall?stantaneous valueg(m) andTe(m) (equal tou(Nm) and

the size of the resulting errors ?Nm)) from the last time step of each of tld¢ intervals,

In the region studied north of the Equator, calculation plusii(m) and7 (m) the mean values over each of the inter-

. e : vals.
of the advection and diffusion terms using the 5-day mean Let u'(i) andT"(i) be defined as the differences between

datasets showed a net heating of 15.6 TW during the yea :
studied, whereas the model, which conserves heat every “m{ahueriﬁ;t?ﬁ;gﬁgﬁﬁﬂ;ﬁ,ﬁ?ﬁg?e stegmd the mean value

step, actually cooled at a rate of 2.2 TW. The discrepancy
of 17.8 TW is in reasonable agreement with the value Ofu’(i) — u(i) —i(m), (A2)
23.2TW, estimated as being the contribution of the advec-
tive processes with periods of less than 5 days.

In the equatorial region, the 5-day mean datasets produceg’ ;) = 7(i) — T (m). (A3)
anet cooling of 20.4 TW. Temperatures in the model did drop
during the year but only at a rate of 13.8 TW, leaving a dis- Then following a similar argument to that used to derive
crepancy of 6.6 TW. Estimates of the high-frequency contri-Eq. ),
butions indicated that the discrepancy may result from both M o T Y T
the extra advection and diffusion terms. u(m) T (m uw@T'

Fa= m; T >

6 Discussion and conclusions

The work ofMarkus et al(2007) suggests that daily aver- MN (A4)

aged datasets provide useful estimates of tropical instability
wave (TIW) temperature advection in the mixed layer. Theywherei is related ton andn as before.

also show that the zonal temperature advection due to the If heat fluxes are calculated from just the mean values dur-
TIWs is as important as the meridional one. On the othering each interval, then the first term is the resulting estimate
hand, the study oHansen and Paifll984) in a similar re-  of the heat flux. The second term, the contribution due to

m=1n=1
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short term fluctuations, becomes the error when such fluctuWhenn is large,
ations are neglected. In the following, this term is represented

1
by Fe. Fe(m) = Zug(m)Tg(m). (A14)
Fo= Z u T @ (A5)  Thus a good estimate of the error in the flux arising from the
m=1n=1 - MN use of mean values is given by

If there are a large number of fluctuationsuoédnd T within 1 M
each averaging interval and the amplitude of the fluctuationst (Fe) = — Z ug(m)T,(m). (A15)
are large compared with changes in the mean values, then the 3M
set of archived instantaneous valugén) and7;(m) (equal
tou’(mN) andT’(mN)), should have similar statistics as the
full set of valuesy’(i) andT’(i).

If this is so, then a good approximation £ is given by

This shows that, in the worst case, EA6] overestimates the
error by a factor of three. In general we may expect the factor
to lie between 1 and/B, although the error in any one of the
averaging intervals may be greater or less than that estimated

1M using the above equations.
E(Fe) = i Z ug(m)Te(m), (A6) The error in determining the net flux out of a volume of
m=1 ocean is given by a sum of terms with the form of E46)
where and @A15). The magnitude will usually be proportional to the
surface area of the region, but will be reduced for small vol-
ug(m) = ue(m) — it(m), (A7) umes where the velocity and temperatures on different faces

are correlated. The average divergence is given by the net
flux divided by the volume and so, as would be expected,
with similarly shaped regions of different scales the error will

E(Qe) is easily calculated from the restart data. usually be smallest at the largest scale.
Also, if Fe(m) is the contribution from intervak, ande is
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