
INTERNATIONAL JOURNAL OF CLIMATOLOGY, VOL. IS, 825-852 (1995) 

LONG-TERM VARIABILITY OF SEA-AIR HEAT TRANSFER IN THE 
NORTH ATLANTIC OCEAN 

SERGEY K. GULEV 
Institut f i r  Meemskunde, Kiel, Germany, and II Shirshov Institute of Oceanology, Moscow, Russia 

Received 6 December I993 
Accepted I5 November 1994 

ABSTRACT 

There is evidence that climatological variations of the ocean-atmosphere fluxes in the North Atlantic are significant with respect 
to long-term climate changes. To study year-to-year changes of ocean-atmosphere interaction processes in the North Atlantic 
Ocean, two meteorological data sets were used: the Comprehensive Ocean-Atmosphere Data Set (COADS) and the Soviet 
National Meteorological Centre (SNMC) data set for the period from 1957 to 1990. Data sets were compared with each other in 
order to find out set-to-set variations of ocean-atmosphere interaction parameters. The next step was to calculate sea-air 
interaction characteristics on the basis of one data set, but with the use of different schemes for the parameterization of fluxes. 
Both set-to-set and scheme-to-scheme variations are significant, but at the same time annual and interannual changes in 
radiation and heat fluxes indicate that variability patterns are close to each other. Differences obtained in the parameters of 
variability were taken to determine the confidence level for future consideration of climatological variability. Long-term changes 
in net air-sea heat fluxes were explored for the period from 1950 to 1990. Results demonstrate the different character of 
variations in the tropics, mid-latitudes and high latitudes. Meridional heat transport for different climatological periods has been 
calculated in order to discuss the variations obtained in terms of ocean circulation. Two significantly different regimes of 
meridional heat transport were obtained. The first regime is characterized by high values in the tropics and a sharp decrease in 
mid-latitudes. The second regime is connected with relatively high values of heat transport in mid-latitudes. 
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1. INTRODUCTION 

Recent climatological studies indicate significant changes of the North Atlantic circulation on interdecadal time- 
scales (Dickson et al., 1988; Lazier, 1988; Levitus, 1989a,b,c, 1990; Greatbatch et d., 1991; Gordon et al., 1992; 
Greatbatch and Xu, 1993). Many ongoing research programmes (WOCE, ACCP, GEWEX, and CLIVAR) consider 
the North Atlantic as an important source of a number of climate signals, determined by different and yet poorly 
understood mechanisms (Bjerkness, 1964; Rogers, 1984; Wallace and Jiang, 1988; Deser and Blackmon, 1993; 
Kushnir, 1994). In this context the determination of long-term variations of sea-air heat exchange is important in 
order to identify a link between ocean changes and climate variability. During the last two decades considerable 
efforts have been made to produce a number of climatologies of sea-air interaction, based on different data sets and 
different parameterizations (Bunker, 1976; Hastenrath and Lamb, 1978; Hastenrath, 1980; Esbensen and Kushnir, 
198 1 ; Weare et al., 198 1 ; Hsiung, 1985; Isemer and Hasse, 1985, 1987; Oberhuber, 1988; Bottomley et al., 1990). 
At the same time there are a few studies of long-term variations of the sea-air fluxes. Bunker (1 980) studied linear 
trends in meteorological variables and sea-air fluxes over the Atlantic Ocean from 1948 to 1972 and found these 
trends to be significant in the tropics and the mid-latitudes. Jones et al. (1993) made an EOF analysis of 30-year 
surface fluxes over the Indian Ocean, using COADS, and found increasing latent heat flux from the 1960s to 1980s, 
ranging fiom several W m-2 to several tens of W m-2. Cayan (1992a,b,c) studied heat flux anomalies, estimated 
from COADS, in relation to atmospheric circulation and SST patterns. Considerable short-period climatic 
variations of fluxes were found in the tropics and in mid-latitudes for latent heat and in mid- and high latitudes for 
sensible heat. Nevertheless the question about long-term changes of ocean-atmosphere fluxes and their possible 
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contribution to the variability of meridional heat transport (MHT), is still open. This work attempts to consider 
long-term variability of the sea-air exchange in the North Atlantic Ocean on the basis of different data sets and 
using different parameterizations in order to determine long-period changes of surface fluxes and MHT, which can 
be used with confidence. 

2. DATA 

We used two climatological data sets, produced on the basis of marine reports by different communities with the 
use of different techniques of data processing. The Comprehensive Ocean-Atmosphere Data Set (COADS) has 
been used in the form of monthly summary trimmed groups (MSTG) for 2" by 2" boxes, taken from Release 1 
(Slutz et al., 1985) for the period 195&1979. In recent publications there are a number of reports about the 
availability of the COADS data for the period 198C1986, and even until 1992, denoted respectively as a 
preliminary second release (Woodruff et al., 1987) and Release l a  (Woodruff et al., 1993). For example, Cayan 
( 1992a,b,c) used preliminary second release data. We will give some estimates on the basis of COADS Release 1 a, 
although the h a 1  version of COADS Release 2, officially announced with the same guide as the first one, is still to 
be issued. 

The second data set was prepared during the last years of the former Soviet National Meteorological Centre 
(hereafter SNMC) for the period 1957-1 990 (Birman et al., 1980; Birman and Pozdniakova, 1984; Birman et al., 
1992). The original information appears to be close to that found in COADS. For the period from 1957 to 1969 this 
data set is based on updated archives of meteorological reports. Since 1970 the original reports, transmitted by a 
voluntary observing fleet via GTS, are collected at SNMC. The first release was prepared in 1977 for the period 
from 1957 to 1971, with the extension until 1974 produced in 1980 (Birman et al. 1980). In 1992 the second 
release became available (Birman et al., 1992). When the second release had been created all of the data were 
updated in order to use a universal technique of data control and averaging. The SNMC data set is organized in the 
form of monthly means and standard deviation of variables for 5" by 5" boxes over the North Atlantic from the 
Equator to 75"N. original reports were averaged for every box and assigned to 'monthly mean coordinates' and 
then monthly means were reinterpolated to the centres of boxes. The SNMC data contain, in contrast to COADS, 
two levels of cloudiness, but does not include so-called derived variables (products of sea-air temperature and 
humidity differences with wind speed), which are available from COADS. Comparison of the number of reports in 
the SNMC data set with those for COADS gives, in general, from 15 to 25 per cent smaller values. At the same 
time, within about 20 per cent of the 10" by 10" boxes, mostly located in the Norway and Greenland seas, and in 
the north-west Atlantic, the number of observations in the SNMC data set is even higher than in COADS. 

For some comparisons we used COADS compressed marine reports (CMR) within some of the 10" by 10" 
boxes, and data from the Atlantic Ocean Weather Stations (OWS). These data were kindly presented by H.-J. 
Isemer in the form of three-hourly sampled observations in the location of OWS. Complete information about the 
OWS location, periods of measurements, and number of missing data, can be found in Isemer (1993) and Isemer 
and Lindau (1995). For indirect comparisons we used the Isemer and Hasse (1985, 1987) climatology, based on the 
Bunker data set for the North Atlantic. Description of this data set is available in Isemer and Hasse (1985, 1987). 

3. METHODS 

To calculate ocean-atmosphere fluxes we estimated shortwave radiation, R,, longwave radiation, Rlw, sensible and 
latent heat, & and fi, and net sea-air heat flux, which is given as: 

where R = R,( 1 - a) - RI,  is net radiation and a is the albedo of the sea surface. To estimate differences between 
different schemes we will compare a number of parameterizations of the radiation and turbulent fluxes. Most of the 
methods were documented by authors or users. So we give here a description of only those parameterizations that 
are still not well known or not readily available to most readers. To calculate radiation fluxes we used the Malevsky 
et al. (1 982, 1992) scheme. After Malevsky et al. (1 992), shortwave radiation is given by: 
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where Qo is clear-sky solar radiation, Fl and F2 are the coefficients of the cloud reduction, which appear to be 
functions of total cloud cover nt, or of total and low cloudiness nl (when both estimates are available), air 
temperature, Ta, and noon solar altitude, ho. Clear-sky radiation is a function of solar altitude: 

where C and D are empirical coefficients, which depend on the atmospheric transmission for the optical mass 
number, equal to: 

D = 0-38 + 2.5P2 - 26, 
D = 1.808 + 0.9P2, (4) 

C = 1.2 - 1.7P2 + 2P;, 
C = 1.5 - 2.1P2 + 2e, 

for 
for 

P2 - 0.75 > 0, 
P2 - 0.75 < 0. 

Transmission P2 is a function of air temperature: 
P2 = 0.799 - 0-0037Ta 

although Malevsky et al. (1992) also places dependence on water vapour pressure, e,, which is of the same 
accuracy as equation (5). Functions Fl and F2 are presented as tables for different ranges of variables. Niekamp 
(1992) made a comprehensive comparison of the Malevsky el al. (1992) scheme with the parameterizations of 
Reed (1 977) (combined with Seckel and Beaudry ( 1  973) clear-sky radiation), with Dobson and Smith (1988), and 
with direct measurements on the North Atlantic OWS and Sable Island. Tables I and I1 are based on this 
comparison and show dependence of clear-sky radiation on solar altitude (Table I) and reduction by clouds (Table 
11). Under small declinations, the Malevsky clear-sky insolation is close to the values of Reed and Dobson and 

Table I. Clear-sky insolation (W m-'), com- 
puted for different solar altitudes from Reed 
(R), Dobson and Smith @S-I for calibration with 
Sable Island and DS-P for calibration with OWS 

Papa), and Melevsky (M) 

Solar R DS-I DS-P M 
altitude 

10 144 141 108 140 
30 469 467 407 490 
50 812 807 732 788 
70 1057 1051 981 988 
90 1150 1148 1070 1066 

Table 11. Coefficients of reduction of shortwave radiation, 
computed from different parameterizations, denoted as in 

Table I, for solar altitudes 30" and 60". 
~~ ~~ 

130" 60" 
Cloud 
cover R DS-I M R DSI M 

0 1.00 1.00 1.00 1.00 1.00 1.00 
0.2 0.95 1.01 1.00 0.95 1.02 0.97 
0.4 0.81 0.94 0.96 0.87 0.98 0.96 
0.6 0.69 0.86 0.87 0.74 0.92 0.90 
0.8 0.57 0.72 0.70 0.62 0.81 0.77 
1.0 0.44 0.27 0.38 0.50 0.40 0.49 
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Table 111. Correction coefficients for the use of Malevsky 
scheme monthly means, as a function of cloud cover and solar 

altitude 

Cloud cover 
Solar 

altitude 0 0.2 0.4 0.6 0.8 1.0 

10" 1.00 0.99 0.97 0.92 0.96 1.03 
30" 1.00 1.00 0.96 0.91 0.95 1.00 
50" 1.00 1.00 0.96 0.90 0.94 0.97 
70" 1.01 1.00 0.96 0.89 0.92 0.93 
90" 1.01 1.00 0.95 0.88 0.91 0.87 

Smith (Sable Island). For high altitudes the Malevsky scheme gives good agreement with the Dobson and Smith 
(OWS P) scheme. Cloud reduction from Malevsky is close to Dobson and Smith (1988) under small cloudiness 
and converges on the value of Reed (1977) under complete cloud cover. The effect of secondary reflection of 
radiation from cloud margins under the small cloud cover and low declination (the reduction coefficient is higher 
than 1) is pronounced for ho = 30" only in the Dobson and Smith scheme, but by ho = 20" the Malevsky values 
are also higher than 1 .  Use of monthly means, equation (2), as a non-linear function, requires taking into account 
averaging effects. Correction coefficientfi(nt,ho) are tabulated in Malevsky et al. (1992). Table 111 gives the 
behaviour offi with cloudiness and solar altitude. Generally reduction ranges from 1 to 10 per cent. Exceptions 
V; > 1 )  appear for high altitudes and complete cloud cover and for small solar altitudes and nearly clear sky. 

In many studies (Bunker, 1976; Esbensen and Kushnir, 198 1 ; Talley, 1984; Hsiung, 1985; Isemer and Hasse, 
1987; Hsiung et al., 1989) the albedo value is taken from Payne (1972). The exception is Oberhuber (1 988), who 
used constant albedo a = 0.06 for the whole ocean and all seasons. Payne's albedo is more accurate than those 
introduced by Budyko (1 974), although Bunker (1 976) and Isemer and Hasse (1 987) reduced Payne's values in 
high latitudes. We use albedo from Girduk et al. (1985), obtained from 3000 simultaneous measurements of 
incoming and reflected radiation in different regions. Results are given in Malevsky et al. (1992). Again, albedo for 
monthly means is corrected in accord with sampled observations. In contrast with Payne (1972) and Budyko 
(1974), who give albedo as a function of latitude and month, the Girduk et al. (1985) albedo value depends on solar 
altitude and cloud cover. Thus results are hard to compare in detail. Generally, the Girduk et al. (1985) albedo 
slightly underpredicts Payne's values in the tropics and slightly overpredicts Payne's estimates with Bunker's 
correction in high latitudes, although it never reaches Payne's winter values north of 50"N. 

For longwave radiation the Malevsky et al. (1 992) scheme is based on oceanic measurements only, in contrast 
with Efimova (1961), Budyko (1974) and Elsasser (1942). Malevsky et al. (1992) suggest using the following 
formulae: 

R I W  =e{a$--Eo(l +kin:)[l +kz(n: - n : ) ] } ,  (6) 

if both total and low cloudiness are available, and 

if only low cloudiness is available. In equations (6) and (7) Tw is sea surface temperature (SST) in Kelvins, 
cloudiness is in portions of unity, d is the Stefan-Boltpnann constant, and L is effective emissivity, combining the 
emissivity of the ocean surface and longwave albedo, which are not equal generally. Malevsky found L = 0.9 1. EO 
is the atmospheric emission without cloudiness: 

Eo = 1*026T~10-'0*541. (8) 

(9) 

Coefficients ko, kl, and kz take into account the influence of clouds on the atmospheric longwave radiation: 

ko = P o ,  - Eo>/Eo, kl = (El, - Eo)/Eo, k2 = (E2, - Eo)/Eo, 
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where: 

Eo, = 0.928 T: - 0.397, Eo2 = 0.921 T: - 0.385, 
Eo, = 0.964 T: lo-’ - 0.448. 

Again, if estimates are based on the monthly mean temperatures and cloudiness, an additional coefficient /? 
should be included into the right-hand side of equations (6) and (7), substituting BE0 for Eo. This coefficient is 
given by: 

/? = (1 + 0*42hnt( 1 - nt))/( 1 + k&). (1 1) 
Bunker (1 976) and Isemer and Hasse (1 987) used the Efimova method with the cloud exponent equal to 1, and 
found it to be more close to reality than the Elsasser (1942) scheme. In comparison with Efimova (1961), the 
Malevsky values are higher for small cloudiness and lower for complete cloudiness. The highest differences are 
obtained for cloud cover from 0-2 to 0.4 and low air temperatures. Averaging over all cloudiness and air 
temperatures gives an overestimation for Malevsky et al. (1992) in comparison with Efimova (1961) by about 
3 w m-2. 

To calculate values of sensible heat flux, QH, and latent heat flux, &, the bulk aerodynamic formulae were used 
in the following form: 

where 6T = T, - Ta, 6e = eo - e,, eo is saturation vapour pressure, connected with T,, V is wind speed, pa is air 
density, Cp is specific heat of air at constant pressure, L is the latent heat of evaporation, and CT and CE are the 
transfer coefficients. These coefficients were determined by the Ariel et al. (1981) scheme, based on the semi- 
empirical model of the marine atmospheric surface layer and the Monin-Obdchov similarity theory. These 
coefficients depend on wind speed and stability and vary in the range from This approach is 
close to the Liu et al. (1979) method, frequently used by many authors. A comparison of these two methods is 
given in Gulev (1 994). Blanc (1985) compared a number of different schemes and found a large range of scheme- 
to-scheme variations of transfer coefficients. In many studies (Weare et al., 198 1 ; Hsiung, 1986; Hsiung et al., 
1989; Bottomley et al., 1990; Cayan, 1992a,b,c), Bunker’s (1 976) coefficients were used. Isemer and Hasse (1 987) 
studied Bunker’s coefficients and found it necessary to reduce them by 13 and 17 per cent respectively for latent 
and sensible fluxes. Later, Isemer et al. (1989) critically examined fluxes over the North Atlantic to anive at 
reasonable values of MHT, which are close to those obtained from oceanic cross-sections. His final solution was 
lower than the original Bunker (1 976) coefficients, but higher than Isemer and Hasse’s (1 987) reduction without 
oceanographic constraints. There is other evidence, based on different sources (Schmitt et al., 1989), that the 
original Bunker coefficients are too high. Esbensen and Kushnir used for their climatology the Liu et al. (1 979) 
parameterization, and Oberhuber (1 988) calculated fluxes using the Large and Pond (1 98 1, 1982) scheme, which 
previously had been adjusted by empirically increasing the Charnock constant. Jones et al. (1 993) used Smith’s 
(1988) scheme, which physically is very well based, but at the same time could be hardly applied to climatological 
studies owing to the remarkable underestimation of fluxes under high and moderate winds. Figure 1 shows a 
comparison of the schemes referred to. We have included Bunker’s (1976) results, usually considered to be ‘too 
high’ and Smith’s (1988) coefficients, considered to be ‘rather small’ so as to indicate the range of scheme-to- 
scheme variations. The Liu et al. (1979) coefficient in Figure 1 is computed for the Kondo (1975) neutral drag 
coefficient, although other neutral dependencies (Smith, 1980; Large and Pond, 1981) are possible (Liu and Blanc, 
1984). The Ariel et al. (1981) scheme is close to the Isemer et al. (1989) coefficients, although it underpredicts 
them at high wind speed. The same relations are evident for latent heat. Later we will discuss the importance of the 
use of different schemes for MHT estimates. 

Space-time averaging effects pose a problem for climatological parameterizations, connected with the non- 
linearity of equation (12) (differences between so-called ‘sampling’ and ‘classical’ methods of flux estimates). 
There are many studies concerned with this problem (Kondo, 1972; Esbensen and Reynolds, 1981; Marsden and 
Pond, 1983; Hanava and Toba, 1987; Gulev and Ukrainsky, 1989; Simmonds and Dix, 1989; Gulev, 1994). 

to 2 x 
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Figure 1. Comparison of different schemes for the transfer coefficient of sensible heat. B, Bunker (1976); IH, Isemer and Hasse (1987); A, Ariel 
et al. (1981); LKB, Liu ef 01. (1979); S, Smith (1988). Upper line (in each set of three lines) is for ST = 34°C. middle line is for neutral sbatifi- 

cation, bottom line is for ST = -1°C 

Interested readers can find a list of references in Gulev (1994). We used the parameterization of intramonthly 
averaging from Gulev (1 994) where suggested correction coefficients depended on wind speed and stability. The 
COADS 'derived variables' can partially take averaging effects into account. For example, Cayan (1992a,b,c) used 
these variables. Nevertheless this does not make it possible to avoid the problem completely, because for many 
parameterizations covariances of coefficients with variables are rather high (Esbensen and Reynolds, 1981; 
Simmonds and Dix, 1989; Gulev, 1994). Covariances (6W) and ( 6 e V )  give different contributions to 
estimates of fluxes, computed by different methods (Gulev, 1994). Thus, if different parameterizations are 
compared, there is no way of knowing which estimate, if any, is correct. We therefore used original variables and 
the Gulev (1994) parameterization of averaging effects. 

4. RESULTS 

4.1. Comparison of direrent data sets 

Firstly we turn our attention to the comparison of meteorological variables from different data sets in order to 
estimate possible set-to-set differences in fluxes and MHT. Figure 2 shows the differences between climatological 
means of sea-air temperature differences, scalar wind speed, and total cloudiness, taken from COADS and SNMC 
data for the period 1957-1979 (overlapping of two data sets). Values from COADS are 0.3 to 0~8°C higher for sea- 
air temperature differences in the Gulf Stream area and Newfoundland Basin. In the tropics COADS 6T values are 
also higher, although differences are within 0.3"C. In the subtropics and most of the mid-latitudes, SNMC 6T 
slightly overpredicts those taken from COADS. Isemer et al. (1989), following Taylor (1985), found 0.2"C as an 
appropriate uncertainty of ST and took this value as a possible range of 6T changes for his examination. At the 
same time, Shea et al. (1992) and Reynolds and Roberts (1987) obtained from 1 to 3°C differences between two 
data sets in the Gulf Stream area only for SST. The COADS scalar wind (Figure 2b) overestimates SNMC wind in 
the north-west Atlantic and high latitudes, although the SNMC wind is higher in the tropics and subtropics. The 
highest positive differences are obtained in the subtropics, ranging from 0.3 to 0-6 m s-' . Note that both COADS 
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Figure 2. Differences of annual means of sea-air temjxratm differences in "C (a), scalar wind speed in m s-I (b), and cloud cover in per cent 
x lo-' (c) between COADS and the SNMC data set 
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and the SNMC data set used the WMO (1970) Beaufort scale. Isemer and Hasse (1985, 1987), using Kaufeld's 
(1981) correction of the Beaufort scale, obtained a 2 m s-I increase of climatological means in the subtropics on 
the basis of Bunker's data. Recently, Isemer and Lindau (pers. corn . )  found these values to be too high. 
Differences in total cloudiness are given in Figure 2(c). Most of the differences are within 3 per cent of cloud cover 
(0.24 for octa model), which would not be considered significant. Recently Weare (1993) compared COADS 
cloudiness with the ISCCP data set and found the latter to be higher, from 5 to 10 per cent, Over all the North 
Atlantic. To summarize, we can determine that the differences obtained of the variables are comparable and 
sometimes even lower than those obtained by comparisons with other climatologies. 

To compare ocean-atmosphere exchange parameters, COADS variables for the overlapping period (1957-1979) 
were averaged on to 5" by 5" boxes, as in the SNMC data set, in order to avoid an inadequate spacetime averaging 
impact on the estimates. We used the Malevsky et al. (1 992) scheme for radiation fluxes and the Ariel et al. (1 98 1) 
scheme for turbulent fluxes. Comparison of shortwave radiation and net radiation, computed from the COADS and 
SNMC data, gives good agreement, although radiation fluxes from COADS are slightly higher. A seasonal 
progression of zonal differences in radiation fluxes between the two data sets (Figure 3) demonstrates the highest 
disagreement to be in mid-latitudes in summa, from 10 to 15 W m-2, and the best agreement to be in the tropics 
during winter and spring. Longwave radiation is also slightly higher in COADS (Figure 3) and compensates 
differences in shortwave radiation. Thus net radiation fluxes indicate the largest differences, ranging from 5 to 
10 W m-2 in summer. Seasonal progression of zonal averages of differences in sensible and latent heat fluxes is 
shown in Figure 3. Higher fluxes are indicated for COADS in mid-latitudes during winter and late autumn for both 
sensible and latent fluxes and another maximum of positive differences for the sensible flux is found in high 
latitudes for winter months. In the subtropics and tropics COADS values of latent heat flux are mostly smaller than 
those obtained from SNMC. The highest differences, in winter and autumn, vary from 10 to 20 W m-2. 
Differences in the net sea-air flux are connected mostly with patterns of turbulent fluxes and indicate larger 
negative values for COADS in mid-latitudes, and the opposite tendency in the tropics and subtropics. For the net 
sea-air heat flux (Figure 4) the highest differences are obtained in mid-latitudes in the Gulf Stream area and the 
Newfoundland Basin. Taking into account higher sea-air temperature differences and wind speeds (Figure 2) this 
was expected. Actually COADS indicates a maximum, connected with the Gulf Stream, from 200 to 400 km north 
of that obtained in SNMC. In Isemer and Hasse (1 987) this maximum is also shifted to the south, closer to the 
location indicated by SNMC data. The location of the zero heat flux line, which is an important indicator (Hasse 
and Isemer, 1986; Simonot and LeTreut, 1987), is significantly shifted to the north in COADS, compared with that 
obtained from SNMC data. Figure 5 shows zonal climatic means of all fluxes, calculated from both data sets. The 
COADS net radiation is from 1 to 5 W m-2 higher everywhere, except for a near-equatorial minimum, which is 
more pronounced in COADS. The COADS turbulent fluxes indicate higher values north of 35"N and smaller 
values in the subtropics and tropics. The highest disagreement in the net sea-air heat flux is obtained in mid- 
latitudes, where differences range from 10 to 20 W m-2. 

To calculate oceanic MHT we integrated net sea-air heat fluxes, H, from 70"N to the Equator: 

where HO is the boundary condition, equal to MHT at 70"N. In many studies HO is taken from Aagaard and 
Greismann (1975), and equal 0.107 PW (petawatts, or Wattsx 10ls). There is some evidence that their estimate is 
too small. Dooley and Meincke (1981) found higher transport by the East Greenland Current. We used Ho, 
obtained from the heat balance of the Arctic Ocean (Gulev and Tikhonov, 1989), which is based on interannual 
variability of sea-ice cover (Walsh and Johnson, 1979; Zakharov, 1984) and meteorological information from the 
Arctic Basin. After Gulev and Tikhonov (1989), HO is equal 0.275 PW and varies from 0.2 to 0.34 PW. Figure 6 
shows climatological curves of MHT in the North Atlantic for the period 1957-1979, calculated from COADS and 
the SNMC data set. We find an agreement of both estimates with earlier MHT calculations (Hastenrath, 1982; 
Lamb and Bunker, 1982; Talley, 1984; Hsiung, 1986; Hsiung et al., 1989; Isemer et al., 1989), as well as with the 
oceanographic estimates of Bryan (1962), Hall and Bryden (1982), Roemmich (1980), Wunsch (1980), and 
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Figure 3. Annual progression of differences between sea-air fluxes, computed from the COADS and the SNMC data set for the period 1957- 
1979. Positive net sea-air heat flux is directed from the atmosphere to the ocean 
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Roemmich and Wunsch (1985). The estimate of Rag0 and Rossby (1987) equal 1.38 PW at 32"N, appears to be 
higher than our results. Isemer et al. (1989) in a critical examination found the solution, adjusted simultaneously to 
this estimate and to 1.2 PW at 25"N (Jung, 1952; Wunsch, 1980; Hall and Bryden, 1982; Molinary et al. 1990), to 
be physically unreasonable, owing to the necessity to change transfer coefficients within the range of 100 per cent. 
Our belief is that an extended debate on the agreement between different estimates of MHT is not very productive. 
Now we can state that the two different data sets, with the use of identical parameterizations, give differences in 
MHTwithin the range of known estimates. Due to integration, higher COADS heat fluxes in high and mid-latitudes 
increase this difference from the north to the south to reach a highest disagreement of about 0.2 PW at 35"N. 
Southward from 35"N, higher SNMC sea-air fluxes overcompensate for this disagreement, and southward of 15"N 
we have practically identical values of MHT from both data sets. Cross-equatorial transport is equal 1.2 PW. In 
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Figure 5. Zonal annual means of sea-air fluxes, computed from the COADS (solid lines) and the SNMC data set (dashed lines) for the period 
1957-1979. Positive sea-air heat fluxes are directed from the atmosphere to the ocean 

latitude 
Figure 6. Meridional heat transport, computed from the COADS (solid line) and the SNMC data set (dashed line) for the period 1957-1979 

relation to COADS, the SNMC data set appears to be more comparable with Bunker's data, used by Isemer and 
Hasse (1985, 1987). We made indirect comparison of COADS with Bunker's data set by way of an application of a 
combination of schemes from Isemer et al. (1989) to COADS data for the period 1948-1972 (Bunker's data 
formally cover the period 1941-1972, but the number of data before 1948 is limited). FORTRAN routines for 
calculations of shortwave radiation were presented by H.-J. Isemer. The COADS MHT is from 0.1 to 0.15 PW 
higher than the Isemer et al. (1989) MHT in high and mid-latitudes. Compensation in the tropics gives good 
agreement between the two data sets by 20"N. Lamb and Bunker (1 982) also give an example for comparison with 
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the MHT estimates of the two data sets, if only in the tropics. Originally Bunker's data were compared with the 
Hastenrath and Lamb (1978) climatology for the tropics. The differences obtained range from 0.1 PW at 20"N to 
0.25 PW at the Equator. 

4.2. Comparison of the use of direrent pammeterizations 

To estimate the impact of different schemes on the MHT estimates we used the COADS for the period 1950- 
1979. In order to arrive at the highest and the lowest MHT and to obtain the possible range of scheme-to-scheme 
variability of the estimates, we applied two combinations of parameterizations. Firstly we calculated heat fluxes 
after Smith (1988), which would significantly underestimate turbulent fluxes (Figure 1). The E h o v a  (1961) 
scheme for longwave radiation, which gives lower values than the others, was used to abate ocean heat gains by 
infrared emission. Shortwave radiation is suggested in this case to be high, so we used the Malevsky et al. (1992) 
parameterization. The boundary condition at 70"N for this case has been taken from Aagaard and Greismann 
(1 975). In another experiment, aimed at the overestimation of net sea-air fluxes, we took the unrevised version of 
Bunker's (1976) transfer coefficients, which are higher than the others (Figure 1). The Malevsky et al. (1992) 
longwave radiation scheme has been merged with the Reed (1977) scheme for shortwave radiation. The latter gives 
generally smaller values than Malevsky et al. (1992). We used, respectively, the original Payne's (1 972) and Girduk 
et al.3 (1985) albedo calculations to upgrade and to abate reflected shortwave radiation. In the second experiment, 
HO was equal to 0.275 PW, after Gulev and Tikhonov (1989), which also is higher than the Aagaard and 
Greismann (1 975) estimate. 

Results of two 'critical' calculations are shown in Figure 7. Differences in net sea-air heat fluxes range from 
30 W m-2 in high latitudes to more than 50 W m-2 in mid-latitudes and the tropics. In the first experiment we 
obtained 0-5 PW as a maximum of MHT, located at 35"N, and negative MHT at the Equator. A second experiment 
gives an MHT of about 2.2 PW at the Equator and more than 1 PW at 40"N. Thus we have a very wide range of 
scheme-to-scheme variability, which overlaps practically all known estimates of MHT in the North Atlantic. Isemer 
(1987) made a similar examination comparing the Bunker data h m  1941 to 1972 with a large number of schemes. 
He also arrived at a value of 2.2 PW, as possibly the highest MHT, at the Equator, but obtained southward transport 
at 20"N using Reed's (1977) scheme for shortwave radiation and a strong reduction in Bunker's coefficients. We 
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Figure 7. Net sea-air heat flux (a), and meridional heat transport @I), computed from COADS for the period 1950-1979 with the use of different 
combinations of schemes '1' and '2' (see explanations in text) 
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note here that he integrated MHT from 65”N, that systematically underestimates MHT values from 0.07 to 
0.15 PW. So the range obtained is not the largest possible. The Blanc (1985), Reed (1977, 1982), Dobson and 
Smith (1 988, 1989), and Niekamp (1 992) comparisons of different schemes for terms in equation (1) provide even 
more remarkable variations. We now realize from the differences shown in Figure 7 and the results of Isemer 
(1987) that with our present knowledge about sea-air exchange processes discussions on differences between 
climatological estimates of MHT are not very productive. 

4.3. Comparison with uncertainties 

There are a number of sources of error in every term of equation (1). Cayan (1992a) made a detailed 
investigation of the errors, although he did not work with climatological means and MHT, and avoided a 
number of non-random errors by removing climatological means. To estimate random observational error Cayan 
used the method of Weare (1 989), based on Monte-Carlo generation of random errors in observations. Appropriate 
ranges of generation can be taken from Taylor (1985) or Kent et al. (1993). Cayan (1992a) found errors to be 
strongly connected with the number of samples. For 100 observations per month the highest values range from 7 to 
10 W m-2 for latent heat and are equal to about 2.5 W m-2 for sensible heat. The influence of inadequate 
sampling was considered by Husby (1980), Weare and Strub (1981), Gilhousen (1987), Legler (1991), Cayan 
(1992a) and others. Individual sampling errors are rather high, but averaging reduces them to a few W m-2, if the 
number of samples is higher than 100 (Cayan, 1992a). For climatological means the number of observations is 
much higher than 100. 

Accuracy of the bulk method and uncertainties in transfer coefficients were considered by Blanc (1985, 1987), 
Isemer et al. (1989) and others. Some authors of schemes give their own estimates of accuracy. Uncertainties of 
many methods depend on the choice of Charnock constant, which varies (after Smith (1988)) from 0.01 1 to 0.01 8, 
and provides from 5 to 10 per cent variations in coefficients. For the Ariel et al. (1 98 1) scheme we adopt, after 
Bortkovsky (1 983), 8 per cent for CE and 1 1 per cent for CT. Isemer et al. (1 989) found 12 and 24 per cent as the 
possible uncertainties of Bunker’s CE and CT coefficients, respectively. Uncertainty related to the bulk-method 
formulae correction for the use of monthly mean parameters is within 15 per cent of the differences between the 
‘sampling’ and ‘classical’ methods (Gulev, 1994). This produces values of 3 to 8 per cent for monthly mean 
sensible fluxes and even lower percentages for latent flux. Niekamp (1 992) indicates from 3 to 15 per cent non- 
random errors for Malevsky et al.’s (1992) scheme for short-wave radiation. For random errors we adopt the 
Malevsky estimate of about 5 per cent for monthly mean values. Reed (1977) indicated accuracy to 10 per cent for 
his method, which was adopted by Isemer et al. (1989) as an appropriate value for variations of atmospheric 
transmission. The accuracy for longwave radiation in the scheme of Malevsky et al. (1 992) ranges from 2 to 6 per 
cent. There is an additional uncertainty relating to the f l  coefficient in equation (1 1) of about 20 per cent, and is 
required because of adjustments necessary with the use of monthly mean parameters. This uncertainty is 
adequately accounted for by 1 to 3 per cent of longwave radiation values. A study by Curry and Ebert (1992) 
indicates that in high latitudes there are greater uncertainties with regard to atmospheric longwave radiation, so we 
adopted double the error values of Malevsky et al.’s (1 992) scheme for north of 55”N. Girduk et al. (1985) did not 
report the instrumental error for their albedo values, providing only the r.m.s. errors, ranging from 2 to 5 per cent. 
We adopted Payne’s ( 1972) instrumental uncertainty of about 1 per cent together with the r.m.s. error. Payne (1 972) 
reports about 7 per cent for his albedo values at all locations except in the high latitudes, where the accuracy 
decreases significantly. For the accuracy of MHT at 70”N we have adopted 20 per cent, as suggested in Gulev and 
Tikhonov (1 989). Aagaard and Greismann (1 975) did not estimate directly the accuracy of their value of 0.107 PW, 
but it can be assumed to be within 0.03405 PW. 

Zonal averages of the integral uncertainties of the net sea-air fluxes are shown in Figure 8(a). We obtained 
higher uncertainties in high latitudes because of the decreasing accuracy of albedo, longwave radiation and sensible 
heat flux values. A maximum of uncertainty of about 20 W rn-’ is connected with the tropics. For comparison we 
display in Figure 8(a) the uncertainties of Lamb and Bunker’s (1 982) calculations and those found by Isemer et al. 
(1989). The latitudinal dependence of the uncertainty is comparable with that of Isemer et al. (1989). Note here that 
the Isemer et al. (1989) estimate is based on a check of the six most important parameters, however, his error 
bounds must be considered as possibly the widest for the variables selected. Recently, Glecker et al. (1994), 
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Figure 8. Uncertainties of net sea-air heat flux (a), and meridional heat transport (b), for this study, lsemer et al. (1989) (IWH), and Lamb and 

Bunker (1 982) (LB) 

comparing different models, obtained values from 15 to 35 W m-' for zonal observational error of the net sea-air 
fluxes. Figure 8(b) shows the cumulative error of MHT after integration from the north to the south. Isemer et al. 
(1989) integrated MHT from 65"N, so we do expect underestimation of his uncertainty at all locations by about 
0.1 PW. Despite differences in Figure 8(a), cumulative curves indicate comparable values up to 30"N, where we 
can take 0.3 f 0.05 PW as reasonable for the uncertainty of the climatological MHT. At the Equator 
uncertainties increase sharply and are equal 0.74 PW, which is higher than the 0.5 PW of Lamb and Bunker 
(1982), but lower than the 0.9 PW of Isemer et al. (1989). Talley (1984) found that for the Pacific Ocean an 
uncertainty of about 10 W m-' (Lamb and Bunker, 1982) leads to 1.5 PW of cumulative error at the Equator, and 
20 W m-' (Isemer et al., 1989) provides an error up to 3 PW for cross-equatorial MHT. Oceanographic estimates 
have also been the subject of error checks. Rag0 and Rossby (1987) report 0.19 PW as an error value at 32"N. Hall 
and Bryden (1982) indicated errors of 0.32 PW at 25"N. Molinary et al. (1990) gave 0.34 PW at 27"N. 
Oceanographic estimates of uncertainties are from two to four times smaller than those taken from heat-flux 
calculations. This fact has been used by Isemer et al. (1989) for inverse calculations of MHT in order to adjust 
large-scale fluxes to estimates of MHT at hydrological sections, being, nevertheless, within the range of 
uncertainties of fluxes calculations. According to Isemer et al. (1989) the main contribution comes from the 
transfer coefficient for latent heat flux. 

Now we can compare our error estimates with the set-to-set and scheme-to-scheme variations obtained (Figures 
6-8). Differences in the net sea-air fluxes between data sets closely match uncertainties everywhere, or even 
slightly overpredict them in mid-latitudes. For MHT, set-to-set differences are within the bounds of uncertainties 
because of overcompensation of positive differences in high latitudes and negative differences in the tropics. In 
consideration of the scheme-to-scheme variations we can point out that uncertainties related to the net sea-air 
fluxes and in MHT, considerably underpredict the differences obtained owing to the use of different 
parameterizations. Taking into account that for this examination we used the same data set, comparison of 
curves 1 and 2 in Figure 7 indicates smaller uncertainties than those indicated in Figure 8. In order to obtain the 
uncertainties, comparable with scheme-to-scheme variations, we should use the range of possible variations of 
parameters, but this has been found by Isemer ef al. (1 989) to be unreasonable. Comparing Figures 7 and 8 we can 
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comprehend the hopeless situation that arises with the heat-balance approach for producing any reasonable 
climatological estimate of MHT that can be considered with confidence. Isemer et al. (1 989) provide an approach, 
based on oceanographic constraints, that has smaller uncertainties and smaller differences between the methods of 
calculation (Bryan, 1962; Wunsch, 1980; Hall and Bryden, 1982). This approach appears to be very attractive for 
obtaining a relatively confident climatology of MHT. Nevertheless, it is difficult to apply this approach to long- 
term variability of heat fluxes and MHT, because even WOCE cannot provide us with a sufficient number of direct 
observations for an interdecadal perspective. At the same time meteorological data for the last several decades 
provide nearly complete coverage of the North Atlantic for individual months. 

4.4. Long-term variability of sea-air j l u e s  

To study long-term variations in sea-air exchange we first estimated whether different data sets and different 
parameterizations indicate the same changes or not. An important question is the reliability of interdecadal trends 
in the fluxes and their possible relations to trends in COADS winds. During recent years there has been 
considerable debate about the matter of long-term wind-speed trends indicated by COADS, ranging from 0.1 to 
0.5 m s-l per decade, with local maxima in the tropics and in the Norwegian Sea (Ramage, 1984; Peterson and 
Hasse, 1987; Cardone et al., 1990; Lindau et al., 1990; Isemer and Hasse, 1991; Ward, 1992, 1993; Isemer, 1995; 
Isemer and Lindau, 1995). Calculations of wind trends from the SNMC data set give trends that are approximately 
1.5 times lower than those obtained from COADS. The SNMC data also indicates negative or insignificant trends 
in mid-latitudes. The reliability of these trends is still under question for many reasons. Isemer (1995) made a 
comprehensive comparison of COADS winds with measurements on OWS and calculated that COADS wind 
trends are in disagreement with those taken from OWS and should be significantly reduced after accurate 
application of the Beaufort scale and carell consideration of individual sampling statistics. Folland et al. (1 992) 
discuss the possible influence of this problem on evaporation trends. 

Figure 9 shows year-to-year variability of zonal means net radiation, latent heat flux, and net seaair heat flux at 
four latitudes in the North Atlantic. The COADS gives higher values of latent and net sea-air heat fluxes in high 
and mid-latitudes and there is an opposite tendency in the tropics and subtropics, where fluxes from SNMC data 
are higher than those from COADS. The COADS net radiation is slightly higher than fiom SNMC data 
everywhere. If we consider year-to-year changes there is a visible increase of heat fluxes in the 1960s compared 
with the 1950s in the tropics and subtropics. At 30"N, the COADS indicates positive net sea-air fluxes until 1957, 
which are negative in 1960s. At high latitudes the fluxes have a tendency to decrease from the 1950s to the 1960s. 
The smallest interdecadal changes are obtained for mid-latitudes. If we compare the 1970s with the 1980s on the 
basis of the SNMC data there is a considerable increase of sea-air exchange in high latitudes and a decrease in low 
latitudes. Folland et al. (1 992) indicated generally positive trends of evaporation in 1980s. Our estimates, based on 
COADS, give the same. The SNMC data show this tendency only after 1984 and indicate downward changes before 
1984. Generally, COADS Release 1 and SNMC data indicate an agreement of variability patterns within the period 
1957-1979. At the same time, variability patterns taken from COADS Release l a  and SNMC data for the 1980s 
are quite different from each other. Figure 10 shows year-to-year anomalies of the sum of sensible and latent fluxes 
from COADS and SNMC data sets. Anomalies were computed in relation to the period 1957-1979, which gives 
the same reference level for both data sets. We can observe very comparable changes in both data sets. Different 
latitudes show opposite tendencies between the 1950s and 1960s (from both data sets) and between the 1970s and 
1980s (from SNMC data). We have computed net sea-air heat fluxes integrated over three latitudinal belts: 45- 
7WN, 2545", and 0-25"N. Figure 11 shows results, combined from COADS Release 1 (1950-1979), COADS 
Release la (1980-1992), and SNMC (1980-1990) in the form of anomalies, for the periods 1950-1992 and 1957- 
1990, respectively, for both the COADS releases and the SNMC data. Short-term Variations with periods less than 3 
years are filtered out in Figure 1 1. Changes in heat balance between the 1950s and 1960s have an opposite 
tendency north and south of 4WN, and show, respectively, a decrease and increase of the net sea-air flux. In 1960s 
and 1970s the behaviour of the heat balance is more correlated between the different belts, although in the mid- 
1970s there are opposite changes between equatorial regions and the subtropics, but only of small magnitude. The 
1980s compared with the 1970s from SNMC data indicates decreasing heat losses in the tropics and increases in 
high latitudes. The COADS Release 1 a demonstrates in the 1980s an increase of the net s e a 4  fluxes everywhere. 
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Figure 9. Year-to-year variability of different oceanstmosphere fluxes at four latitudes, computed h m  the COADS (solid lines) and the SNMC 

data set (dashed lines) 

To estimate interdecadal changes in sea-air interaction we computed differences of fluxes between the 1960s and 
1950s and between the 1970s and 1960s (from COADS Release l), and between the 1980s and 1970s (from 
COADS Release 1 a and SNMC data). Differences (( 1970-1 979) minus (1 960-1 969)) also were calculated from 
SNMC data (not displayed here) and indicate a high correlation with those obtained from COADS Release 1. 
Figure 12 shows most remarkable maps of changes for different fluxes and Figure 13 demonstrates zonal averages 
of interdecadal differences. Changes in radiation fluxes are rather small compared with turbulent fluxes. The only 
significant differences in maxima, ranging from 6 to 10 W m-2, are obtained between the 1970s and 1980s in the 
tropics and subtropics for shortwave radiation. It is evident that interdecadal variations of ocean heat balance are 
mostly connected with changes in & and &. Considering the decades 1950-1959 and 1960-1969, we find a 
strong decrease of the net sea-air heat flux in the tropics and subtropics and a visible increase in high latitudes. 
Changes south of 40"N are determined by latent heat flux. In high latitudes the sensible flux also makes a 
considerable contribution in the north-west and north-east Atlantic. The most significant decrease of net sea-air 
fluxes (or increase of latent and sensible fluxes) is obtained in the Gulf Stream area and in mid-ocean tropical and 
subtropical regions. Thus, for the 1960s compared with the 1950s a much stronger gradient of ocean surface heat 
balance from the south to the north is indicated. There are no such remarkable changes in fluxes between the 1960s 



SEA-AIR HEAT TRANSFER 84 1 

GO 

8 40 a 
2 - 

20 

n 
" 50 55 60 (55 70 75 80 85 90 

- 50 55 60 G5 70 75 85 90 
y e a r  

Figure 10. Anomalies of sensible plus latent heat fluxes, computed from the COADS and the SNMC data in relation to the period 1957-1979 
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Figure 1 I .  Smoothed anomalies of the net sea-air heat flux for 1950-1992 (a), and 1957-1990 (b), combined from COADS Release 1 (1950- 
1979), COADS Release la (1980-1992), and the SNMC data set (1980-1990) for latitudinal belts 45-70"N (dashed line), 2545"N (thin line) 

and 0-25"N (bold line) 
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Figure 12. Differences in sensible heat flux (a) and net --air heat flux (b) between the 1960s and 19509, computed from COADS, and 
differences in latent heat flux betwem the 1980s and 1970s, computed from SNMC data set (c). In this figure positive differences in sea-air 

heat fluxes correspond to the increase of ocean heat losses from the earlier decade to the later decade 

and 1970s (Figure 13), indicating that between the 1960s and 1970s the meridional gradient of sea-air exchange 
did not change significantly, as it did between the 1950s and 1960s. Subtraction of fluxes for the period 1970-1979 
from the later decade 1980-1989 (Figures 12 and 13), at least for the SNMC data, indicates tendency opposite to 
those found for changes from the 1950s to 1960s. Decreasing fluxes in the tropics and subtropics and upward 
changes in sea-air exchange in high latitudes forced the meridional gradient of the net sea-air flux to become 
smaller in 1980s compared with the 1970s, nearly to those values obtained in the 1950s. The COADS Release la  
(1980-1989) indicates increasing if turbulent fluxes over the North Atlantic compared with the 1970s data from 
COADS Release 1. This comparison also gives higher differences in the tropics, then in mid-latitudes, and partially 
supports the decreasing meridional gnubent of sea-air fluxes from the 1970s to 1980s. 

If we obtain such strong interdecadal variations in sea-air exchange with different tendencies in different 
latitudes, we should expect remarkable changes in MHT. Using formula (1 3) for MHT we suggest that Ocean heat 
storage changes are negligible, which is reasonable for climatological means, based on a period of more than 30 
years. For the annual cycle of MHT (Lamb and Bunker, 1982; Hsiung et al., 1989), oceanic heat storage changes 
make a significant contribution to the divergence of the ocean heat flux. Interannual rates of the heat storage are 
smaller than for annual cycle, although there is no evidence that we can neglect their role compared with variability 
of surface fluxes. Levitus (1989a,b,c) obtained significant temperature differences comparing the pentads 1954- 
1959 and 1970-1979. At the same time, Lamb and Bunker (1982) used decadal averaging to compute the 
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Figure 13. Zonal differences in turbulent fluxes, and net sea-air heat flux between different decades, computed from COADS Release 1 ((1960- 
1969) minus (1950-1959)) (a) and ((1970-1979) minus (1960-1969)) @), COADS Release la  ((1980-1989) minus (1970-1979)) (d), and 
SNMC data ((1980-1989) minus (1970-1979)) (c). In this figure positive differences in sea-air heat fluxes correspond to the increase of ocean 

heat losm from the earlier decade to the later decade 

climatological annual cycle of heat storage change. Hsiung et al. (1989) formally used a longer period, but the 
majority of data were collected over approximately 15 years. There are several calculations of MHT for periods of 
several years or even for individual years (Simonot and Treut, 1987). We compute MHT estimates for decadal 
averaging but note that interpretation can be done with accuracy for interdecadal heat storage change. Figure 14 
shows MHT estimates for every decade mentioned above, computed from COADS and SNMC data. We used for 
these calculations of Ho, which also varied from decade to decade (Gulev and Tilchonov, 1989). For the decade 
1950-1959, MHT is small in low latitudes and transequatorial transport is estimated at 0-7 PW. The maximum is 
shifted to 30"N compared with the climatological average. North of 30"N, MHT for 1950-1959 is relatively high. 
For the 1960s and 1970s we observe significant changes of MHT compared with the 1950s. Due to the higher 
turbulent fluxes in the tropics (Figure 13), MHT in low latitudes becomes larger, from 0.2 to 0.5 PW. The opposite 
tendency appears in mid- and high latitudes, where MHT becomes smaller than in the 50s with values from 
0.5 PW to 0.6 PW between 40"N and 50"N. The most considerable changes of MHT between the 1950s and 
1960s, from 1 PW to 0.65 PW, appear between 35"N and 42"N. Figure 14 shows computations of MHT for the 
decades 1970-1979 and 1980-1989 from SNMC data. Despite general differences between SNMC and COADS 
MHT curves (higher MHT from COADS in high and mid-latitudes and smaller values in the tropics and 
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subtropics), if we compared MHT for 1970-1979 with 1980-1989 from SNMC data, we observe the opposite 
tendency to those obtained between the 1950s and 1960s from COADS. The MHT becomes higher in high and 
mid-latitudes and smaller in the tropics and subtropics. The maximum has a tendency to be shifted to the north, 
although the differences obtained for these two decades are not so pronounced as those between the 1950s and 
1960s. Computation of MHT for the 1980s from COADS Release 1 a give very high values (more than 1.7 PW in 
the equatorial area), which are hard to accept with confidence (Figure 14), and indicate that problems still exist 
with the application of this very recent release for long-term climatological studies. 
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Figure 14. Decadal MHT curves for the periods 1950-1959,1960-1969,1970-1979, and 1980-1989, computed from COADS Releases 1 and 

la (a), and for the periods 1970-1979 and 1980-1989, computed from SNMC data (b) 
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Figure 15. Non-dimensional MHT curves for the same period as in Figure 14 

To indicate the most remarkable differences in decadal MHT estimates we calculated non-dimensional MHT 
curves as: 

where angle brackets indicate a non-dimensional estimate at latitude 4, computed from the MHT estimate at the 
same 4, normalized in the range between 0 (Ho) and 1 (MHT,,). Figure 15 shows these non-dimensional curves. 
We find the most apparent differences in mid-latitudes, where MHT for the 1960s and 1970s decrease more sharply 
than in the 1950s. Therefore, we can describe the appearance of two regimes of MHT in the North Atlantic. The 
first is connected with the maximum, shifted to the north, and relatively low values in the tropics, which is 
determined by a relatively weak ocean-atmosphere exchange in low latitudes and higher sea-air fluxes in the north. 
Another appears to result from strong ocean-to-atmosphere fluxes in the tropics and subtropics and relatively weak 
fluxes in high latitudes. This regime is characterized by a relatively narrow but remarkable plateau between 40"N 
and 50"N. To provide the more remarkable examples of the differences obtained we chose those periods when 
profiles of MHT for individual years are very close to one of these types and also close to each other. In Figure 16 
individual and mean profiles of MHT in absolute and normalized forms are shown for 195&1955,196&1970, and 
1973-1977. In the early 1950s the processes found for the 1950s overall are more pronounced. Some individual 
years indicate nearly zero crossequatorial MHT. The periods of 1964-1970 and 1973-1 977 demonstrate significant 
northward MHT at the Equator and a plateau in mid-latitudes. Non-dimensional MHT values between 40"N and 
50"N give from 60 to 80 per cent of the maximum value for the 1950s and about 30 per cent for the period from 
1960 to 1979. For SNMC data these estimates give 25 and from 40 to 45 per cent, respectively, for the 1970s and 
1980s. 

5. DISCUSSION 

Oceanographic studies indicate sigdicant interdecadal changes of the North Atlantic thermohaline properties, 
which could be associated with convective activity. Levitus (1 989a,b,c) found considerable cooling in the main 
thermocline of the subtropical Atlantic between the late 1950s and early 1970s. Greatbatch et al. (1 99 l), with the 
use of a diagnostic model, showed a weakening of the Gulf Stream by about 30 Sv between these pentads. Later, 
Greatbatch and Xu (1993) found evidence for that from oceanographic MHT estimates. The 'Great Salinity 
Anomaly' from the mid-1960s to late 1970s (Dickson et al., 1988; Lazier, 1988), can be considered as one of the 



846 

I 

1950.1955 

S. K. GULEV 

1964-1970 1973-1597 

1950.1955 

1 
6 0 4 0 2 0 0  

o r  ' 

6 0 4 0 2 0 0  

1964-1970 

......... .., ............. 

0 6 0 4 0 m o  

10 

5 

0 
6 0 4 0 2 0 0  

1973-1597 

6 0 4 0 2 0 0  

10 1 5 r ;  . . .  i ............. 1 ... . . . .I . . . . . . . . .  . . .  

j 50.55 
5 .................... i ....... ; ............ 

0 '  
6 0 4 0 2 0 0  

..... 

..... 

.,. . .  ..,........... 
. L  

~ 4 0 ~ 0 0  

latitude Iaciludc latitude latitude 

Figure 16. Individual profiles of MHT curves for the periods 1950-1955, 1964-1970, and 1973-1977, and mean profiles for these periods, 
computed from COADS 

reasons for the changes observed. Model studies (Manabe and Stoufer, 1988; Marotzke and Willebrand, 1991) 
indicate more than one stable mode in the North Atlantic thennohaline circulation. Our study attempts to look at 
these changes from the point of view of meteorological calculations. Despite problems of the accuracy and 
homogeneity of data, such archives as COADS and SNMC provide nearly complete spatial and temporal data 
coverage of the ocean, if only on its surface. Comparison of our results with Greatbatch and Xu (1 993) gives good 
agreement for mid- and high latitudes. Thus Greatbatch and Xu (1993) found 0.2 PW higher MHT for the late 
1950s compared with the early 1970s at 54"N. Our estimate is smaller, although longer periods, overlapping those 
used by Greatbatch and Xu (1993), were taken. At the same time we did not find a similar tendency at 23.5"N. This 
latitude is close to the cross-over of typical profiles obtained for different decades. Rvo different types of MHT 
curves also demonstrate that during the 1960s and 1970s, despite smaller values of MHT, exchange between 
subtropical and subpolar gyres was more effective than in the 1950s and 1980s, which is indicated by a pronounced 
plateau between 40"N and 50"N. Isemer et al., (1 989), adjusting heat balance and oceanographic MHT estimates, 
found the range of solutions, which overlaps both regimes, we found here. He even came to the curve, which is 
very close after normalization (14), to those obtained for the 1 9 5 0 ~ ~  although he indicated this solution as an 
unreasonable one. The two regimes obtained for MHT are important for establishing a link between ocean 
interdecadal changes and atmospheric circulation patterns (Bjerknes, 1964; Deser and Blackmon, 1993; Kushnir, 
1994). 

An important problem for future research is the estimation of interdecadal (or even interpentadal and 
interannual) heat storage changes. Efforts by Levitus (1989a,b,c, 1990) show that it can be done, at least for some 
decades. Of course, estimates for the upper layer, as in case of the seasonal progression (Lamb and Bunker, 1982; 
Hsiung et al. , 1989), are not sufficient owing to the appearance of considerable changes of the meridional transport 
in the deep ocean (Roemmich and Wunsch, 1985; Greatbatch and Xu, 1993). Levitus (1988) plotted distributions 
of the number of profiles in the upper kilometre for the World Ocean and showed that, at least in the North Atlantic, 
pentads 1960-1964 and 1965-1969 provide nearly the same data coverage as 1954-1959 and 1970-1974, used 
later by Levitus for the study of interpentadal variability. Taking into account the ongoing efforts of WOCE, we 
hope for the appearance of such calculations for the last few decades in the near future. In order to estimate very 
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preliminarily the possible influence of heat storage changes on our results we computed h4HT values 
corresponding to those heat storage changes that provide expected decadal warming (cooling) of the North Atlantic 
area north of a certain latitude (Figure 17). If we take 0.1-0.2"C, as an appropriate estimate of inkrdecadal 
temperature changes in the ocean from the top to the bottom, we arrive at 0.1 PW at 40"N and 0.4 PW at the 
Equator, which is considerably smaller than both the interdecadal changes of MHT obtained and the estimated 
uncertainties. We therefore expect that taking into account heat storage changes will not change results 
qualitatively. By coupling uncertainty, given in section 4.3, with those derived from unknown heat storage changes 
(Figure 17) we are in a position to discuss interdecadal changes of MHT north of 35"N. 

Another important problem is the possible impact of the heterogeneity of scalar wind in COADS (and probably 
in SNMC data) on the results obtained. This problem has been discussed in many studies, referred to in section 4.4. 
Changes with time of the relative role of anemometer measurements and Beadort estimates are considered as one 
of the possible reasons of unrealistically high COADS wind trends (Peterson and Hasse, 1987; Cardone et al., 
1990; Isemer, 1995), although there are a number of other reasons and right now we cannot define exactly which is 
the principal reason. Figure 18 shows differences in scalar wind speed and the water vapour pressure gradient, 6e, 
between decades 1950-1 959 and 1960-1 969, which indicate remarkable changes of fluxes and MHT (Figure 12). 
These parameters determine latent heat flux, which is the main cause of the variations obtained for the heat 
balance. Wind speed indicates a general increase, ranging from 0.1 to 0-8 m s-', except for some tropical regions 
and central Atlantic high latitudes. The humidity gradient indicates strong negative changes between 50"N and 
60"N, which is coincident with obtained changes of heat balance (Figure 12). It is difficult to estimate precisely the 
relative contribution made by heat flux changes from 6e and V. Nevertheless, Figure 18 provides evidence that 6e 
can be considered as the cause of the changes obtained. Moreover, Cardone et al. (1 990) suggested a correction 
that significantly decreases positive historical wind trends but does not reject them completely. Ward (1992, 1993) 
made a very comprehensive comparison of COADS winds with geostrophic estimates, taken from pressure 
gradients. His correction also reduces considerably the North Atlantic wind trends, although it does not change the 
trends' sign. 

Isemer (1 995) proposed an effective approach to test COADS wind and evaporation interdecadal changes using 
OWS data, which appear to be more homogeneous (Isemer and Lindau, 1995). We also tested interdecadal 
differences between the 1950s and 1960s, using OWS data. For comparison we averaged results within 5" x 5" 
boxes around every OWS. Data records at OWS are very nearly complete. The only exception is OWS K, for which 
data for 1958 are missing. Thus, we recalculated results from COADS for the decade 1950-1959 without this year. 

latitude 
Figure 17. Estimates of MHT, which correspond to the heat storage changes, provided expected decadal warming (cooling) of the North 
Atlantic area north of a certain latitude (thin lines) and climatological mean MHTwith error bounds. N u m b  on the thin lines indicate expected 

tempemtun changes in "C 
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Table IV shows comparison of interdecadal differences of sensible and latent heat fluxes between the 1950s and 
1960s from COADS and OWS data. The OWS data are mostly located in mid-latitudes, so we could not test the 
most remarkable positive changes obtained for the tropics (Figures 12 and 13). At the same time, Table IV 
indicates a general similarity, with accuracy of sign, between OWS interdecadal changes and those estimated from 
COADS. Opposite signs of changes are obtained for OWS A for both sensible and latent fluxes and for sensible 
flux in the location of OWS K. North of OWS A, estimates from COADS also indicate positive changes. 
Interdecadal changes at OWS K are rather small and their sign cannot be considered with confidence. Generally we 
can observe a qualitative coincidence of results from OWS and COADS in most locations. For some individual 
years we compared results at OWS B with those of Smith and Dobson (1984). Their data are not as complete as 
om,  but the tendencies of year-to-year changes in the 1960s are very close. 

To study the possible influence of anemometer measurements on the differences obtained, we chose the Marsden 
lo" x 10" box number 1 14, located between 30"N and 40"N and between 50" W and 60" W. This area indicates that 
between the 1950s and 1960s significant positive changes in fluxes occurred in the southern part of the box and 
weak negative changes of fluxes in the northern part. So, we could estimate the range of possible changes of large 
differences and also to study whether the elimination of anemometer measurements can change the sign of the 
differences, if only for small ones. Individual COADS CMR were updated for this box. The number of anemometer 
samples sharply increased from the 1950s to 1960s. Actually, anemometer measurements appear from 1963, 

100. so* ao* 70. 60. so- 40. M. 10. 10. oeE 10. 

Figure 18. Differences in scalar wind speed (m s-*) and humidity gradient @Pa) baween the 19608 and 1950s. computed from COADS 
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Table IV Differences ((1960-1969) minus (1950-1959)) in sensible 
and latent heat fluxes (W m-2), computed from OWS and COADS 

Sensible flux Latent flux 
Location 
of ows OWS COADS OWS COADS 

A (62N, 33W) 1.2 -2.9 1.9 -6.6 
B (56.5N, 5IW) -6.t -5.3 -3.8 -4.6 
C (52*5N, 355W) -6.4 -10.7 -6.8 -12.1 
D (MN, MW) -6.9 -4.1 -14.3 -8.1 
E(35N, 48W) 2.2 1.5 5.5 11.0 
J (52.5N, 20W) -4.2 -3.6 -8.9 -3.1 
K (45N, 16W) 2.5 -2.0 -4.6 -1.2 
M (66N, 2E) 10.4 7.2 8.0 8.3 

making a 10 to 30 per cent contribution to the total number of reports. Thus we can take this as a very remarkable 
example. Table V shows differences in sensible and latent fluxes between two decades (1950s and 1960s) for four 
5" x 5" boxes within Marsden box 1 14. For three of the boxes we obtained the same sign of changes with the use of 
all reports and after excluding anemometer measurements. The use of Beaufort estimates only gives slightly 
smaller differences. For one box the sign changed, although the absolute difference is rather small for this box. 
Moreover, negative changes were replaced by positive after excluding anemometer measurements. This is not what 
one would expect if the hypothesis tested works. Of course, all these efforts cannot be considered to be enough to 
resolve all problems with data inhomogeneity in such data sets as COADS. The question about COADS wind 
trends is still open. Moreover, the recent COADS Release la  does not support results obtained for the 1980s from 
SNMC data owing to unrealistically high fluxes. Nevertheless, we can point out that the most considerable changes 
in ocean-atmosphere fluxes and MHT, at least for the period 1950-1980 and described in section 4, are close to 
reality. 
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