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Abstract

Global air-sea heat and freshwater flux data, constrained by WOCE hydrographic 

section transports, is used to construct a new global density flux climatology. Global 

transformations calculated using this density flux dataset show two regimes; surface 

waters with density less than ~ 23.3 kg m-3 are transformed to lighter density classes 

with a maximum rate of 130 Sv at σ ~ 21.6 kg m-3; surface waters with density greater 

than 23.3 kg m-3 are transformed to denser density classes with a maximum rate of 

100 Sv at σ = 25.4 kg m-3. At higher density, (σ = 27 kg m-3) the net transformation 

rates vanish reflecting heat loss in the Northern Hemisphere balanced by Southern 

Hemisphere freshening. This results in a kink in the global transformation rate, which 

we suggest is due to the presence of Drake Passage. Further analysis of the control run

of the third Hadley Centre global climate model, HadCM3 suggests this feature to be 

robust and simply reflecting the “channel” geometry of the Southern Ocean and the 

“basin” geometry of the Northern Hemisphere.
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1. Introduction

The density flux at the sea surface (DIN) is calculated from the net heat flux into the 

ocean (Qnet) and the freshwater flux out of the ocean, evaporation (E) minus 

precipitation (P). It is given by
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where α = -1/ρ(∂ρ/∂T) and β = 1/ρ(∂ρ/∂S) are the thermal and haline expansion 

coefficients respectively, Cp is the specific heat, S and T are the sea surface salinity 

and temperature respectively. Past studies into air-sea density fluxes and associated 

transformation rates, using COADS, have produced differing results. Over the

subtropical North Atlantic, for example Schmitt et al. (1989) found a weakly negative 

density flux that is confirmed by Large and Nurser (2001). However Speer et al.

(1995) published a map of global (north of 30°S) annual density flux which shows the 

subtropical North Atlantic to be weakly gaining density. Previous observational air-

sea density flux estimates have been limited by a lack of globally reliable heat and 

freshwater flux data. The advent of WOCE (World Ocean Circulation Experiment) 

has provided a tool with which to increase our confidence in heat and freshwater flux 

datasets over the ocean on a global scale. To calculate the air-sea fluxes we use a 

version of the National Oceanography Centre (NOC) global heat flux dataset 

constrained by 10 WOCE hydrographic section heat transports (Grist and Josey,

2003). In this study we complement this by comparing our freshwater flux dataset

with 12 WOCE hydrographic freshwater transports (Ganachaud and Wunsch, 2003). 

Combining the heat and freshwater fluxes provides a new climatology of 

approximately balanced global air-sea density fluxes, which we will use to calculate a 

global surface water mass transformation rate.
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The transformation rate is the volume flux of surface waters across outcropping 

isopycnals due to air-sea fluxes (Tziperman and Speer 1994). This is a useful 

diagnostic that can be used to calculate the rate of increase or decrease in volume of 

any density class at the surface. Walin (1982) first developed the approach used here 

to calculate transformation rates by making a connection between the cross isothermal 

flow and surface heat fluxes. Tziperman (1986) and Speer and Tziperman (1992) then 

made further connections between cross isopycnal flow and air-sea density fluxes.

The air-sea density flux is summed over the area of the isopycnal outcrop and 

annually averaged following the seasonal migration of isopycnals over the ocean 

surface; 
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For a detailed derivation of the water mass transformation rate see Tziperman (1986), 

Nurser et al. (1999) and Large and Nurser (2001). The difference between the flux of 

water entering and leaving a density range gives the volume of water formed in that 

density range. In a steady state ocean there is no net annual mean gain or loss of water 

mass at any particular density class. Assuming the real ocean is in steady state, a 

global increase in volume of a particular density class due to air-sea fluxes must be 

balanced by interior mixing. This is a powerful relationship that has been invoked in 

previous studies to link air-sea fluxes to interior ocean dynamics (Tziperman, 1986; 

Tziperman and Speer, 1994; Speer, 1997).

In section 2 we discuss the heat and freshwater datasets chosen to calculate the 

density flux and the WOCE section transport constraints applied. For readers more 

interested in the results of this study than the finer details of the dataset construction 
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we advise proceeding straight to section 3. Global maps of annual mean total density 

flux, plus the thermal and haline contributions to density flux, calculated by setting β 

or α to zero respectively, are presented in section 3. Comparisons are made with 

density fluxes calculated previously from observations by Schmitt et al. (1989), Speer 

et al. (1995) and Large and Nurser (2001).

The surface transformation rates presented in section 4 show the total transformation 

with the thermal and haline contributions, globally and for the Northern and Southern 

Hemispheres. We investigate the seasonal cycles of transformation over the whole 

surface density range, showing that the seasonality in density flux is driven by the 

heat fluxes, and compare estimates from our transformation rates of selected mode 

water formation rates to previously published values. Comparisons are made with 

previous observational transformation rates and a coupled climate model (HadCM3). 

Good agreement in overall shape and magnitude is found between our global 

transformation curve, the model and that calculated by Speer et al. (1995) using 

revised COADS data. We find a robust shape to our global transformation curve 

which is replicated by the model, namely a general cosine curve shape with a kink at 

high density. Density gain due to cooling in the observational dataset Northern 

Hemisphere is roughly balanced by density loss in the Southern Hemisphere due to 

precipitation. This kink occurs over density classes with outcropping isopycnals 

confined to the North Atlantic in the Northern Hemisphere and following a circuit 

through Drake Passage in the Southern Hemisphere, in both the observations and the 

model. The geographical similarities suggest that similar dynamics are controlling this 

feature in both. In section 5 a brief discussion of the uncertainties associated with the 
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density flux dataset and the sensitivity of the transformation rates to such errors is 

presented. The conclusions of this study are proposed in section 6.  

2. Heat and freshwater flux datasets

a) Net Heat Flux

Grist and Josey (2003), henceforth GJ, produced three inverse analysis adjusted 

versions of the Southampton Oceanography Centre (NOC1.1) heat flux climatology

using ten hydrographic estimates of ocean heat transport, taken from the World Ocean 

Circulation Experiment (WOCE) as constraints. NOC1.1 was constructed using ship 

meteorological reports, from the Comprehensive Ocean- Atmosphere Data Set 1a over 

the period 1980-93 (Josey et al. 1998 give a full account of the development of this 

climatology). The heat fluxes were calculated from the ship reports using semi-

empirical formulas. The net heat flux (Qnet) between ocean and atmosphere, (positive 

values indicate ocean heat gain), is given by the linear combination of: incoming 

shortwave solar radiation (QSW); outgoing longwave radiation (QLW); upward sensible 

heat flux (QSEN) and; latent heat flux (QLAT). 

GJ used adjustable parameters, as coefficients on the original climatology estimates of 

air-sea heat fluxes, to improve the agreement between the climatological and 

hydrographic estimates. They produced three solutions using this method. In solution 

1, only the ten hydrographic constraints were applied and a global mean net heat loss 

of 5 W m-2 was achieved. In solution 2 they added the requirement of exact closure of 

the global ocean heat budget, i.e. to 0 W m-2. GJ report that requiring exact closure 

results in an unacceptably large change to the latent heat flux. We have used the third 

solution in this study for which the added requirement was that the global mean net 








