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Abstract

The latent heat fluxes (LHF) and sensible heat fluxes (SHF) over the Southern Ocean from six different data sets are inter-compared for the period 1988–2000. The six data sets include three satellite-based products, namely, the second version of the Goddard Satellite-Based Surface Turbulent Fluxes data set (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3) and the Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO); two global reanalysis products, namely, the National Centers for Environmental Prediction–Department of Energy Reanalysis 2 data set (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis data set (ERA-40); and the Objectively Analyzed Air–Sea Fluxes for the Global Oceans data set (OAFlux). All these products reveal a similar pattern in the averaged flux fields. The zonal mean LHF fields all exhibit a continuous increase equatorward. With an exception of HOAPS-3, the zonal mean SHF fields display a minimum value near 50°S, increasing both pole- and equatorward. The differences in the standard deviation for LHF are larger among the six data products than the differences for SHF. Over the regions where the surface fluxes are significantly influenced by the Antarctic Oscillation and the Pacific–South American teleconnection, the values and distributions of both LHF and SHF are consistent among the six products. It was found that the spatial patterns of the standard deviations and trends of LHF and SHF can be explained primarily by sea–air specific humidity and temperature differences; wind speed plays a minor role.
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The Southern Ocean plays an important role in the variability of weather and climate at southern high latitudes through heat and moisture transfer between the upper ocean and the atmospheric boundary layer (King & Turner 1997; Li et al. 1997). Monitoring heat transfer between the ocean and the atmosphere is therefore crucial for understanding the climate system at southern high latitudes. The components of atmospheric–ocean heat transfer include short- and long-wave radiative fluxes and latent heat fluxes (LHF) and sensible heat fluxes (SHF). Because LHF and SHF have large inter-annual and spatial variability (Josey et al. 1999; Chou et al. 2004) it is especially important to observe and obtain a reliable long-term estimate of these fluxes over the Southern Ocean.

Recognizing the importance of LHF and SHF in atmospheric circulation and weather and climate modelling has led to the construction of several recent flux data sets from a variety of sources. Some, such as that of da Silva et al. (1994), come from observational data. Satellite-derived data sets include the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3; Andersson et al. 2007), the second version of the Goddard Satellite-Based Surface Turbulent Fluxes data set (GSSTF-2; Chou et al. 1997; Chou et al. 2000; Chou et al. 2003) and the Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations data set (J-OFURO; Kubota et al. 2002). There are also re-analysis products such as the National Centers for Environmental Prediction Reanalysis 2 data set (NCEP-2; Kanamitsu et al. 2002) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40; Uppala et al. 2005). Finally, there are products that comprise a mix of observation and reanalysis data such as the Objectively Analyzed Air–Sea Fluxes for the Global Oceans data set (OAFlux; Yu & Weller 2007). The World Climate Research Programme's Global Energy and Water Cycle Experiment Radiation Panel has established a sea surface turbulent flux project called SEAFLUX (Curry et al. 2004), and the project website contains various flux data sets, including those described above for inter-comparison studies and other research purposes.

Several studies have examined the behaviours of these flux data sets and earlier versions of them. Chou et al. (2003) compared the zonal averages of the GSSTF-2 LHF and the input parameters used in the bulk parameterizations over global oceans with those of HOAPS-2, National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and da Silva et al.'s (1994) data sets for the 2-year mean of 1992–1993 and found that GSSTF-2 LHF and bulk parameters differ significantly from those in these other data sets. In a further analysis, Chou et al. (2004) indicated that GSSTF-2 LHF, surface air humidity and winds are more realistic than those in HOAPS-3, NCEP-2 and da Silva et al.'s (1994) data sets during 1992–1993, although those in GSSTF-2 are still subject to regional biases. Wang & McPhaden (2001) compared six state-of-the-art surface heat flux products (tuned Da Silva, untuned Da Silva, the data from the Southampton Oceanography Centre, NCEP-2, ERA-40 and the data from the Goddard Earth Observing System data assimilation system) with the heat fluxes computed from Tropical Atmosphere–Ocean buoy data and found that these products show large deviations from Tropical Atmosphere–Ocean buoy data. Feng & Li (2006) compared the ERA-40 and NCEP-2 monthly LHF data with GSSTF-2 from 1988 to 2000 over the global oceans between 60°S and 60°N and found that the annual mean LHF in NCEP-2 is closer to GSSTF-2 than that in ERA-40 at high latitudes. Liu & Curry (2006) assessed the inter-annual variability and decadal trend of the ocean surface LHF among GSSTF-2, HOAPS-2, NCEP-2 and ERA-40 from 1989 to 2000 over the tropics and subtropics and found relatively good agreement in the spatial/temporal variations of the LHF; they attributed the discrepancies mainly to air-specific humidity. Kubota et al. (2003) compared LHF in J-OFURO with those in HOAPS-3, GSSTF-2, ERA-40 and NCEP-2 and da Silva et al.'s (1994) fields from 1992 to 1994. Their study found that all products qualitatively reveal a similar pattern in the average fields, but the temporal correlation between J-OFURO and da Silva et al.'s data set (1994) is low in the Southern Hemisphere, and because of the lack of ship observations, the time correlation between J-OFURO and ERA-40 or NCEP-1 is considerably lower in the Southern Hemisphere than in the Northern Hemisphere.

Although in situ observations over ocean surfaces are sparse compared to land surface observations, some buoy and ship observations are available for comparison. Josey (2001) compared re-analysis data with ocean surface observations made by buoys and indicated that NCEP-2 and ERA-40 re-analyses underestimate the ocean heat gain in the north-east Atlantic. Rouault et al. (2003) showed that over the waters of the Agulhas Current, LHF and SHF are also underestimated by NCEP-2 and ERA-40. Over regions with large air–sea temperature difference and high wind speed, such as the Labrador Sea, the Norwegian Sea, the Gulf Stream and the Kuroshio Current, the ERA-40 surface LHF and SHF compare reasonably well with observations than those in NCEP-2 (Moore & Renfrew 2002; Renfrew et al. 2002; Bentamy et al. 2003). Over the Kuroshio Extension region, J-OFURO-2 air–sea heat fluxes are found to be better than NCEP-2, Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3 and OAFlux (Tomita et al. 2010). Bentamy et al. (2003) compared weekly satellite flux estimates to surface data derived from moored buoys in three areas during nine months (October 1996 to June 1997). They found that the accuracy of their LHF estimates was within 30 W m−2. Comparing HOAPS-2, J-OFURO, GSSTF-2, the Jones data set and the Bourras–Eymard–Liu data set LHF with data from 75 moored buoys, Bourras (2006) concluded that HOAPS-2 is the most appropriate product for applications of the satellite fluxes to the world oceans.

The differences among data sets may result from the differences in the bulk aerodynamic algorithms used to derive the flux values. Brunke and co-workers (Brunke et al. 2002; Brunke et al. 2003) evaluated and ranked 12 such algorithms and recommended four least problematic algorithms: version 3 of the Coupled Ocean–Atmosphere Response Experiment (COARE); the University of Arizona schemes; those used at the European Centre for Medium-Range Weather Forecasts (ECMWF); and the National Aeronautics and Space Administration (NASA) Data Assimilation System for version 1 of the Goddard Earth Observing System reanalysis.

These previous studies have provided us with very useful information about the behaviour of surface heat fluxes and input parameters in various satellite and re-analysis products over regions of global ocean. However, the comparison or inter-comparison studies to date are limited to either short periods (<5 years) or smaller numbers of data sets (<4 members). In addition, few studies have focused specifically on the Southern Ocean.

The current article describes an inter-comparison of monthly LHF and SHF over the Southern Ocean from six different gridded data sets, including three satellite-derived products (GSSTF-2, HOAPS-3 and J-OFURO), one objectively analysis data set (OAFlux) and two re-analysis data sets (NCEP-2 and ERA-40). The time span examined is the 13-year period of 1988–2000, when all six data sets overlap. Although many validation or intercomparison studies have focused on LHF over ocean surfaces, little attention has been given to the SHF. This is partially because of the dominancy of LHF over SHF over ocean surfaces. The current study examines both SHF and LHF values over the Southern Ocean.

The data sets are briefly described in the followingsections. The subsequent two sections present the inter-comparison results and discuss the impact of wind, specific humidity and temperature on the difference of LHF and SHF. Conclusions are drawn in the final section of the article.

	

Data sets

Measurements of turbulent LHF and SHF are difficult to obtain, especially over ocean surfaces. As a result, the heat fluxes are usually derived using some types of a bulk parameterization based on differences of mean temperature, specific humidity and wind speed between ocean surfaces and the atmospheric layer immediately above. Drawing from Curry & Webster (1999)Curry & Webster (1999a) typical form of bulk parameterization can be written as:
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where SE
			 and LE
			 are SHF and LHF, respectively;P is air density;Cp
			 is the constant-pressure specific heat; LV
			 is the latent heat of vaporization; CS
			 and CL
			 are the aerodynamic transfer coefficients for temperature and humidity, which under ordinary conditions are nearly equal and depend partly on the ocean surface roughness length and the bulk Richardson number. TS
			 is sea surface temperature (SST) and TA
			 and QA
			 are the air temperature and the specific humidity at an atmospheric reference level that is typically 2 m; QS
			 is the specific humidity at the sea surface and is assumed to be 98% of the saturation humidity at the SST. UA
			 is the wind speed at 10 m and UO
			 is ocean surface velocity along the wind direction, which is commonly neglected except in regions of the ocean with strong surface currents and weak winds over it such as in the tropics and in the Kuroshio Current system (Dawe & Thompson 2006).

	

Goddard satellite-based surface turbulent fluxes data set

The GSSTF-2 data set provides 1° latitude by 1° longitude gridded global ocean monthly mean, values of surface fluxes from July 1987 to December 2000. The fluxes are derived using a bulk parameterization scheme (Chou 1993). Air temperatures and SST needed by the parameterization are from NCEP-2, whereas surface wind speed and air specific humidity are derived from the Special Sensor Microwave/Imager (SSM/I) using the algorithms of Wentz (1997) and Chou et al. (1997), respectively. Chou et al. (2003) indicated that the LHF in the GSSTF-2 data set are more realistic than those in HOAPS-3, NCEP-2 and the Comprehensive Ocean–Atmosphere Data Set (COADS). For a more detailed description of GSSTF-2 and its comparison with other data sets, refer to Chou et al. (2003). Compared to the GSSTF-1, the GSSTF-2 involves two improvements. The first improvement is related to the salinity effect on the saturation-specific humidity at the sea surface, whereas the GSSTF-1 ignores this effect. The second improvement is related to the assumptions of the von Karman constants. The GSSTF-1 model chooses different von Karman constants of 0.4, 0.36 and 0.45, for velocity, temperature and humidity, respectively. On the other hand, the GSSTF-2 model assumes the same von Karman constant of 0.4 for the three variables, in close agreement with observations (Zeng et al. 1998; Brunke et al. 2003). Hence, the outdated version of GSSTF-2 is used in this study.

	

Hamburg ocean atmosphere parameters and fluxes from satellite

The HOAPS-3 data set supplies global ocean fields of LHF and SHF with a spatial resolution of 0.5 degrees from January 1987 to December 2005 (Andersson et al. 2007). The most recent version includes a new neural network-based precipitation algorithm and utilizes the National Oceanographic Data Center/University of Miami Rosenstiel School of Marine and Atmospheric Science Pathfinder version 5 SST data set and a new algorithm to synthesize the defective 85 GHz channel on the Defense Meteorological Satellite Program's F08 spacecraft. The heat fluxes, LHF and SHF, are estimated with the bulk aerodynamic approach (Fairall et al. 1996; Fairall et al. 2003). The wind speed (UA) and specific humidity (QA) are inferred from the SSM/I and air temperature (TA
			) is assumed to be from an averaged of two estimates: one of an assumed relative humidity and inversion of the Magnus (vapour pressure) formula given the SSM/I retrieved specific humidity, and a value given by the SST minus 1 degree (Bourras 2006). Klepp et al. (2008) revealed that the HOAPS-3 LHF climatology agrees reasonably well with the LHF climatology from several other data sets, including J-OFURO, GSSTF2, the data set of the Institut Francais pour la Recherche et l’ Exploitation de la Mer, OAFlux and the data set of the National Oceanography Centre.

	

Japanese ocean fluxes data sets with use of remote sensing observations

The J-OFURO data set offers global ocean fields of LHF and SHF with a spatial resolution of 1° latitude by 1° longitude from January 1987 to December 2005 (Kubota et al. 2002). The fluxes are obtained based on version 3 of the COARE bulk algorithm (Fairall et al. 2003), a modification of the earlier bulk algorithm proposed by Kondo (1975). The input parameter QAis derived based on SSM/I (Wentz 1994), UA
			 is estimated using all available satellite data (Kubota & Tomita 2007) and SST is derived from NCEP-2. The source of air temperature is NCEP-2. Here, J-OFURO-2 data set is used to compare other products.

	

Objectively analysed air–sea fluxes for the global oceans

The OAFlux data set provides global ocean fields of LHF and SHF with a spatial resolution of 1° latitude by 1° longitude from January 1958 to December 2008 (Yu & Weller 2007). To obtain the best possible global daily estimates for UA, TS
			, TA
			 and QA
			, the OAFlux synthesis uses surface meteorological fields derived from satellite remote sensing and re-analysis outputs produced from the NCEP and ECMWF models as well as an advanced objective analysis (Yu et al. 2008). Specific humidity is from both NCEP-2 and ERA-40 and SSM/I data. Surface air temperature comes from NCEP-2 and ERA-40 because satellite sensors have technical difficulties in retrieving air temperature at a few metres above the sea surface. The OAFlux project estimates surface air temperature using an advanced objective analysis. The fluxes are based on version 3 of the state-of-the-art COARE bulk flux algorithm to compute the fluxes.

	

National Centers for Environmental Prediction Reanalysis 2

Described in detail by Kanamitsu et al. (2002), NCEP-2 updates and corrects known errors in NCEP-1. The two data sets differ largely in the parameterizations of short-wave radiation, cloud and soil moisture (Kanamitsu 1989; Kalnay et al. 1996; Kanamitsu et al. 2000). The NCEP-2 data set provides global fields of LHF and SHF with a spatial resolution of 1.9° latitude by 1.875° longitude from January 1979 to December 2009 (Kanamitsu et al. 2002). By comparing the turbulent fluxes and flux-related variables in NCEP-2 with measurements from moored buoys in the Atlantic Ocean, Sun et al. (2003) showed that, overall, NCEP-2 better estimates turbulent heat fluxes and fluxes-related variables compared to NCEP-1.

	

European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis

The ERA-40 data set contains global fields of LHF and SHF with a spatial resolution of 2.5°×2.5° for the period from September 1957 to August 2002 (Uppala et al. 2005). Through updating model parameterization and data assimilation schemes, ERA-40 obtains the up-to-date parameterizations of air–sea fluxes (Beljaars 1997; Klinker 1997). The change in the moisture transfer coefficients in 1990 for low wind speed and in 1993 for high wind speed brought the LHF up by about 20 W m−2 in the equatorial region (Siefridt et al. 1999). The change in the sources of temperature and humidity profiles also had a considerable impact on the surface fluxes in the tropics (ECMWF 1994).

Table 1 provides a summary of these six data sets. The data sets differ in spatial and temporal resolution. Prior to inter-comparison, all data were transformed into a monthly mean data on a 1 ×1 grid.





Table 1Overview of the six data sets compared in this study: the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40).

						
								
								GSSTF-2
								HOAPS-3
								J-OFURO
								OAFlux
								NCEP-2
								ERA-40
						

					

						
								Time extent
								7/87–12/00
								7/87–12/05
								1/88–12/06
								1/58–12/08
								1/79–present
								9/57–8/02
						

						
								Spatial sampling
								1×1
								0.5×0.5°
								1×1°
								1×1
								2.5×2.5°
								2.5×2.5°
						

						
								Sea surface temperature
								NCEPa

								National Oceanographic Data Centre/Rosenstiel School of Marine and Atmospheric Science Pathfinder V5
								NCEPa and Metop global data
								National Oceanic and Atmospheric Administration Optimum, Interpolation and numerical weather prediction models
								
								
						

						
								Specific humidity
								SSM/Ib (Chou et al. 1997)
								SSM/Ib (Bentamy et al. 2003)
								SSM/Ib (Schlussel et al. 1995)
								Satellites and numerical weather prediction models
								
								
						

						
								Wind speed
								SSM/Ib (Wentz 1997)
								SSM/Ib

								SSM/Ib, European Remote-Sensing Satellite 1/2, QuikSCAT, MSR-Ec and Tropical Rainfall Measuring Mission Microwave Imager (Kubota & Tomita 2007)
								SSM/Ib, AMSR-Ec, Quick Scatterometer satellite and numerical weather prediction models (Yu et al. 2008)
								
								
						

						
								Air temperature
								NCEP a

								SSM/Ib

								NCEPa

								Satellites and numerical weather prediction models
								
								
						

						
								Bulk algorithm
								Chou (1993)
								Fairall et al. (1996); Fairall et al. (2003)
								Fairall et al. (2003)
								
								unknown
								Beljaars (1994, 1995)
							
						

					
						
								aNational Centres for Environmental Prediction.
						

						
								bSpecial Sensor Microwave/Imager.
						

						
								cAdvanced Microwave Scanning Radiometer–Earth Observing System.
						

					


	

Results

	Annual mean and seasonal cycle

The differences in the annual means of LHF and SHF among the six data sets are first examined. Figure 1 shows the annual mean LHF calculated from the six data sets. Despite the differences in the values of LHF, all six data sets exhibit similar spatial distribution with an equatorward increase, but the zonal symmetry is broken over some regions. The largest LHF (above 160 Wm-2) appears over the region to the south of the African continent through which the warm Agulhas Current flows. With the eastward extension of the current, large LHF is also found over the southern Indian Ocean. The higher SST of warm currents increases the sea–air specific humidity difference, leading to greater LHF. For the same reason, the regions through which the warm East Australian and Brazil currents flow also display large LHF, whereas smaller LHF values are found over the regions through which the cold Falkland Current flows. Small values also appear over the Southern Ocean near the Antarctic continent, where SST is low. Although the overall spatial patterns are quite similar among the data sets, differences exist over some regions. For example, relatively large differences occur in the region of the Brazil Current, which is consistent with the results of Wainer et al. (2003) who compared four observation-based products and the model results of the National Center for Atmospheric Research's Community Climate System Model. The maximum value over the Agulhas current region also shows disparity among the data sets, with the highest value given by NCEP-2 (210 W m−2) and the lowest by GSSTF-2 (170 W m−2). Rouault et al. (2003) compared NCEP-2 and ERA-40 to in situ estimates and found that NCEP-2 and ERA-40 underestimate LHF and SHF over waters of the Agulhas Current during the austral autumn as a result of the poor SST spatial resolution.


			Fig. 1
			Annual mean latent heat flux over the Southern Ocean for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40).
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An inter-comparison of the annual mean SHF of the six products is shown in Fig. 2. The SHF values are 3–4 times smaller than LHF. Except for HOAPS-3, the other five data sets show maximum SHF values in the regions where the largest LHF values appear. The largest SST–air temperature difference can explain this. However, for the HOAPS-3, the largest values of SHF exist over the southern Indian Ocean. Except for the Falkland cold region, most of the small values of SHF appear in the regions between 45°S and 55°S, which is different from the regions where low LHF values occur.


			Fig. 2
			Annual mean sensible heat flux over the Southern Ocean for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40).
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To further study the meridional characteristics of LHF and SHF, we show the zonal-mean LHF and SHF as a function of latitude in Fig. 3. The LHF (Fig. 3a) over the Southern Ocean increases equatorward, but the rates of the increase or the meridional gradients differ among the six data sets. The GSSTF-2 and HOAPS-3 LHF share a similar pattern of variation with latitude, whereas the other four data sets are quite consistent in the rate of increase towards the equator. At most latitudes, the zonal mean GSSTF-2 LHF is larger than other five data sets. The pattern of the meridional variation of the zonal mean SHF (Fig. 3b) is significantly different from that of LHF. Unlike the LHF that displays a consistent equatorward increasing trend, five of the six data sets (with an exception of HOAPS-3) exhibit a minimum value near 50°S, with SHF values increasing both equatorward and poleward. This meridional variation pattern is consistent with the variation pattern of TS
			–TA
			 shown for OAFlux. The meridional distribution of the zonal mean SHF from the HOAPS-3 data is substantially different from the rest of the group, showing a weak maximum near 50°S and another near 60°S and a linear decreasing trend towards the equator from 50°S. Unfortunately, the temperature data from the HOAPS-3 data set are unavailable to explain the different behaviour. Among the five data sets that show similar meriodinal variation patterns, GSSTF-2, J-OFURO, OAFlux and ERA-40 are close in values that are consistently higher than J-OFURO and NCEP-2 at all latitudes. Another prominent feature in Fig. 3b is that the zonal mean SHF values in NCEP-2 are consistently lower than the other data sets and even become negative between about 57 °S and 45°S, whereas the zonal mean SHF in the other data sets are always positive. The negative zonal mean SHF in NCEP-2 results from negative values of SHF as a response to negative sea–air temperature differences over the southern Indian and Atlantic oceans.


			Fig. 3
			The meridional distribution of the zonal mean (a) latent heat flux and (b) sensible heat flux from the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40). Also shown in (b) is the meridional distribution of the sea surface temperature (SST) and 2-m air temperature difference from OAFlux.
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The seasonal cycle of LHF and SHF from the six data products were compared using all-grid average value (no area weighting) south of 35°S (Fig. 4). A maximum of LHF and SHF appear in the winter months, whereas a minimum occur in summer. The seasonal cycle is largely due to the seasonal variation in wind speed (Yu et al. 2008), with strong winds in winter and weak winds in summer. Throughout all seasons, the GSSTF-2 LHF and HOAPS-3 SHF values are consistently the largest among the six data sets, which is consistent with the zonal mean values. The seasonal variations of LHF and SHF in the HOAPS-3 data set are stronger than the other five data sets, especially for SHF.


			Fig. 4
			Seasonal cycle of values averaged over regions south of 35°S for (a) latent heat flux and (b) sensible heat flux from the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from SatelliteData (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40).
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Inter-annual variation

The standard deviation for the annual mean LHF and SHF are shown in Figs. 5 and 6. Higher standard deviations indicate larger inter-annuall variability. For LHF, the spatial pattern of standard deviation is quite similar to the spatial distribution of the annual mean LHF. The range of the standard deviation is the largest (1.5–20.2 W m−2) in J-OFURO and smallest (0.6–10.6 W m−2) in ERA-40. There is little seasonal variation in the standard deviation (not shown). Unlike LHF, the spatial distribution of the standard deviation for annual mean SHF is different from the distribution of annual mean SHF values. For HOAPS-3, J-OFURO, OAFlux and ERA-40, the greatest inter-annual variation occurs over the south-east region of the Pacific Southern Ocean; for GSSTF-2 the maximum value appears over the ocean south of South Africa; for NCEP-2 the maximum value of 23.7 W m−2 appears over the ocean to the north of Wilkes Land. Some seasonal variations are found in the standard deviation for SHF with the largest inter-annual variability in the winter season and the smallest in the summer.


			Fig. 5
			Standard deviation of annual mean latent heat flux over the Southern Ocean for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40).
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			Fig. 6
			Standard deviation of annual mean sensible heat flux over the Southern Ocean for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40).
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In addition, the brevity of the time series (13 yrs) may degrade the number of independent samples. This is why we tested for variance difference of the area-averaged LHF and SHF for the six products. Only the variance differences between GSSTF-2 SHF and the other five products exceed the 95% confidence level. That indicates a consistent standard deviation of inter-annual variation of heat fluxes.

The Antarctic Oscillation (AAO) is the first mode of 700-mb geopotential height poleward of 20°S, which refers to a large-scale alternation of atmospheric mass between mid-latitude and high latitude (Thompson & Wallace 2000). Previous studies have indicated that AAO exerts its strong impact on LHF and SHF over the Southern Ocean (Sen Gupta & England 2006). To examine how the six data sets capture the relationship between AAO and LHF/SHF, we calculated the correlation coefficients between LHF and SHF and the AAO index obtained from the National Oceanic and Atmospheric Administration Climate Prediction Center http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao_index.html. Because the maximum LHF and SHF occur in austral winter (June, July and August; Fig. 4, the results are shown for the winter season only (Figs. 7, 8). The regions with positive correlation between LHF and AAO index (Fig. 7) include the central Pacific Southern Ocean and Indian Southern Ocean south of 45°S, whereas the Atlantic Southern Ocean and the ocean near New Zealand exhibit a negative correlation. The six products show a similar correlation pattern, but small differences exist over the East Antarctic coastal ocean and the Bellingshausen Sea. A similar spatial pattern of the correlation coefficients exists for SHF. Correlation coefficients for other seasons (not shown) display a more or less consistent spatial pattern over most of the Southern Ocean. The spatial patterns of the AAO–LHF/SHF correlation appear to be closely associated with the effect of AAO on SST, air temperature and humidity.


			Fig. 7
			Winter season correlation coefficients between the Antarctic Oscillation index and latent heat flux for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Reanalysis (ERA-40). Thin black lines indicate regions with correlation coefficients above the 95% confidence level.
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			Fig. 8
			Winter season correlation coefficients between the Antarctic Oscillation index and sensible heat flux for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40). Thin black lines indicate regions with correlation coefficients above the 95% confidence level.
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At Southern Hemispheric extratropical latitudes, the second and third modes of empirical orthogonal function (EOF) analysis of 700 hPa geopotential height depict wave-3 patterns in quadrature with each other and a well-defined wave train from the tropical western Pacific to Argentina, with large amplitudes in the Pacific–South American sector that are referred to as the PSA teleconnection patterns (Ghil & Mo 1991). Due to one-fourth phase difference of the two modes, the effects of the PSA1 on LHF and SHF are taken into account. Like the AAO index, the impact of the PSA1on LHF/SHF is compared for only the winter season (Figs. 9, 10). For LHF, the most significant positive correlation regions are distributed over the Pacific Southern Ocean, whereas the significant negative correlation occurs over the Atlantic Southern Ocean and the ocean near New Zealand. The largest difference of PSA1 correlation among the six products exists in the Indian Southern Ocean, where the PSA1 index does not have a strong impact on meteorological variables. The most significant positive correlation between the SHF and PSA1 occurs over the Pacific Southern Ocean and in the HOAPS-3 data set, the correlations in other data sets are less pronounced. However, the ocean near New Zealand, the south-east Pacific Ocean and the Atlantic Southern Ocean show the strongest negative correlation in the ERA-40 data set. Overall, the correlation between the heat fluxes and PSA index shows a similar spatial pattern among the six data sets. The regions of positive (negative) correlation respond to negative (positive) pressure anomaly. The reason may be that the cyclonic circulation contributes to increasing the humidity and temperature differences between the ocean surfaces and the atmosphere above.


			Fig. 9
			Winter season correlations of Pacific-South American index and latent heat flux for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40). Thin black lines indicate regions with correlation coefficients above the 95% confidence level.
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			Fig. 10
			Winter season correlations of Pacific-South American index and sensible heat flux for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40). Thin black lines indicate regions with correlation coefficients above the 95% confidence level.
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In addition, we also considered the effect of three indices on the bulk variables. For the AAO index, ocean−2-m air temperature and specific humidity difference show a zonal three-wave structure over the Southern Ocean, whose spatial patterns are in agreement with those of SHF and LHF; for 10-m wind speed, a significant increase occurs south of 50°S from 0° to 90°W with opposite correlation coefficient north of 50°S (not shown). The spatial structures of correlation between ocean−2-m air temperature and specific humidity and the PSA1 and PSA2 indices are similar to those of SHF and LHF. For wind speed, spatial patterns of the PSA1 and PSA2 indices show two- and three-wave structures.

Leading EOF patterns can be a good tool to examine the dominant mode of variability in each flux product for a short time series. Using EOF analysis, we find that the first mode pattern of LHF shows a consistent zonal three-wave structure except for J-OFURO, where the structure is zonally symmetrical, but the pattern of SHF shows a similar three-wave structure for the six products being compared (not shown).

	

Decadal trend

The linear trends of LHF and SHF in 13 years for the six data sets are shown in Figs. 11 & 12. The positive trends in LHF are widely distributed over the Southern Ocean, with more significant trends over the oceans where the annual mean values are large. The negative trends occur at the Bellingshausen Sea, the Amundsen Sea and the Southern Indian Ocean. A strong decreasing trend of more than 30 W m−2 in 13 years appears over the oceans to the north of Wilkes Land in the NCEP-2 data set, and the weakest negative trend of LHF (only about 5 W m−2 in 13 years) is associated with the GSSTF-2 data set. The positive trends in ERA-40 appear to be much weaker compared to those in other five data sets.


			Fig. 11
			The linear trends of annual mean latent heat flux over the Southern Ocean for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40). Thin black lines indicate regions with correlation coefficients above the 90% confidence level.
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			Fig. 12
			The linear trends of annual mean sensible heat flux over the Southern Ocean for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40). Thin black lines indicate regions with correlation coefficients above the 90% confidence level.
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Compared to LHF, the trend difference for SHF among the data sets is larger. NCEP-2 shows the largest decreasing trend of SHF: more than 60 W m−2 in 13 years over the ocean to the north of Wilkes Land, where the trend in LHF is also negative. GSSTF-2 exhibits the weakest decreasing trend of SHF: less than 5 W m−2 in 13 years. However, the behaviour of the positive trend among the data sets is somewhat different. The largest positive trend of over 30 W m−2 in 13 years appears over the ocean south of South Africa in NCEP-2, where other data sets also show a significant positive trend, with ERA-40 having the smallest value of about 10 W m−2 in 13 years.

The trend differences of LHF and SHF among the six data sets may be attributed to a number of factors. The difference in wind speed and sea–air specific humidity will be examined in the following section. The temperature differences will not be discussed here because several data sets do not contain either SST or air temperature data.

	

Influences of bulk meteorological parameters

The differences for LHF and SHF may be caused by two primary sources: one is the differences in the bulk variables and the other is the differences in the algorithms themselves (Brunke et al. 2002). In this article, we will focus on the bulk variables, specifically wind speed and temperature and humidity differences. Wind speeds and humidity differences are calculated for all six data sets. The sources of air temperature and SST for GSSTF-2 and J-OFURO are NCEP-2; the air temperature and SST for HOAPS-3 cannot be obtained from its website. Therefore, the effect of TS
			–TA
			 on sensible heat flux is limited to NCEP-2, ERA-40 and OAFlux.

The annual mean of wind speed exhibits a similar spatial pattern among the six data sets, with larger values over oceans between 40°S and 60°S (not shown). The annual mean of the sea and air specific humidity difference from the six data sets also shows a consistent spatial pattern (not shown). The annual means of the sea and air temperature from NCEP-2, ERA-40 and OAFlux are similar (not shown). The spatial patterns of annual mean difference between specific humidity over the ocean surface and the air (QS
			–QA
			) and sea–air temperature difference (TS
			–TA
			) are in line with those of LHF and SHF, respectively. Here, we mainly focus on the standard deviation and trend of wind speed,QS
			–QA
			 and TS
			–TA
			.

Figure 13 shows that a consistent spatial pattern of standard deviation of wind speed occurs among three satellite-derived products and OAFlux with larger variation over the southern Pacific Ocean. The range of variation of the standard deviation is also similar, from 0.1 to 0.7 ms−1. The two re-analysis data sets share a similar spatial pattern and their ranges of variation exceed those in the other four data sets. Feng & Li (2006) also found large difference in the standard deviation of wind speed between GSSTF-2 and NCEP-2 at southern high latitudes. The spatial patterns of standard deviation of wind speed do not appear to correspond well with the pattern of LHF and SHF, suggesting that other factors may play a more important role in standard deviations of LHF and SHF. Like the annual mean, the standard deviation of QS
			–QA
			 among the six products also displays a similar pattern (Fig. 14) that coincides with the spatial pattern of LHF, indicating that the humidity difference between the ocean and air plays a significant role in determining the inter-annual variation of LHF over the Southern Ocean.


			Fig. 13
			Standard deviation of annual mean wind speed over the Southern Ocean for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40).
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			Fig. 14
			The standard deviations of the annual mean sea-air specific humidity difference over the Southern Ocean for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40).
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In the case of the linear trend of wind speed (Fig. 15), differences among the six data sets are similar to those of standard deviation. In other words, the trends are larger in the two re-analysis data sets compared to those in the other four data sets. Despite the differences in the magnitudes, all six products display a similar spatial pattern with larger trend appearing over the southern Indian Ocean and oceans between 180° and 120°E south of 50 °S. The largest difference between the two re-analysis data sets and the other four data sets occurs over the south-western Atlantic Ocean, the south-western Pacific Ocean and the ocean south of Australia. The spatial patterns of the wind speed trend for all six products do not appear to correspond with the spatial pattern of LHF and SHF. In contrast, the spatial distribution of the QS
			–QA
			 trend (Fig. 16) appears to coincide with that of LHF, although differences exist in the range of trends among the products. This indicates that the LHF trends are closely related to that of QS
			–QA
			. The results here appear to differ from the results of Kubota et al. (2003), which revealed a bigger contribution from wind speed to the differences between two satellite-derived flux products. However, the work of Feng & Li 2006: (figures 5, 6) appears to support our results, which showed that the differences of LHF over the Southern Ocean between GSSTF-2 and the re-analysis data sets may be caused by the difference in QS
			–QA
			. Liu and Curry (2006) also found some discrepancies on the spatial/temporal variations of the LHF caused by the air specific humidity over the tropics and subtropics.


			Fig. 15
			The linear trends of the annual mean wind speed over the Southern Ocean for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40).
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			Fig. 16
			The linear trends of annual mean sea-air specific humidity difference over the Southern Ocean for the second version of the Goddard Satellite-Based Surface Turbulent Fluxes (GSSTF-2), the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data (HOAPS-3), Japanese Ocean Fluxes Data Sets with Use of Remote Sensing Observations (J-OFURO), Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40). Thin black lines indicate regions with correlation coefficients above the 90% confidence level.
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The patterns of standard deviations and trends of TS
			–TA
			 for OAFlux, NCEP-2 and ERA-40 are shown in Fig. 17. The spatial patterns of standard deviation for three products are similar to those of sensible heat flux. The large inter-annual variation occurs over the coastal ocean near the Antarctica and over the southern Indian Ocean. The patterns of the trends in TS
			–TA
			 for the three products are also consistent with those of sensible heat flux. A significantly positive trend occurs mainly over the south-western Atlantic Ocean and southern Indian Ocean, and a negative trend exists over the coastal ocean near the Antarctic continent. In terms of value, the contribution of TS
			–TA
			 in ERA-40 to the trend in SHF is less than that of other two products.


			Fig. 17
			Standard deviation (left column) and trend (right column) of sea-air temperature difference for Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux), National Centers for Environmental Prediction Reanalysis 2 (NCEP-2) and the European Centre for Medium-Range Weather Forecasts 40 Year Re-analysis (ERA-40). Thin black lines indicate regions with correlation coefficients above the 90% confidence level.
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Conclusions

This study compares LHF and SHF among six gridded data sets, namely, GSSTF-2, HOAPS-3, J-OFURO, OAFlux, NCEP-2 and ERA-40, over the Southern Ocean for the period of 1988 through 2000, when all six data sets overlap. The large-scale patterns of the 13-year mean fields for LHF, SHF and wind speed are similar among the data sets, but the values can differ substantially. The meridional characteristics of the zonal mean LHF are in good agreement among the six data sets, showing a continuous equatorward increase. The meridional distribution of zonal mean SHF is similar among five of the six data sets (HOAPS-3 is the exception), exhibiting a minimum value near 50°S, increasing both pole- and equatorward, which is consistent with the sea–air temperature difference.

Larger values of LHF and SHF are found during the austral winter, consistent with the seasonal cycle of wind speed over the region. Among the six data sets, the LHF in GSSTF-2 and SHF in HOAPS-3 appear to be the largest for all months.

The standard deviations of annual mean LHF for all six products show a similar spatial pattern that is similar to the annual mean LHF, despite some differences in values. In contrast, the standard deviations of annual mean SHF exhibit different patterns among the six products. The seasonality of LHF standard deviation is weaker than that of SHF. There appears to be a closer link between OAFlux and the two re-analysis data sets, while the three satellite-derived products are more closely related to each other.

The correlation between the wintertime AAO and LHF shows a similar spatial pattern among the data sets, with positive correlation over the central southern Pacific Ocean, the ocean south of Australia and southern Indian Ocean and negative correlation over the southern Atlantic Ocean and the ocean near New Zealand. A significant correlation between the wintertime PSA and LHF is found over the southern Pacific Ocean in all six products. A common region with high PSA–SHF correlation is over the south-western Atlantic Ocean. Results for other seasons are similar with those for the austral winter.

The linear trend analysis of the annual mean fluxes shows significant differences in both the spatial pattern and the values. The differences in spatial distribution do not appear to be linked to the bulk parameter of mean wind speed, but related to the temperature and humidity differences between the ocean surface and the atmosphere. The trend and standard deviation of wind speed in the re-analysis data sets are found to be larger than those in the satellite-based data sets.
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