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Abstract

:

In-situ observation, climate reanalyses, and satellite remote sensing are used to study the annual cycle of turbulent latent heat flux (LHF) in the Agulhas Current system. We assess if the datasets do represent the intense exchange of moisture that occurs above the Agulhas Current and the Retroflection region, especially the new reanalyses as the former, the National Centers for Environmental Prediction Reanalysis 2 (NCEP2) and the European Centre for Medium-Range Weather Forecast (ECMWF) reanalysis second-generation reanalysis (ERA-40) have lower sea and less distinct surface temperature (SST) in the Agulhas Current system due to their low spatial resolution thus do not adequately represent the Agulhas Current LHF. We use monthly fields of LHF, SST, surface wind speed, saturated specific humidity at the sea surface (Qss), and specific humidity at 10 m (Qa). The Climate Forecast System Reanalysis (CFSR), the European Centre for Medium-Range Weather Forecast fifth generation (ERA-5), and the Modern-Era Retrospective analysis for Research and Applications version-2 (MERRA-2) are similar to the air–sea turbulent fluxes (SEAFLUX) and do represent the signature of the Agulhas Current. ERA-Interim underestimates the LHF due to lower surface wind speeds than other datasets. The observation-based National Oceanography Center Southampton (NOCS) dataset is different from all other datasets. The highest LHF of 250 W/m2 is found in the Retroflection in winter. The lowest LHF (~100 W/m2) is off Port Elizabeth in summer. East of the Agulhas Current, Qss-Qa is the main driver of the amplitude of the annual cycle of LHF, while it is the wind speed in the Retroflection and both Qss-Qa and wind speed in between. The difference in LHF between product are due to differences in Qss-Qa wind speed and resolution of datasets.
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1. Introduction


The greater Agulhas Current system is composed of the core of the Agulhas Current, which is about 219 km wide near 34°S [1]; the Agulhas Retroflection region with a loop diameter of 350 km [2]; and the Agulhas Return Current that meanders back in an eastward direction [3] (Figure 1). The core of the Agulhas Current is steered by the shelf break (200 m isobaths) along the southeast coast of South Africa. It is the strongest western boundary current in the Southern Hemisphere. The mean position of the Agulhas Retroflection lies between 16° and 20°E and between 38° and 41°S [2]. The Agulhas current takes warm water poleward creating a distinct signature in SST along its path. This SST gradient is at the origin of the high turbulent flux of sensible and latent heat observed above the current and creates a wall of moisture above the current with distinct cloud lines observed at time above it [3,4]. As the Agulhas Current follows the coast of South Africa, offshore wind can bring this moisture inland [5,6]. The SST gradient is also at the origin of increased rainfall above the current and near the coast of South Africa [7] and also wind increase [8,9,10] or wind curl change above the current [11]. The LHF, as well as marine boundary layer modification, were measured above the core of the Agulhas Current, the Retroflection region and the Agulhas Return Current [4,5,12,13,14,15,16]. These measurements show that the LHF, which is akin to the turbulent flux of moisture at the air–sea interface, is higher in the Agulhas Current system compared to the surrounding ocean. The core of the Agulhas Current is important because of its thermal contrast with the surrounding water leading to a fivefold increase in the turbulent fluxes of latent heat. Radiosondes launched during the Agulhas Current air–sea exchange experiment (ACASEX) cruise show that the core of the current produces a wall of moisture [4,5,13] that can reach up to 2000 m above the Agulhas Current. When the wind is blowing from the Agulhas Current to the coast, this moisture converges towards the coast [5,6,13]. Cloud lines above the Agulhas Current are the results of the strong exchange of moisture and mixing occurring in this region [3,5,17].



The study of Rouault [18] provided evidence that low-level moisture from the Agulhas Current played a significant role in the evolution of a severe convective storm and associated tornado over southern South Africa. In addition, this strong western boundary current has warmed up considerably since the 1980s, which has increased the transfer of moisture from the ocean to the atmosphere [19]. However, more need to be done to understand the impact of that recent increase in moisture on the weather and climate of the region. Gimeno et al. [20] showed that the Agulhas Current system is a source of moisture for the Southern Africa rainfall although the low-resolution of data might have underestimated the intensity of the ocean to atmosphere exchanges in the core of the Agulhas Current as they used the ECMWF second-generation reanalysis (ERA-40 [21]) with a spatial resolution of 2.5° × 2.5°. Indeed the LHF is underestimated in models if the resolution does not represent the SST well the Agulhas Current which is roughly 100 km wide [16]. In addition the high latent and sensible heat flux modify the stability of the surface constant flux layer and the associated logarithmic profile of wind speed temperature and humidity at the surface of the ocean. This creates a difference pressure gradient found to be the origin of low-level convection and rainfall above the Agulhas Current by Nkwinkwa Njouodo et al. [7]).



As stated above, the LHF measured over the Agulhas Current were not well reproduced in older climate reanalyses (ERA-40 [21], the Centers for Environmental Prediction version 1 (NCEP1 [22]) and version 2 (NCEP2 [23])). However, recent reanalyses like the Climate Forecast System Reanalysis (CFSR [24]) are now available at a higher resolution. Similarly, numerous new air–sea interaction data sets derived from satellite remote sensing such as air–sea turbulent fluxes (SEAFLUX [25]) have been produced at a resolution to allow a good representation of the Agulhas Current.



The aims of this study of the air–sea exchanges in the Agulhas Current system are threefold: (i) to explore whether the new climate reanalyses and satellite-derived data sets do adequately represent the high LHF or exchange of moisture above the Agulhas Current, (ii) to examine the magnitude of uncertainties in the basic parameters (wind, SST, surface specific humidity) used to derive the LHF; and (iii) to quantify the annual cycle of the LHF and its drivers in the Agulhas Current system.




2. Data and Methods


Table 1 provides an overview of the eleven monthly data sets used. They are classified according to the input data sources and analysis methods (e.g., in-situ observations, satellite-based data sets, and reanalyses) together with an indication of the spatial resolution and record lengths. Various parameters are analysed here including geostrophic current; LHF; sea surface temperature (SST); surface wind speed at 10 m; specific humidity of air at 10 m (Qa) and specific humidity at sea surface (Qss).



The averaging periods that we performed range from monthly to seasonal and were constrained by the availability of satellite data sets. Because products were not available at the same period, we used the same common period (5 years from 2003 to 2007) for the averaging to have consistent results except for HOAPS3, available only until 2005.



2.1. In-Situ Observations


We analysed the gridded monthly data derived from the National Oceanography Centre Southampton (NOCS, version 2) based on Voluntary Observing Ship (VOS) obtained from the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) [26,27,28]. These observations were presented on a 1° × 1° spatial grid and used optimal interpolation (OI) of daily estimates of ship data, which covered the period 1973–2006. The OI is based on the approach developed by Reynolds and Smith [29] and by Lornec [30]. The wind speeds over the oceans by the VOS were either visual estimates using the WMO1100 Beaufort Equivalent Scale [31] or from anemometers [27]. The anemometer observations were adjusted to a standard reference height of 10 m using the bulk formulae and parameterisations of Smith [32,33]. The temperatures of water samples were used to measure the SST by using a bucket or from the engine room intake (ERI). Corrections were applied for the different measurement methods [34]. Humidity observations were made using wet and dry bulb thermometers [27] and were adjusted to 10 m using Smith [32,33]. The flux estimates in the NOCS data were based on the bulk formulas of Smith [32,33]. A successive correction method was then used to develop the monthly NOCS flux fields [35].




2.2. Satellite Remote Sensing


Two satellite-based data products were used, notably the third version of the Hamburg Ocean Atmosphere Parameters and Fluxes (HOAPS3) product and the high-resolution SEAFLUX [25,36] product. The HOAPS3 product with a spatial resolution of 0.50° × 0.50° provided fields of turbulent heat fluxes over the global ice-free ocean. It was a completely reprocessed data set [37,38] with a continuous time series from 1987 to 2005. Our study period for HOAPS3 is from 2003 to 2005. The HOAPS3 wind speed was based on neural network algorithms. The SST was based on the Advanced Very High-Resolution Radiometer (AVHRR) Oceans Pathfinder SST [39]. Qss was calculated from the saturation humidity at the sea surface temperature using the Magnus formula [40], and Qa was calculated using the method implemented by Bentamy et al. [41]. HOAPS3 LHF was calculated from swath retrievals and parameterized using the Coupled Ocean-Atmosphere Response Experiment bulk flux algorithm version 3 (COARE3.0 [42]). We use the monthly data from HOAPS3. For SEAFLUX product, a general discussion of flux measurement issues is given in Curry et al. [25]. SEAFLUX benefits from an international effort under the GEWEX and CLIVAR umbrella [25]. SEAFLUX is a high-resolution (0.25° × 0.25°) satellite-based data set of surface turbulent fluxes over the global ocean, available from 1998 to 2007. SEAFLUX provides necessary parameters used to calculate the latent and sensible heat fluxes. It was compared at the global scale with various satellite-derived products and reanalyses [43,44,45]. The SEAFLUX product is three-hourly. For this study, monthly averages were used from 2003 to 2007. The SEAFLUX wind speed was an equivalent neutral wind valid at 10 m, based on the neural network algorithm and the Cross-Calibrated MultiPlatform wind. The SEAFLUX wind speed was calculated from cross-calibration and assimilation of wind retrievals from SSM/I, TMI, AMSR-E, QuikSCAT and SeaWinds onboard ADEOS-2. In addition to collocated satellite data and products, collocated data from the NCEP and ECMWF NWP were used (for filling in data gaps) [25]. The SST was taken from the Reynolds Optimally Interpolated Version 2.0 AVHRR-only, a NOAA SST [46]. Qa was also calculated using a neural network algorithm based on Roberts et al. [47]. The bulk method algorithm developed by Fairall et al. [42] for TOGA COARE3.0 was used to compute the final value of LHF.



The Moderate Resolution Imaging Spectroradiometer (MODIS, Kilpatrick et al. [48]) was used to provide reference SST data because of its very high-resolution (4 × 4 km) and a good representation of the fine spatial structures of the Agulhas Current, especially near the coast. MODIS SST is available from June 2002 to the present. MODIS was derived from aboard Terra and Aqua satellites and has a viewing swath width of 2.3 km. It views the entire surface of the Earth every one to two days (https://modis.gsfc.nasa.gov/about/). Its detectors measure 36 spectral bands between 0.4 and 14.4 µm. The Level 2 product is produced daily and consists of global day and night coverage every 24 h. Monthly fields of MODIS SST were used, from 2003 to 2007. Chan and Gao [49] have compared MODIS, NCEP and TMI SST for the global ocean but only from March 2000 to June 2003. They concluded that large differences exceeding 0.5 °C are related to biases in the infrared and microwave retrieval methods, or due to the differences between skin and bulk SST.



The GlobCurrent surface geostrophic current at a spatial resolution of 0.25° × 0.25° for the period 2003 to 2007 was used to resolve the structure of the Agulhas Current as shown in Figure 1. Further details of this product are provided by Rio et al. [50] and Johannessen et al. [51] and validation is found in Hart-Davis et al. [52]. The Scatterometer Climatology of Ocean Winds (SCOW [53]) was used arbitrarily as reference wind speed in this study. The high-resolution (0.25° × 0.25°) resolves small-scale features that are dynamically important for both ocean and atmosphere [53]. They show that the ECMWF [21] and NCEP–NCAR [23,24] reanalyses winds (often used to force ocean models) have a much coarser grid spacing of 2.5° and 1.875° respectively, resulting in a poor ability to resolve features at scales below 1000–1500 km [54]. The SCOW wind fields product is a climatology data set based on 122 months (September 1999–October 2009) including QuikSCAT scatterometer data. The SCOW wind product was calculated using methods detailed in Risien and Chelton [53].




2.3. Reanalyses


Four reanalyses products are used. The Climate Forecast System Reanalysis (CFSR [24], the Modern-Era Retrospective analysis for Research and Applications (MERRA-2 [55]), the European Centre for Medium-Range Weather Forecast reanalysis fifth generation (ECMWF ERA-5 [56]) and the fourth generation of ECMWF (ERA-Interim [57]). In this study, the climatology of monthly means averaged from daily means were analysed from 2003 to 2007.



CFSR is provided by NCEP and is available from 1979 to 2010. CFSR is a global coupled atmosphere–ocean–land–sea ice system and outputs are available at an hourly temporal resolution. The analysis system used in CFSR for the atmosphere was the Gridpoint Statistical Interpolation (GSI) scheme, at a horizontal resolution of T382 (∼38 km) with 64 vertical levels [25]. The oceanic model used was the Modular Ocean Model version 4p0d (MOM4p0d [58]) at a 0.5° horizontal resolution with 40 levels in the vertical to a depth of 4737 m. CFSR wind speed was from the SSM/I brightness temperature converted to wind speeds by a neural algorithm developed at NCEP [25]. In addition, they used the scatterometer winds data sets from ESA ERS 1 and 2 QuickSCAT and WindSat. These scatterometer winds were assimilated in CFSR but after being degraded to 100 by 100 km resolution. CFSR SST used the version 1 and 2 of the AMSR and the AVHRR product, and the version 1 of the daily optimal interpolation described in Reynold et al. [47]. In addition, CFSR used buoy SST corrected. Thus, all observations were bias-corrected with buoy data. Missing grid points were filled in via interpolation [25]. For the specific humidity, CFSR used AQUA-AIRS, AMSU-a, AMSRE data and Microwave Humidity Sounder (MHS) instruments.



MERRA-2 is a NASA atmospheric reanalysis that has a regular grid of 0.625° × 0.50° and is available from 1980 to present. MERRA-2 replaces the original MERRA reanalysis [59] and uses the upgraded version of the Goddard Earth Observing System Model, Version 5 (GEOS-5) data assimilation system. Variables were provided on either the native vertical grid (at 72 model layers or the 73 edges) or interpolated to 42 standard pressure levels. The wind data assimilated in MERRA-2 was a combination of many in-situ and satellite observations as SSM/I surface wind speed, ERS-1, ESA ERS-2, ESA QuikSCAT and ASCAT surface wind vector. MERRA-2 SST is a combination data from CMIP as in Taylor et al. [60]; NOAA OISST as in Reynolds et al. [47] from both AVHRR and AMSR-E; and from OSTIA as in Donlon et al. [61]. The processing of these products into a grid set of daily SST boundary conditions for MERRA-2 is described in Bosilovich et al. [55]. Air humidity Qa at 10 m height was estimated as diagnostic outputs based on the computed fluxes and transfer coefficients.



ERA-Interim is provided at a 0.75° × 0.75° spatial resolution and is available from 1979 to present. The spatial resolution of the data set is approximately 80 km (T255 spectral) at 60 vertical levels from the surface up to 0.1 hPa. ERA-Interim is the first reanalysis product to apply the four-dimensional variational data assimilation scheme (4D-Var) provided by the ECMWF [57]. ERA-Interim is a new atmospheric reanalysis to replace ERA-40. ERA-Interim SST is obtained by using input SST data from NCEP 2D-Var, NCEP OISST V2, NCEP RTG and OSTIA. The humidity analysis scheme is developed by Holm [62].



ERA-5 is the latest release of ECMWF reanalysis. This atmospheric model replaces ERA-Interim reanalysis and has a finer resolution than ERA-Interim. ERA-5 is currently available from 1979 to present. ERA-5 will contain a detailed record from 1950 onwards when complete. The reanalysis provides hourly estimates for a large number of atmospheric, oceanic and land–surface quantities. The native resolution of ERA-5 is 31km on a reduced Gaussian grid (Tl639) with 137 levels to 0.01 hPa. A detailed description can be found in the online ERA-5 documentation. In addition to much finer spatial resolution, ERA-5 has consistent SST field, and wind speed available as a neutral wind speed.



Two low-resolution reanalysis products (ranging from 1.87° × 1.90° to 2.5° × 2.5°) were also used for the comparison and assessment, including the NCEP-DOE reanalysis version 2 (NCEP2 [23]) and ERA-40 [21]. In so doing, we can investigate whether the new finer-resolution reanalyses have a better representation of the Agulhas Current than the low-resolution reanalyses. NCEP2 is provided by the NOAA–CIRES Climate Diagnostics Centre. NCEP2 has an irregular grid of 1.87° × 1.90° and is available from 1979 to present. We use the period 2003 to 2007 in our study. ERA-40 being available with a spatial resolution of 2.5° × 2.5° from September 1957 to August 200, we use the period 1997–2001. The same number of years is taken for ERA-40 compared to other products for the convenience of comparing results. The global comparison of 9 monthly mean LHF products (including NCEP2 and ERA-40) reported by Smith et al. [44] reveals comparable values spatially. However, the magnitudes and the patterns of the standard deviations are widely different. Bentamy et al. [45] also analysed the daily average of LHF on a global scale, derived from satellite-based (including SEAFLUX, HOAPS3), hybrid and climate reanalyses (including CFSR, MERRA-2, and ERA-Interim). They found that the inter-comparison of LHF data sets indicate that all products exhibit similar space and time patterns. However, they also revealed significant magnitude differences in western boundary and southern high latitude regions in boreal winter.




2.4. Methods


We represented the annual and seasonal cycles of the products found in Table 1. We used monthly means data averaged from daily means. Then we did a climatology for all the products over the time period. The common period is from 2003 to 2007. Products that were not available over this period were averaged over a 5- or 4-year period. As the annual cycle dominated the signal with a high amplitude using 4, 5 or 10 years did not change drastically the results presented here.



We arbitrarily used MODIS SST, SCOW wind speed and SEAFLUX LHF as reference for the SST, surface wind speed and LHF respectively. The former products were used as references because they are satellite-based products, they have a high horizontal resolution, they are realistic, and they represent the meandering shape of the Agulhas Current. The references products serve to evaluate the horizontal differences between datasets. To facilitate the comparison, we interpolated the data on the grid of the reference dataset as in Smith et al. [44] and Bentamy et al. [45]. Example for SSTs, the data were linearly interpolated on the grid of MODIS. We used a linear interpolation function, which returned the interpolated values, over the longitude and latitude at specific query points. The results always passed through the original sampling of the function. The use of linear interpolation rather than curve-fitting method was sufficient for our analyses.



We also re-calculated the 10 m real wind of CFSR, MERRA-2, ERA-Interim, and NOCS to equivalent neutral wind at 10 m, using the Bourassa–Vincent–Wood neutral (BVWN) algorithm [63] for a better comparison of various data sets because the satellite remote sensing estimates of SCOW, SEAFLUX, and HOAPS3 wind speeds are equivalent neutral at 10 m but the other wind speeds are not and therefore may reflect the unstable condition found above the current leading to wind differences at 10 m between neutral and unstable conditions. The Bourassa–Vincent–Wood algorithm has an option of calculating both equivalent neutral winds (using BVWN) and winds based on the air–sea stability (using BVW). In the Agulhas system and by using the BVWN, the 10 m equivalent neutral wind speeds for CFSR, MERRA-2, ERA-Interim and NOCS were up to 0.5 m/s higher than uncorrected wind speeds at the seasonal scale. The 10 m equivalent neutral wind speed is 0.5 m/s lower for NOCS in the Retroflection region (Figure S1). Moreover, we recalculated the 2 m specific humidity of air to a height of 10 m using the BVW for height adjustment for the reanalyses CFSR and ERA-Interim because satellite remote sensing estimates and MERRA-2 provide values at 10 m and CFSR and ERA-Interim at 2 m. We calculated the differences between the 2 m and the 10 m specific humidity for CFSR and ERA-Interim (Figure S2). These differences exhibited a decrease of Qa when we increased the height (from 2 to 10 m) for the whole domain, of up to 0.8 g/kg along the coast. The specific humidity at the sea surface (Qss) was not available for MODIS, ERA-5, and ERA-Interim. We calculated MODIS, ERA-5 and ERA-Interim Qss using their respective SSTs and the empirical version of Clausius–Clapeyron equation (Equation (2)) for saturation specific humidity.




Qss=RdryRvapes(T)P−(1−RdryRvap)es(T)



(1)






es(T)=a1exp[a3(T−T0T−a4)]



(2)





Rdry=287.0597 J/Kg/K and Rvap=461.5250 J/Kg/K are respectively the gas constant for dry air and water vapor, P (Pa) is the surface pressure, es(Pa) is the saturation vapor pressure and is calculated according to Bolton [64]. T is the sea surface temperature. Parameters a1, a3, and a4 are set according to Buck [65], a1=611.21 Pa, a3=17.502 and a4=32.19 K.



For example, SSTs of 15, 20 and 25 °C correspond to saturated specific humidity of around 10.5, 14.5 and 19.5 g/kg respectively.



The bulk formula is generally used to calculate the turbulent LHF. It is the product of the surface wind speed (relative to the sea surface) and the difference between specific humidity of the air and saturated specific humidity at the temperature of the sea surface:


Qe=ρaCElv|U−US|(qsst−qa)



(3)







Here Qe is the turbulent LHF; ρa is the air density; CE is the transfer coefficient for water vapor; lv is the latent heat of evaporation; U is the surface wind speed; Us is the surface current; qss is the surface specific humidity, usually the saturated specific humidity at the temperature of the sea surface and qa is the specific humidity of air at 10 m. Note that the reanalysis products do not account for wind speed relative to the surface current which might lead to incorrect estimation of the LHF in the Agulhas Current where the surface current can reach up to 2 m/s [15,18]. The satellite products, on the other hand, account for this effect as the wind speed was retrieved from estimating the sea roughness which is a direct effect of the relative wind speed [53].





3. Results


Figure 1a (top panel) shows the mean SST field derived from MODIS for the period 2003 to 2007. The pattern of warm water (>22 °C) of the Agulhas Current South of Africa, originating in the Southwest Indian Ocean, is well defined. The Agulhas Return Current, on the other hand, is not clearly identified in the SST field, although its meandering structure as revealed by the 18 °C isotherm partly indicates its southern boundary. Colder water (<16 °C) is visible in the Antarctic Circumpolar Current (ACC) to the south and in the Benguela coastal upwelling region west of South Africa. The leakage of water from the Agulhas Current into the South Atlantic Ocean manifests in the eddy corridor whereby relatively warm water (18 °C < t < 20 °C) extends north-westward from the Retroflection region. Figure 1b shows the mean surface geostrophic current field derived from the GlobCurrent data repository for the period 2003–2007. The core of the Agulhas Current has a mean velocity of up to 1.5 m/s in the region south of Port Elizabeth. The Return Current, in comparison, displays distinct large-scale meanders and eastward surface currents of around 1 m/s. Four key locations (marked in Figure 1) are also selected to better quantify maximum and minimum as well as differences in data and should be seen as support to the latitude–longitude maps shown. We choose three regions (1° × 1°) within the Agulhas Current system (e.g., off Durban (31.5–32.5°E; 30–31°S) representing the eastern part of the Agulhas Current, off Port Elizabeth (25–26°E; 34.5–35.5°S), representing the middle of the Agulhas Current and the Retroflection area (19–20°E; 38–39°S) to the west of the Agulhas Current) and one location off Cape Town (16–17°E; 33.5–34.5°S) for outlining differences between Agulhas Current and surrounding ocean. These locations are also used to help understand the drivers of LHF in the Agulhas Current.



3.1. Seasonal Mean and Annual Cycle of Latent Heat Flux


The seasonal LHF averages derived from the different products (presented in Table 1) are shown in Figure 2 for the Austral summer (December to February—DJF); autumn (March to May—MAM); winter (June to August—JJA) and spring (September to November—SON). In the Agulhas Current system, the LHF ranges from about 100 to 250 W/m2 with maxima during austral autumn and winter depending on the product. In comparison, the minimum LHF of about 50 W/m2 is found during austral summer in the Benguela upwelling region. Towards the colder Southern Ocean, the LHF is also low (around 50 W/m2) for all seasons. We notice that the spatial pattern of the LHF for the austral winter season (JJA) is in good agreement with the MODIS SST field shown in Figure 1.



The large-scale patterns in the seasonal cycle of the LHF for the HOAPS3 and SEAFLUX satellite-based estimates, and the high-resolution CFSR, MERRA-2, and ERA-5 reanalyses products are in fairly good agreement. As HOAPS3 is missing data along the coast it cannot represent the LHF in the Benguela upwelling region and along the Agulhas Current east of Port Elizabeth. The ERA-interim and ERA-40 products have similar seasonality but much lower LHF in autumn and winter than the SEAFLUX, HOAPS3, CFSR, MERRA-2 and ERA-5 products. NOCS is quite different with a distinct maximum of ~250 W/m2 in austral summer and a minimum in winter (between 125 and 175 W/m2) above the Agulhas Retroflection region. ERA-40 and NCEP2 do not adequately represent and underestimate the LHF of the Agulhas Current system because they do not have sufficient resolution to represent the Agulhas Current SST as we will see later (see Section 3.3 and Section 3.4). Moreover, ERA-40 and NCEP2 do not reproduce the meandering shape of the Agulhas Return Current.



The annual cycles of all the LHF products, except HOAPS3, are shown in Figure 3 for the four locations off Durban, off Port Elizabeth, in the Retroflection and off Cape Town. HOAPS3 is omitted because of the missing data along the coast. There are differences between the LHF products both in time and space where their standard errors do not overlap. The LHF varies between 40 and 260 W/m2 in the Agulhas system, and between 40 and 175 W/m2 off Cape Town.



There are differences for all data sets in maximum and minimum and in phases and amplitudes. For instance, off Durban, the SEAFLUX maximum is 230 W/m2 in May; the minimum is nearly 130 W/m2 in January. For the other products, the highest LHF values occur between March and June and the lowest values between November and February. SEAFLUX, CFSR, MERRA-2, and ERA-5 overlap. ERA-Interim, NCEP2, ERA-40, and NOCS overlap except in May-June and August where ERA-40 is smaller. All in all, the CFSR has the highest mean annual value (192 W/m2) and ERA-Interim the lowest (141 W/m2) (see Table 2). SEAFLUX, MERRA-2 and ERA-5 agree well.



Off Port Elizabeth the annual cycles are similar (Figure 3). In this region, the SEAFLUX product has a maximum in August and minimum in January. The other products have their maximum values between May and August and minima between September and February. SEAFLUX, CFSR MERRA-2, and ERA-5 overlap. From April to August ERA-Interim, ERA-40, and NOCS do not overlap with the former products. Lowest values in the Agulhas Current system are found off Port Elizabeth in late summer (~100 W/m2).



In the Retroflection area the highest value is found in July for all products except for NOCS which has the lowest value (~80 W/m2) during winter but the highest (210 W/m2) in February. SEAFLUX, CFSR, MERRA-2, ERA-5, ERA-Interim and NCEP2 overlap. NOCS does not overlap with the others for most of the year and its standard error is quite large compared to other products. All in all, CFSR has the highest LHF (217 W/m2) and NOCS the lowest (141 W/m2) (Table 2). Averaging the three Agulhas locations (Table 2) CFSR has the highest LHF; ERA- interim, ERA-40 and NOCS have the lowest LHF.



Off Cape Town, SEAFLUX is higher than any other product (Figure 3 and Table 2). For the whole year, all the products overlap together except for SEAFLUX that overlaps with CFSR and NCEP2 between May and September only.



To summarize, we find that the LHF data sets exhibit roughly similar space and time patterns as found globally by Chou et al. [43]; Smith et al. [44]; Bentamy et al. [45] but with substantial differences in magnitude and phasing of maxima and minima.




3.2. Differences of Latent Heat Flux between SEAFLUX and Other Products


The mean seasonal differences between the different observation-based and reanalyses-based LHF and SEAFLUX are shown in Figure 4. The LHF products have been interpolated on the grid of SEAFLUX. The differences range within ±70 W/m2, roughly ±38% of the annual mean value of SEAFLUX LHF for the three Agulhas locations (Table 2). Differences can be positive or negative and sometimes have the shape of the Agulhas Current which indicates the problem of low-resolution SST. HOAPS3 is around 30 W/m2 lower than SEAFLUX in the Agulhas Return Current for each season. The positive differences between CFSR and SEAFLUX (CFSR–SEAFLUX) are mostly seen in the Agulhas Current system and reach up to 60 W/m2 during summer (DJF). All reanalyses and NOCS underestimate the LHF in the Benguela system by about 70 W/m2. In the Agulhas Current system along the coast during summer, differences between ERA-5 and SEAFLUX are less than with ERA-Interim. NCEP2 and ERA-40 underestimate the LHF along the coast for all seasons, especially during winter with a difference of 60 W/m2. This is due to the low-resolution of their SST field as further addressed in the next section. In summer, NOCS LHF is almost similar to SEAFLUX from off Durban to off Port Elizabeth. During winter, the difference between NOCS and SEAFLUX is less than 70 W/m2. This could indicate that too few Voluntary Observing vessels are taking measurements in the Agulhas Current system. Indeed, vessels have a tendency to leave the Agulhas Current at the location off Port Elizabeth cruising towards Cape Town or they avoid the southwest flowing Agulhas Current as much as possible when sailing towards Durban [19].



In the coming sections the individual contributions of SST, wind speed and specific humidity to the LHF are examined in order to understand the origin of the differences between products.




3.3. Seasonal Mean and Annual Cycle of Sea Surface Temperature


The seasonal SST averages derived from the different products (Table 1) are presented in Figure 5 for austral summer, autumn, winter and spring. With its high-resolution (4 × 4 km) MODIS SST is taken as the reference for the comparison of SST. The MODIS SST fields align well with the Agulhas Current velocity structure (Figure 1). In the Agulhas Current system (Figure 5), the SST field ranges from about 18 to 26 °C with the maximum during summer (DJF) and autumn (MAM) and minimum SST in the Retroflection region in winter (JJA).



The large-scale patterns of SST for MODIS, SEAFLUX, and HOAPS3 are similar, but HOAPS3 is missing data along the coast (Figure 5). CFSR, MERRA-2 and ERA-5 have the same horizontal distribution as MODIS. ERA-Interim underestimates the SST in the Agulhas Current. NCEP2 and ERA-40 are around 4°C less than MODIS along the coast. The low-resolution of these reanalyses is clearly apparent as they are not able to adequately resolve the Agulhas Current SST. There is also a poor representation of the meanders of the Agulhas Return Current in SST for NCEP2 and ERA-40. NOCS also underestimates the SST field in the core of the Agulhas Current.



The annual cycles of all SST products (with quite small standard errors) except HOAPS3 are shown in Figure 6 for the four locations of this study. The annual variations of SST are in good agreement with MODIS SST with maxima in late summer and minima in late winter.



Off Durban, MODIS SST ranges between 18 and 28°C. SEAFLUX, CFSR, MERRA-2, ERA-5, ERA-Interim and NOCS are similar to MODIS. NCEP2 and ERA-40 range between 17 and 24 °C and they do not overlap with other products. From the annual mean, NCEP2 and ERA-40 are respectively 2 and 4 °C lower than MODIS (Table 3).



Off Port Elizabeth, MODIS SST varies between 20 and 25°C. In this region SEAFLUX, CFSR, MERRA-2 ERA-5 and ERA-Interim overlap with MODIS. NCEP2, ERA-40 and NOCS underestimate the SST. The annual mean MODIS SST is 22.1 °C (Table 3). NCEP2 and ERA-40 are respectively 2.3 and 2.7 °C colder than MODIS.



For the Retroflection region MODIS SST is between 16 and 23 °C (Figure 6). NOCS SST is underestimated and does not overlap with other products for most months. This could explain the lowest value of NOCS LHF in this region. Other products do overlap except ERA-40. All in all, the mean annual value of MODIS is 19.9 °C, and NOCS is the coolest (18.4 °C).



Off Cape Town, the SST is between 15 and 22 °C. All SSTs overlap except ERA-40 with a smaller amplitude between February and May. The mean MODIS SST is 18.3 °C (Table 3); ERA-40 is 17.5 °C (the coolest).



The mean seasonal differences between observation-based, satellite-based and reanalysis SST and MODIS SST are shown in Figure 7. The SSTs have been interpolated on the grid of MODIS. The differences range within ±3 °C, roughly ±14% of the annual mean MODIS SST in the Agulhas Current system. The spatial discrepancies between the different SST products and the MODIS SST field display the structure of the Agulhas Current that is better resolved in the high-resolution MODIS SST. NCEP2, ERA-40 and NOCS have the lowest SST in the Agulhas Current system. This will increase errors for the calculation of Qss. This can partially explain the lowest values of the LHF in this region for the respective products (Section 2.4). Differences in SST may also be due to the differences between skin and bulk SST as suggested by Chan and Gao [49].




3.4. Seasonal Mean and Annual Cycle of Surface Wind Speed


The seasonal surface wind speed averages from the different products presented in Table 1 are shown in Figure 8 for the austral summer, autumn, winter, and spring. NCEP2 and ERA-40 are not included in the remaining study since their low spatial resolution leads to high errors in SST and LHF in the Agulhas Current system. The satellite-based SCOW product is used as the reference for surface wind speed. The data have been interpolated on the grid of SCOW. SCOW wind speed is clearly stronger above the Agulhas Current than in the surrounding water by about 2 m/s due to the impact of the unstable stratification in the atmospheric boundary layer leading to an increase of the near-surface wind speed across the warm SST front [11]. The wind speed of CFSR, MERRA-2, ERA-Interim and NOCS are re-calculated to equivalent neutral wind using the BVWN algorithm [63], for the convenience of comparing results. For the Agulhas Current system, the maximum wind speed for all products is found in the Retroflection region in austral winter (JJA). We recall that during winter, the LHF reaches its maximum thereof around 250 W/m2 (Figure 2). In comparison, the minimum wind speed is encountered in the Agulhas Current in summer, corresponding to the minimum LHF there.



The large-scale patterns in the seasonal cycle of the wind speed for the SEAFLUX, HOAPS3, CFSR and SCOW products are in fairly good agreement (Figure 8). MERRA-2, ERA-Interim and NOCS misrepresent the meanders of the Agulhas Return Current for each season. In autumn (MAM) and winter (JJA), MERRA-2 overestimates the wind speed in the southern-ocean compared to SCOW. ERA-Interim wind speed is weaker than all other products, and ERA-5 has a stronger wind speed compared to ERA-Interim and it is closer to SCOW. In the Agulhas Current, NOCS maximum is found in austral autumn. In winter, NOCS wind speed appears quite low compared to other products. This is the likely explanation for the low values of the LHF for ERA-Interim and NOCS (around 200 and 150 W/m2 respectively) in the Agulhas Current system.



The annual cycles of near-surface wind speed are represented in Figure 9. The wind speed ranges from 6 to 12 m/s. Off Durban, the wind starts to increase in July with a maximum in August. All the products are in phase, and their amplitudes overlap except for ERA-Interim that is the weakest (Figure 9).



Off Port Elizabeth, the wind has higher seasonal variations compared to Durban. It increases from March until August. This explains why the annual variations of the LHF are more pronounced off Port Elizabeth than off Durban. SEAFLUX is 0.1 m/s lower than SCOW (Table 4). The other products are between 0.2 (MERRA-2, CFSR) and 1.2 m/s (ERA-Interim) lower than SCOW.



The highest values of the annual cycle of wind speed are encountered in the Retroflection region (Figure 8 and Figure 9, Table 4). All the products overlap except NOCS between May and August. NOCS has some maxima and minima that drive the maxima and minima of the NOCS LHF in February, June, and September (Figure 3). The annual mean wind speeds (Table 4) in the Agulhas Current show that SEAFLUX is 0.2 m/s higher than SCOW; while the other products are between 0.1 (MERRA-2, ERA-5) and 0.8 m/s (ERA-Interim) lower than SCOW. CFSR is equal to SCOW. Off Cape Town all the products overlap with SCOW. ERA-Interim has the lowest wind speed, this could explain its lowest LHF in this region (Figure 4, Table 2).



To summarize, for the mean Agulhas region, SEAFLUX is 0.1 m/s higher than SCOW, CFSR and MERRA-2 are similar to SCOW, ERA-5, ERA-Interim, and NOCS are respectively 0.8, 1.0 and 0.4 m/s weaker than SCOW.



The mean seasonal differences between the different observation-based and reanalyses-based wind speed products and SCOW are represented in Figure 10. The differences range within ±2 m/s, around ±22% of the mean SCOW wind speed in the Agulhas system. In the Agulhas Current region, HOAPS3, CFSR and MERRA-2 underestimate the wind speed by around 0.5 m/s, compared to SCOW. Meanwhile, ERA-Interim underestimates the wind speed by around 2 m/s particularly in the Agulhas Current system (Figure 8 and Figure 9, Table 4).




3.5. Seasonal Mean and Annual Cycle of Specific Humidity


3.5.1. Surface Specific Humidity (Qss)


The mean seasonal surface specific humidity (Qss) derived from the different products (presented in Table 1) is shown in Figure 11. ERA-5 and ERA-Interim Qss are computed using their respective SST and the surface pressure, and Equations 1 and 2 of Section 2.3. MODIS Qss is computed using MODIS SST, the surface pressure of ERA-Interim and the Clausius–Clapeyron relation. In the Agulhas Current region, the maximum SEAFLUX Qss ranges from around 16 to 20 g/kg in summer (DJF) and autumn (MAM) and the minimum is between 14 and 18 g/kg in winter (JJA) and spring (SON). As for the SST field, Qss decreases poleward and westward following the pathway of the Agulhas Current. Qss minimum (around 4 g/kg) is observed in the Southern Ocean for all seasons.



The large scale-pattern in the seasonal cycle of the Qss for MODIS, HOAPS3, and ERA-Interim are similar to SEAFLUX Qss. From Port Elizabeth to the Retroflection region, CFSR, MERRA-2, and ERA-5 are in fairly good agreement with SEAFLUX. NOCS fails to capture the sharp maximum in the Agulhas Current and the meanders of the Return Current region




3.5.2. Specific Humidity of Air (Qa)


The specific humidity of the near-surface air (Qa) at a reference height of 10 m is displayed in Figure 12. Qa is available for the products presented in Table 1. The same scale as Qss (Figure 11) is kept for a better comparison. CFSR and ERA-Interim Qa are re-adjusted to 10 m using the BVW algorithm [63]. ERA-5 Qa is available at 10 m. Qa is lower than Qss. The Agulhas Current is not shown as distinctly as it is for the SST, Qss and wind speed. Qa decreases poleward and westward along the pathway of the Agulhas Current like Qss.



The large-scale patterns of CFSR and MERRA-2 are similar compared to the satellite products in summer (DJF) and autumn (MAM). The Qa maximum is found in summer in the eastern part of the Agulhas Current. During winter, the distribution of all products is completely different from one to another, except for ERA-5 and ERA-Interim that look alike. In winter in the Agulhas Current system, Qa ranges between 6 and 12 g/kg for SEAFLUX, HOAPS3, CFSR, MERRA-2 and NOCS, while ERA-5 and ERA-Interim Qa ranges between 6 and 10 g/kg. ERA-5 and ERA-Interim have the lowest Qa product for all seasons which would decrease ERA-Interim LHF and compensate for its low wind speed in the calculation of LHF (Section 2.4).




3.5.3. Differences between Surface and Air Specific Humidity (Qss-Qa)


The seasonal differences between sea surface specific humidity and specific humidity of near-surface air (Qss-Qa) for all products are illustrated in Figure 13. According to the bulk formulae in Equation 3 Qss-Qa is as important as the near-surface wind speed to calculate the LHF. Qss-Qa ranges between 0 and 8 g/kg which is equivalent in the calculation of LHF to a wind speed of 0 to 8 m/s. Positives values of Qss-Qa imply evaporation in our study. In the Agulhas Current system Qss-Qa ranges from 4 to 8 g/kg. In spite of uncertainties in the Qa, the spatial pattern of the Agulhas Current is relatively well depicted due to Qss.



The satellite-based HOAPS3, the reanalyses CFSR, MERRA-2, ERA-5 and ERA-Interim have their maximum Qss-Qa in autumn (MAM) and winter (JJA) as for SEAFLUX, but the large scale-patterns do not completely agree with SEAFLUX. NOCS has the lowest Qss-Qa with a minimum in the Agulhas Current in winter. ERA-Interim has the highest Qss-Qa followed by ERA-5, CFSR and MERRA-2.



The annual cycles of Qss-Qa for SEAFLUX, CFSR, MERRA-2, ERA-5, ERA-Interim, and NOCS are displayed in Figure 14 for the four locations of this study. There are considerable differences between the products, but ERA-5 and ERA-Interim have almost the same amplitude. The maxima are located off Durban, with values ranging from 3 to 9 g/kg. The SEAFLUX Qss-Qa maximum is up to 7 g/kg between May and July and decreases thereafter to 3.8 g/kg until mid-spring. SEAFLUX overlaps with CFSR and MERRA-2 from May to August. SEAFLUX, MERRA-2 and NOCS overlap in summer and spring. ERA-Interim has the largest Qss-Qa and overlap with ERA-5 (Figure 14, Table 5).



Off Port Elizabeth the annual cycles of Qss-Qa range between 4 and 8 g/kg. All products have a maximum in March. From May to October, SEAFLUX, CFSR, and MERRA-2 overlap. ERA-5 and ERA-Interim are the highest and NOCS the lowest (Figure 14, Table 5).



In the Retroflection region, Qss-Qa is between 3 and 9 g/kg. SEAFLUX has little annual variations (between 5.5 and 6 g/kg) compared to other products. SEAFLUX overlaps with CFSR and MERRA-2 from June to November. As off Durban and off Port Elizabeth, ERA-5 and ERA-Interim are the largest, and NOCS the smallest. These former products do not overlap with others. NOCS has a maximum (6 g/kg) in February and a minimum in July (~3 g/kg), corresponding to the maximum and minimum of NOCS LHF. In the Retroflection area, the reanalyses are higher than the satellite-based SEAFLUX (Figure 13 and Figure 14, Table 5).



Offshore Cape Town, Qss-Qa ranges from 2 to 5 g/kg (Figure 1). In summary, ERA-5 and ERA-Interim have the largest Qss-Qa values while NOCS reveals the lowest values as seen in Table 5.



The mean seasonal differences of Qss-Qa between HOAPS3, CFSR, MERRA-2, ERA-5, ERA-Interim, NOCS and SEAFLUX product are presented in Figure 15. The differences range within ±2 g/kg, around ±37% of the mean SEAFLUX Qss-Qa in the Agulhas system. In this region, HOAPS3, CFSR, and MERRA-2 overestimate the Qss-Qa by around 2 g/kg compared to SEAFLUX in summer (DJF) and autumn (MAM), but underestimate Qss-Qa by around 1 g/kg in winter (JJA). ERA-5 and ERA-Interim overestimate the Qss-Qa for all seasons (Figure 13 and Figure 15, Table 5), while NOCS overestimates the Qss-Qa in summer and underestimates the Qss-Qa by 2 g/kg in winter.



The second aim of this study was to identify the level of uncertainties introduced by the basic parameters (SST, wind, surface specific humidity) used to estimate the LHF (e.g., Equation (3)). The differences between each product and the reference products from MODIS are calculated for SST, SCOW for wind speed and SEAFLUX for Qss-Qa. CFSR SST is higher than MERRA-2 SST compared to MODIS SST. This may explain higher values of the LHF from CFSR compared to MERRA-2, as SST is used to compute Qss. For a better comparison of the wind speed and Qa between products, we convert the stability-dependant wind speed of CFSR, MERRA-2, ERA-Interim and NOCS to the equivalent neutral wind speed using the BVWN algorithm [63]. The difference between the real wind speed and the re-calculated wind speed is up to 0.5 m/s maximum. We also re-adjust the 2 m Qa to 10 m Qa using the BVW algorithm, for CFSR and ERA-Interim. This correction removes between 0.3 and 0.8 g/kg to the initial 2 m Qa. Between all the new reanalyses, MERRA-2 has the highest wind speed and CFSR the highest Qss-Qa as provided in Table 4 and Table 5. ERA-Interim has the weakest wind speed in the Agulhas system compared to SCOW (Figure 9, Table 4), despite the fact that ERA-Interim wind speed is recalculated using the BVWN algorithm. This explains the lowest values of the ERA-Interim LHF. In the Agulhas Current system, CFSR and MERRA-2 wind speed are similar. ERA-Interim has the strongest Qss-Qa compared to other reanalyses (Figure 14, Table 5). This compensates for the low wind speed in the calculation of ERA-Interim LHF but not enough. Qss-Qa variability is mostly influenced by the variation of Qa. The comparison of the nine LHF products by Smith et al. [44] indicates that in many regions, the differences in Qa between the products clearly have a greater impact than the discrepancies in wind speed and ocean surface temperature. The recent study of Bentamy et al. [45] showed that the differences in LHF tend to be strongly related to large differences in surface wind speeds and/or Qa. The differences of LHF can also be explained by the diversity of algorithms; different bulk flux algorithms (e.g., Brunke et al. [66]); different sources of the input meteorological state variables (e.g., Curry et al. [25]); differences in the boundary conditions; and differences in the procedures for in-situ data collection. Differences can, moreover, arise from the averaging methodology to obtain monthly means. For the satellite-based products, the retrievals of air temperature (Tair) and specific humidity (Qair) at the surface continue to be problematic in regions with strong vertical gradients [44]. Another source of specific uncertainties for the reanalyses is incomplete account of the surface current speed. Looking at the annual mean of the Agulhas Current from the GlobCurrent data repository, the surface current speed can be more than 1.5 m/s. During the ACASEX [5], surface current speeds of up to 2 m/s were measured. Thus, neglecting a 2 m/s current speed at a near-surface wind speed of 4 m/s may lead to a 50% error in the LHF estimation.






4. Drivers of the Annual Cycle of Latent Heat Flux using SEAFLUX


In this section, the drivers of the annual cycle of the LHF are studied off Durban, Port Elizabeth, Cape Town and in the Retroflection region using SEAFLUX. SEAFLUX is used because SEAFLUX SST agrees rather well with MODIS SST field (Figure 5 and Figure 6), SEAFLUX wind speed also compares well with SCOW wind speed (Figure 8 and Figure 9). SEAFLUX wind speed ranges between 8 and 12 m/s in the Agulhas Current system, and Qss-Qa ranges between 4 and 7 g/kg (Figure 9 and Figure 14). Off Cape Town SEAFLUX wind speed varies between 7 and 9 m/s with Qss-Qa ranging between 4 and 5 g/kg. To evaluate the contribution of either the wind speed or the difference in specific humidity we recalculated 3 types of LHF using the SEAFLUX product (Figure 16) based on Equation (3). LHF calculated with: a) a monthly climatology of wind speed and of Qss-Qa (LHF_clim), b) a monthly climatology of Qss-Qa and the annual mean of wind speed (LHF_Qclim) and c) a monthly climatology of wind speed and the annual mean of Qss-Qa (LHF_Uclim). To recalculate the LHF, we estimate the coefficient ρaCElv of Equation (3) as follows:


coef=rms(LHF)rms(LHFclim)



(4)







This coefficient is between 3.6 and 3.7, with CE 0.0012 as found by Singh et al. [67]. The authors suggested that CE values range between 0.00152 and 0.00105 for wind speeds between 2 and 19 m/s.



The highest value of the LHF is found in the Retroflection area in winter (around 250 W/m2) while the lowest LHF is off Cape Town (100 W/m2, in winter) (Figure 16). To compare statistically the initial LHF and the recalculated LHF, we show the correlation coefficients, the ratio of variances and the explained variances between LHF and each of the recalculated LHFs (Table 6). The explained variance (EXPvar) is defined as


EXPvar(x)=100−100×[var(LHF−LHFx)var(LHF)]



(5)




where LHFx is LHF_clim, LHF_Qlim or LHF_Uclim.



The recalculated LHF_clim compares well with the initial LHF for all the locations (Figure 16). The EXPvar is 99% off Durban and off Port Elizabeth, while in the Retroflection region and off Cape Town EXPvar is 95% indicating that LHF_clim represents LHF well even though its amplitude is smaller compared to LHF in these regions. This may be due to the use of monthly means for the correlation. Off Durban, the correlation between LHF and LHF_Qclim is 0.96, and the ratio of variances is 112% with 48% of the EXPvar, while the correlation between LHF and LHF_Uclim is 0.10 with 7% of the ratio of variances (Table 6). This result indicates that off Durban and probably the eastern part of the Agulhas Current is mostly driven by the monthly climatology of Qss-Qa. The monthly climatology of the wind speed only explains 1% of the variance. In the Retroflection region correlation between LHF and LHF_Qclim is 0.13, the ratio of variances is 34% and the EXPvar is 2% while the correlation between LHF and LHF_Uclim is 0.85 with 149% of the ratio of variances and 45% of the EXPvar. This result reveals that in this region and probably the West of the Agulhas Current, the LHF is driven by the monthly climatology of the wind speed rather by the Qss-Qa. Off Port Elizabeth and off Cape Town, the correlation between LHF and LHF_Qclim as well as LHF_Uclim is more than 0.71, statistically significant at the 95% level. This result shows that the LHF is driven by the wind speed and differences in specific humidity for both regions.



To confirm our result, we compared LHF and wind speed on a shorter 5-day average time scale. We represent the annual cycle of the 5-day averages climatology for LHF and wind speed, from 2003 to 2007. We then calculate the correlation between these two parameters in the four regions selected for our study (Figure S3). We notice that the correlation is higher off Port Elizabeth (r = 0.87), in the Retroflection region (r = 0.80) and off Cape Town (r = 0.74). Correlation are significant at the 99%. Off Durban, in contrast, the correlation is low (r = 0.23) and barely significant at the 95%. Therefore, the wind speed cannot be the main driver of the amplitude of the annual cycle of LHF off Durban. This result is in agreement with our findings at a seasonal time scale. We were not able to recalculate the flux using the 5-day averages because of the unavailability of SEAFLUX specific humidity at the sea surface. This represent a limitation of our study.




5. Discussion and Conclusions


In this paper, the first objective was to investigate whether the recent climate reanalyses (CFSR, MERRA-2, ERA-5, ERA-Interim), satellite-based (SEAFLUX, HOAPS3) and in-situ observation-based (NOCS) LHF products have a good representation of the intense turbulent flux of moisture that occurs above the Agulhas Current. This was assessed by comparison to older reanalyses (ERA-40 and NCEP2), since the Agulhas Current is not adequately resolved in these coarser-resolution products. HOAPS3 compares quite well with SEAFLUX, in contrast, HOAPS3 does not have data along the coast. Compared to the SEAFLUX LHF, the ERA-40 and NCEP2 LHF expectedly fail to represent the structure of the Agulhas Current (Figure 2 and Figure 4). Rouault et al. [16] showed that models tend to underestimate the LHF if they are unable to adequately represent the air–sea fluxes over the warmest waters in the Agulhas Current system due to low SST resolution. The new reanalysis products, on the other hand, have a better representation of the current, therefore, are able to adequately represent the LHF in the Agulhas Current system, except ERA-Interim that underestimates the fluxes. However, there are still some difference in the range of LHF value and standard deviation between product, even at the seasonal climatological scale. Differences could arise from the linear interpolation method [68]. Bentamy et al. [44] also proved that the interpolated values tend to be underestimated compared to the original data. The authors compared some global oceans data on 3rd of January 2000. They concluded that the original and interpolated LHF are comparable for most of the variable. The best agreement is for interpolated data estimated from products available with 0.25° grid. Therefore, users must choose a flux product that adequately resolve the features of interest in their research.



The recent study of Parker [69] shows that reanalyses are closer to observations even though they have limitations due to observational constraints and the accuracy of the assimilation in reanalyses. CFSR is relatively similar to MERRA-2 and ERA-5 but has higher LHF. Between the four new reanalyses, surprisingly ERA-Interim has the lowest fluxes (100–200 W/m2). This result was unexpected in view of the higher spatial resolution of the ERA-Interim (0.75° × 0.75°) compared to ERA-40 (2.5° × 2.5°). It is most likely due to its low wind speed although the LHF is compensated by high values of Qss-Qa due to lower SST in ERA-Interim leading to lower Qss. The improved version of ERA-Interim (ERA-5) represent better the LHF in the Agulhas region. The phase of the seasonal cycle of NOCS LHF is reversed in the Retroflection region compared to other products. This might indicate that not enough vessels pass through the Agulhas Retroflection region. Another reason for the uncertainties in NOCS is due to measurement uncertainty [27]. At last looking at the bulk formulae and it is clear that uncertainty and difference between LHF products are equally due to uncertainty in wind speed and Qa. Qss depends on SST therefore on the resolution of the SST product used but it seems that the new reanalysis SST are adequate in the Agulhas Current. It should then be worthwhile to integrate the Agulhas Current speed in further reanalysis to improve the real wind speed and the LHF reanalysed. To conclude, CFSR, MERRA-2 and ERA-5 show good representation of the Agulhas Current LHF and will be used for further analysis to investigate the relation between the intense flux of moisture over the Agulhas Current and the weather and climate in Southern Africa, and to validate mesoscale atmospheric models such as the Weather Research and Forecasting model (WRF [7]). HOAPS3 does not represent the Agulhas Current along the coast, or the Benguela upwelling system adequately.



Finally, the annual cycle of the LHF and its drivers in the Agulhas Current system is investigated using SEAFLUX. SEAFLUX is used to recalculate the LHF using a climatology Qss-Qa and/or wind speed, as it has a high spatial resolution (0.25° × 0.25°) and reliable SST and wind speed. Three locations, representative of various regions of the Agulhas Current system (off Durban, off Port Elizabeth and Retroflection) and one point outside the Agulhas system (off Cape Town) were selected for the comparison. In the Agulhas Current system, the lowest LHF of 100 W/m2 is found off Port Elizabeth in late summer. In contrast, the largest LHF of ~250 W/m2 is located in the Retroflection region in winter. This is consistent with the analysis of Rouault et al. [14] who showed that large LHF from the Agulhas Current and the Retroflection region occur throughout the year but particularly during winter. Our result is also consistent with Liu et al. [69] who showed that large LHF in the Agulhas Retroflection region are due to stronger local wind speed. In this region, large values of LHF are due to stronger wind speed in the Retroflection area. To summarize, off Durban, LHF is mostly driven by the surface specific humidity. In comparison, the LHF is mostly driven by the wind speed in the Retroflection region while it is a combination of specific humidity and wind speed off Port Elisabeth.



At last we hope that this study will help to install a decent air–sea interaction measuring system using eddy correlation on a vessel that does back and forth trip between Port Elizabeth and Durban to get decent measurement of LHF in the Agulhas Current. This could be complemented by Satellite remote sensing estimate of ocean current.
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Figure 1. (Top) Moderate Resolution Imaging Spectroradiometer (MODIS) surface temperature (SST) (°C) annually averaged from 2003 to 2007 and (bottom) GlobCurrent geostrophic current speed (colour) and direction (arrows) at 0 m depth. Black squares represent the four locations of time series used in the study: three regions in the Agulhas system: off Durban (31.5–32.5°E; 30–31°S), off Port Elizabeth (25–26°E; 34.5–35.5°S) and in the Agulhas Retroflection (19–20°E; 38–39°S), and one point off Cape Town (16–17°E; 33.5–34.5°S). 
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Figure 2. From top to bottom: seasonal average of latent heat flux (W/m2) of SEAFLUX, HOAPS3, CFSR, MERRA-2, ERA-Interim, NCEP2, ERA-40 and NOCS. From left to right austral summer (December to February—DJF), austral autumn (March to May—MAM), austral winter (June to August—JJA), and austral spring (September to November—SON). Black squares represent the four locations taken for the study as in Figure 1, Agulhas Current off Durban, Agulhas Current off Port Elizabeth, Agulhas Retroflection and off Cape Town. 
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Figure 3. Annual cycles of latent heat flux (W/m2). In Agulhas Current off Durban (31.5–32.5°E; 30–31°S), off Port Elizabeth (25–26°E; 34.5–35.5°S), Agulhas Retroflection (19–20°E; 38–39°S) and off Cape Town (16–17°E; 33.5–34.5°S) for SEAFLUX (blue), CFSR (red), MERRA-2 (green), ERA-5 (purple), ERA-Interim (yellow), NCEP2 (cyan), ERA-40 (purple) and NOCS (black). Shades areas represent the standard errors calculated as the standard deviation divided by the square root of the number of years. 
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Figure 4. Mean seasonal differences of latent heat flux (W/m2) between the observation-based, the reanalysis products, and SEAFLUX product. From left to right austral summer (DJF), austral autumn (MAM), austral winter (JJA) and austral spring (SON). The products have been interpolated on the grid of SEAFLUX (0.25° × 0.25°). 
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Figure 5. From top to bottom: seasonal average of sea surface temperature SST (°C) of MODIS, SEAFLUX, HOAPS3, CFSR, MERRA-2, ERA-Interim, NCEP2, ERA-40 and NOCS. From left to right austral summer (DJF), austral autumn (MAM), austral winter (JJA) and austral spring (SON). Black squares represent the four locations taken for the study. MODIS SST is the reference for SST. The products have been interpolated on the grid of MODIS. 
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Figure 6. Annual cycles of sea surface temperature (°C) off Durban, off Port Elizabeth, Retroflection and off Cape Town for MODIS (black dash), SEAFLUX (blue), CFSR (red), MERRA-2 (green), ERA-5 (purple), ERA-Interim (yellow), NCEP2 (cyan), ERA-40 (purple) and NOCS (black), with their respective envelopes as in Figure 3. 
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Figure 7. Mean seasonal differences of SST (°C) between the observation-based, the reanalysis products, and MODIS. From left to right austral summer (DJF), austral autumn (MAM), austral winter (JJA) and austral spring (SON). 
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Figure 8. Seasonal average of surface wind speed (m/s) of SCOW, SEAFLUX, HOAPS3, CFSR, MERRA-2, ERA-Interim and NOCS. From left to right austral summer (DJF), austral autumn (MAM), austral winter (JJA) and austral spring (SON). Black squares represent the four locations taken for the study. SCOW wind is the reference for the wind speed. Products have been interpolated on the grid of SCOW (0.25° × 0.25°). 
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Figure 9. Annual cycles of surface wind speed (m/s) off Durban, off Port Elizabeth, Retroflection region and off Cape Town for SCOW (black dash), SEAFLUX (blue), CFSR (red), MERRA-2 (green), ERA-5 (purple), ERA-Interim (yellow) and NOCS (black), with their respective envelopes as in Figure 3. 
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Figure 10. Mean seasonal differences of surface wind speed (m/s) between the observation-based, the reanalysis products and SCOW. From left to right austral summer (DJF), austral autumn (MAM), austral winter (JJA) and austral spring (SON). 
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Figure 11. Seasonal average of surface specific humidity (Qss, g/kg) of MODIS, SEAFLUX, HOAPS3, CFSR, MERRA-2, ERA-Interim and NOCS. From left to right austral summer (DJF), austral autumn (MAM), austral winter (JJA) and austral spring (SON). Black squares represent the four locations taken for the study. 
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Figure 12. Seasonal average of specific humidity of air (Qa, g/kg) of SEAFLUX, HOAPS3, CFSR, MERRA-2, ERA-Interim and NOCS. From left to right austral summer (DJF), austral autumn (MAM), austral winter (JJA) and austral spring (SON). Black squares represent the four locations of the study. 
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Figure 13. Mean seasonal differences between surface specific humidity and specific humidity of air (Qss-Qa, g/kg) for SEAFLUX, HOAPS3, CFSR, MERRA-2, ERA-Interim and NOCS. From left to right austral summer (DJF), austral autumn (MAM), austral winter (JJA) and austral spring (SON). Black squares represent the four locations of the study. The products have been interpolated on the grid of SEAFLUX (0.25° × 0.25°). 






Figure 13. Mean seasonal differences between surface specific humidity and specific humidity of air (Qss-Qa, g/kg) for SEAFLUX, HOAPS3, CFSR, MERRA-2, ERA-Interim and NOCS. From left to right austral summer (DJF), austral autumn (MAM), austral winter (JJA) and austral spring (SON). Black squares represent the four locations of the study. The products have been interpolated on the grid of SEAFLUX (0.25° × 0.25°).
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Figure 14. Annual cycles of the differences between Qss and Qa (g/kg), off Durban, off Port Elizabeth, Retroflection region, and off Cape Town for SEAFLUX (blue), CFSR (red), MERRA-2 (green), ERA-5 (purple), ERA-Interim (yellow) and NOCS (black), with their respective envelopes as in Figure 3. 
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Figure 15. Mean seasonal differences of Qss-Qa (g/kg) between HOAPS3, CFSR, MERRA-2, ERA-Interim, NOCS and SEAFLUX. From left to right austral summer (DJF), austral autumn (MAM), austral winter (JJA) and austral spring (SON). 






Figure 15. Mean seasonal differences of Qss-Qa (g/kg) between HOAPS3, CFSR, MERRA-2, ERA-Interim, NOCS and SEAFLUX. From left to right austral summer (DJF), austral autumn (MAM), austral winter (JJA) and austral spring (SON).
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Figure 16. SEAFLUX annual cycles of latent heat flux (W/m2) (black) and the recalculated latent heat flux using: a monthly climatology wind speed and Qss-Qa (LHF_clim, blue); a monthly climatology of Qss-Qa and the annual mean of wind speed (LHF_Qclim, red), and a monthly climatology of wind speed and the annual mean of Qss-Qa (LHF_Uclim, green) off Durban, off Port Elizabeth, Retroflection region, and off Cape Town. Shade areas represent the standard errors. 






Figure 16. SEAFLUX annual cycles of latent heat flux (W/m2) (black) and the recalculated latent heat flux using: a monthly climatology wind speed and Qss-Qa (LHF_clim, blue); a monthly climatology of Qss-Qa and the annual mean of wind speed (LHF_Qclim, red), and a monthly climatology of wind speed and the annual mean of Qss-Qa (LHF_Uclim, green) off Durban, off Port Elizabeth, Retroflection region, and off Cape Town. Shade areas represent the standard errors.
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Table 1. The satellite data sets, reanalysis and in-situ products used, with the averaging periods. The table includes the original spatial grid and the parameters available for each product (marked by a cross). SCOW: Scatterometer Climatology of Ocean Winds; SEAFLUX: air–sea turbulent fluxes; HOAP3: Hamburg Ocean Atmosphere Parameters and Fluxes; CFSR: Climate Forecast System Reanalysis; MERRA-2: Modern-Era Retrospective analysis for Research and Applications version-2; ERA-5: European Centre for Medium-Range Weather Forecast fifth generation; NCEP2: National Centers for Environmental Prediction Reanalysis 2; ERA40: ECMWF second-generation reanalysis; NOCS: National Oceanography Center Southampton.






Table 1. The satellite data sets, reanalysis and in-situ products used, with the averaging periods. The table includes the original spatial grid and the parameters available for each product (marked by a cross). SCOW: Scatterometer Climatology of Ocean Winds; SEAFLUX: air–sea turbulent fluxes; HOAP3: Hamburg Ocean Atmosphere Parameters and Fluxes; CFSR: Climate Forecast System Reanalysis; MERRA-2: Modern-Era Retrospective analysis for Research and Applications version-2; ERA-5: European Centre for Medium-Range Weather Forecast fifth generation; NCEP2: National Centers for Environmental Prediction Reanalysis 2; ERA40: ECMWF second-generation reanalysis; NOCS: National Oceanography Center Southampton.





	
Type

	
Satellite

	

	
Reanalysis

	
In-situ Observation






	
Product

	
MODIS

	
GlobCurrent

	
SCOW

	
SEAFLUX

	
HOAPS3

	
CFSR

	
MERRA-2

	
ERA-5

	
ERA-Interim

	
NCEP2

	
ERA-40

	
NOCS




	
Resolution

	
0.04° × 0.04°

	
0.25° × 0.25°

	
0.25° × 0.25°

	
0.25° × 0.25°

	
0.5° × 0.5°

	
0.31° × 0.31°

	
0.50° × 0.66°

	
0.25° × 0.25°

	
0.75° × 0.75°

	
1.90° × 1.87°

	
2.5° × 2.5°

	
1° × 1°




	
Averaging period

	
2003 2007

	
2003 2007

	
1999 2007

	
2003 2007

	
2003 2005

	
2003 2007

	
2003 2007

	
2003 2007

	
2003 2007

	
2003 2007

	
1997 2001

	
2003 2006




	
SST

	
X

	

	

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	
X




	
Geostrophic current

	

	
X

	

	

	

	

	

	

	

	

	

	




	
Wind speed

	

	

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	

	

	
X




	
latent heat flux

	

	

	

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	
X

	
X




	
Saturated specific humidity (Qss)

	
X

	

	

	
X

	
X

	
X

	
X

	
X

	
X

	

	

	
X




	
Specific humidity of air (Qa)

	

	

	

	
X

	
X

	
X

	
X

	
X

	
X

	

	

	
X
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Table 2. Annual mean latent heat flux (W/m2) at four locations: off Durban, off Port Elizabeth, and Retroflection region and the average of the three Agulhas points, and off Cape Town for seven considered data sets. The products are averaged using the data resampled on the grid of SEAFLUX (0.25° × 0.25°).






Table 2. Annual mean latent heat flux (W/m2) at four locations: off Durban, off Port Elizabeth, and Retroflection region and the average of the three Agulhas points, and off Cape Town for seven considered data sets. The products are averaged using the data resampled on the grid of SEAFLUX (0.25° × 0.25°).





	ZONES
	SEAFLUX
	CFSR
	MERRA-2
	ERA-INTERIM
	ERA-5
	NCEP2
	ERA-40
	NOCS





	Off Durban
	172.1
	192.0
	171.1
	141.2
	177.1
	150.0
	143.0
	146.6



	Off Port Elizabeth
	175.9
	186.2
	162.1
	134.4
	168.3
	156.9
	126.5
	135.6



	Retroflection
	200.5
	216.9
	203.4
	176.5
	214.0
	214.8
	170.3
	141.4



	Mean Agulhas
	182.8
	198.4
	178.9
	150.7
	186.5
	173.9
	146.6
	141.2



	Off Cape town
	130.1
	109.4
	103.5
	92.1
	141.2
	100.0
	87.3
	82.8
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Table 3. Same as Table 2 but for SST (°C). The products are averaged using the resampled data on the grid of MODIS (4 × 4 km).






Table 3. Same as Table 2 but for SST (°C). The products are averaged using the resampled data on the grid of MODIS (4 × 4 km).





	ZONES
	MODIS
	SEA

FLUX
	CFSR
	MERRA-2
	ERA-5
	ERA-INTERIM
	NCEP2
	ERA-40
	NOCS





	Off Durban
	23.7
	24.1
	24.2
	24.0
	24.1
	23.8
	21.7
	19.7
	23.5



	Off Port Elizabeth
	22.1
	21.8
	21.8
	21.4
	21.8
	21.5
	19.8
	19.4
	20.7



	Retroflection
	19.9
	20.0
	20.5
	19.5
	20.2
	20.1
	19.6
	19.4
	18.4



	Mean Agulhas
	21.9
	22.0
	22.2
	21.6
	22.0
	21.8
	20.4
	19.5
	20.9



	Off Cape town
	18.3
	18.8
	18.7
	18.2
	18.5
	18.5
	17.7
	17.5
	17.8
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Table 4. Same as Table 2 but for the surface wind speed (m/s). The products are averaged using the resampled data on the grid of SCOW (0.25° × 0.25°).






Table 4. Same as Table 2 but for the surface wind speed (m/s). The products are averaged using the resampled data on the grid of SCOW (0.25° × 0.25°).





	ZONES
	SCOW
	SEAFLUX
	CFSR
	MERRA-2
	ERA-5
	ERA-INTERIM
	NOCS





	Off Durban
	8.7
	9.0
	9.1
	9.0
	8.2
	7.9
	9.0



	Off Port Elizabeth
	8.9
	8.8
	8.7
	8.7
	7.9
	7.7
	8.2



	Retroflection
	9.6
	9.8
	9.6
	9.7
	8.8
	8.8
	8.9



	Mean Agulhas
	9.1
	9.2
	9.1
	9.1
	8.3
	8.1
	8.7



	Off Cape Town
	8.3
	8.1
	8.3
	8.5
	7.8
	7.6
	8.4
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Table 5. Same as Table 2 but for the differences between sea surface specific humidity and humidity of air (Qss-Qa) (g/kg). The products are averaged using the resampled data on the grid of SEAFLUX (0.25° × 0.25°).






Table 5. Same as Table 2 but for the differences between sea surface specific humidity and humidity of air (Qss-Qa) (g/kg). The products are averaged using the resampled data on the grid of SEAFLUX (0.25° × 0.25°).





	ZONES
	SEAFLUX
	CFSR
	MERRA-2
	ERA-5
	ERA-INTERIM
	NOCS





	Off Durban
	5.3
	6.3
	5.5
	6.8
	7.2
	4.7



	Off Port Elizabeth
	5.4
	5.9
	5.3
	6.6
	6.7
	4.6



	Retroflection
	5.5
	6.3
	6.0
	7.2
	7.2
	4.2



	Mean Agulhas
	5.4
	6.2
	5.6
	6.9
	7.0
	4.5



	Off Cape town
	4.3
	3.9
	3.5
	4.7
	4.9
	2.8
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Table 6. Correlations, ratio of variances and explained variances between SEAFLUX latent heat flux (LHF) and SEAFLUX LHF recalculated off Durban, off Port Elizabeth, Retroflection region and off Cape Town.






Table 6. Correlations, ratio of variances and explained variances between SEAFLUX latent heat flux (LHF) and SEAFLUX LHF recalculated off Durban, off Port Elizabeth, Retroflection region and off Cape Town.





	
LHF Recalculated

	
Correlation

	
Ratio (%)

	
Explained variance (%)






	
Off Durban




	
LHF_clim

	
0.99

	
110

	
99




	
LHF_Qclim

	
0.96

	
112

	
48




	
LHF_Uclim

	
0.10

	
7

	
1




	
Off Port Elizabeth




	
LHF_clim

	
0.99

	
109

	
99




	
LHF_Qclim

	
0.94

	
45

	
31




	
LHF_Uclim

	
0.90

	
22

	
21




	
Retroflection




	
LHFclim

	
0.99

	
129

	
95




	
LHF_Qclim

	
0.13

	
34

	
2




	
LHF_Uclim

	
0.85

	
149

	
45




	
Off Cape Town




	
LHFclim

	
0.98

	
77

	
95




	
LHF_Qclim

	
0.71

	
32

	
20




	
LHF_Uclim

	
0.75

	
36

	
22
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