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 11 

Abstract  12 

Given the large uncertainties in surface heat fluxes over the Southern Ocean, an assessment 13 

of fluxes obtained by European Centre for Medium-Range Weather Forecasts (ECMWF) 14 

interim reanalysis product (ERA-Interim), the Australian Integrated Marine Observing System 15 

(IMOS) routine observations and Objectively Analyzed air-sea heat Fluxes (OAFlux) project 16 

hybrid dataset is performed. The surface fluxes are calculated using COARE 3.5 bulk algorithm 17 

using in-situ data obtained from the NOAA PSD flux system during the CAPRICORN 18 

experiment onboard R/V Investigator voyage (March-April 2016) in the Australian sector of 19 

the Southern Ocean (43°S to 53°S). ERA-Interim and OAFlux data are further compared with 20 

the Southern Ocean Flux station (SOFS) air-sea flux moored surface float deployed for a year 21 

(March 2015 – April 2016) at ~46.7°S, 142°E. The results indicate that ERA-Interim (3-hourly 22 

at 0.25°) and OAFlux (daily at 1°) estimate sensible heat flux, Hs accurate to within ±5 Wm-2 23 

and latent heat flux, Hl to within ±10 Wm-2. ERA-Interim gives a positive bias in Hs at low 24 

latitudes (<47°S) and in Hl at high latitudes (>47°S), and OAFlux displays consistently positive 25 

bias in Hl at all latitudes. No systematic bias with respect to wind or rain conditions was 26 

observed. Although some differences in the bulk flux algorithms are noted, these biases can 27 

be largely attributed to the uncertainties in the observations used to derive the flux products.  28 

 29 

1. Introduction  30 

The poor knowledge of surface heat fluxes over the Southern Ocean contributes to large 31 

uncertainty in the global surface heat and ocean heat budget closure (Josey et al. 1999; 32 



Fasullo and Trenberth 2008). The current goal set by global climate community is to achieve 33 

global surface net flux accuracy of ±10 Wm-2 at a monthly resolution (Fairall et al. 2010), 34 

which implies determining fluxes accurately to within 5 Wm-2 at 3-6 hour time resolution and 35 

1° spatial resolution (Curry et al. 2004). Several global satellite-derived flux products have 36 

been released in the past, however, substantial disagreement among them has been 37 

reported over the Southern Ocean. The satellite products capture the spatiotemporal 38 

patterns accompanied with large variances (15-25 Wm-2) and substantial differences in the 39 

spatiotemporal distribution of fluxes [annual mean for latent heat flux (Hl) 54-69 Wm-2 and -40 

0.2 – 21 Wm-2 for sensible heat flux (Hs)] (Liu et al. 2011; Yu et al. 2011). Further, reanalysis 41 

products perform poorly with biases reported as high as 100 Wm-2 on any given day over the 42 

Southern Ocean (Dong et al. 2007). Calibration uncertainties in satellite instruments, regional 43 

biases in bulk variables, inconsistencies in transfer coefficients of bulk algorithms and large 44 

sampling errors due to unique conditions have been cited as potential sources of errors. The 45 

large biases in the energy budget of the southern hemisphere in reanalysis products have 46 

also been linked to a poor simulation of clouds (Trenberth and Fasullo 2010). Further, the 47 

impact of mesoscale oceanic eddies on the surface heat budget is yet to be fully resolved 48 

over the Southern Ocean (Bôas et al. 2015; Frenger et al. 2013).  The acquisition of additional 49 

high-quality in situ observations via implementation of moorings and voluntary observing 50 

ships (VOS), and inter-comparison of flux products for the improvement of surface flux 51 

estimates over high latitude oceans has been recommended (Bourassa et al. 2013; Gille et al. 52 

2010). There is a serious dearth of in situ observations over the Southern Ocean region due 53 

to its remote location and challenging environment. The region poses severe logistical 54 

challenges; hence, conducting frequently dedicated experiments using sensitive instruments 55 

employed for flux measurements onboard research vessels is an expensive and challenging 56 

task. Therefore, the in-situ data obtained during these occasional experiments must be 57 

employed to reduce biases in routine ship observations which act as inputs to satellite and 58 

reanalyses products.  59 

Two flux products available over the Southern Ocean - the combined satellite-reanalyses 60 

dataset, Objectively Analyzed air-sea Heat Fluxes (OAFlux) project at the Woods Hole 61 

Oceanographic Institution (Yu et al., 2008) and the European Centre for Medium-Range 62 

Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim) flux estimates (Dee et al. 2011) 63 

have previously been examined for global oceans (Herman 2015). The OAFlux is reported to 64 

be in reasonable agreement with ship-based climatology and buoys (5% average) due to 65 

improved estimations of flux-related input variables over global oceans (Jiang et al. 2012; Yu 66 

et al. 2004, 2007; Yu and Weller 2007). Previous studies have identified the smallest biases 67 

in ERA-Interim heat flux estimates out of several reanalyses products when compared with 68 



the observations (Balsamo et al. 2015; Decker et al. 2012; Lindsay et al. 2014; Szczypta et al. 69 

2011). However, the performance of ERA-Interim and OAFlux could not be fully assessed over 70 

the Southern Ocean owing to the absence of any ground reference data set.  71 

The Clouds, Aerosols, Precipitation, Radiation, and atmospherIc Composition Over the 72 

southeRn oceaN (hereafter CAPRICORN) phase 1 experiment was carried out during 14 March 73 

- 15 April 2016 in the Australian sector of the Southern Ocean undertaken by the R/V 74 

Investigator. The primary objectives were to study clouds, precipitation, atmospheric 75 

composition, surface energy budget and biogeochemistry in the Southern Ocean. The voyage 76 

sampled one cyclonic eddy (cold core) for 6 days and one anticyclonic (warm core) eddy for 77 

4 days in the Antarctic Circumpolar Current and encountered several extratropical cyclones. 78 

One of the principal aims of the project was to acquire high-quality direct flux observations 79 

using the National Oceanic and Atmospheric Administration Physical Sciences Division (NOAA 80 

PSD) flux system to validate those derived by the bulk aerodynamic approach, as well as 81 

satellite-based and reanalysis products. The bulk fluxes were calculated by the Coupled 82 

Ocean-Atmosphere Response Experiment (COARE) bulk algorithm (Fairall et al. 1996b), a 83 

state-of-the-art approach for calculating turbulent fluxes over the open oceans in recent 84 

years. Although initially developed for the tropical oceans, the model has been progressively 85 

revised for varying wind-wave conditions in the tropics and mid-latitude oceans (Brunke et 86 

al. 2003; Edson et al. 2013; Fairall et al. 2003).  87 

Additionally, a large moored surface float, the Southern Ocean Flux Station (SOFS), has been 88 

deployed since 2010 as part of the Australian Integrated Marine Observing System (IMOS) 89 

Southern Ocean Time Series (SOTS) project which has been used to study fluxes in the 90 

Southern Ocean previously (Schulz et al. 2011, 2012). A 13-month deployment covering 91 

March 2015 to April 2016 is used in this study. 92 

The objective of the current study is to evaluate the accuracy of flux products on a variable 93 

spatiotemporal scale over the Australian sector of the Southern Ocean against the high-94 

quality in situ observations. It is to be noted that ERA-Interim and OAFlux products are 95 

gridded flux products, therefore, these flux values are averaged over the grid containing the 96 

in situ point measurements. Whilst we acknowledge this disparity between spatiotemporal 97 

resolutions of studied flux products, albeit, it should not lead to atypical results. An evaluation 98 

of the physical processes that underpin the observed flux characteristics is being addressed 99 

in a separate study (Bharti et al., 2018, submitted to JGR). Thus, this paper compares the 100 

surface sensible (Hs) and latent heat fluxes (Hl) (radiative fluxes not included) obtained from 101 

the CAPRICORN experiment and moored surface float with those estimated by OAFlux, ERA-102 



Interim and the routine R/V Investigator ship observations collected using standard 103 

instruments as part of IMOS.  104 

 105 

2. Bulk parameterization algorithms 106 

All the bulk parameterization algorithms are based on the Monin - Obukhov similarity theory 107 

(MOST), with the turbulent fluxes given by:  108 

𝜏 = 𝜌𝐶𝐷(𝑈10 − 𝑈0)|𝑈10 − 𝑈0|                              (1) 109 

𝐻𝑠 = 𝜌𝑐𝑝𝐶𝐻(𝜃10 − 𝜃0)|𝑈10 − 𝑈0|                         (2) 110 

𝐻𝑙 = 𝜌𝐿𝑣𝐶𝐸(𝑞10 − 𝑞0)|𝑈10 − 𝑈0|                          (3) 111 

where τ indicates wind stress, ρ and cp are the density and isobaric specific heat of air 112 

respectively; Lv is the latent heat of vaporization; θ is the potential temperature; and transfer 113 

coefficients for momentum (drag coefficient), heat (Stanton number), and moisture (Dalton 114 

number) at 10-m height are CD, CH, and CE respectively. The subscript ‘0’ indicates the value 115 

at the interface; the subscript ‘10’ indicates the 10-m height value.  116 

In COARE 3.5, the transfer coefficients for heat and moisture are assumed the same. 117 

However, the transfer coefficients are derived from profile functions which in turn are 118 

affected by surface roughness, atmospheric stability, wind speed, sea state and precipitation. 119 

Since these transfer coefficients are still being improved over mid-latitudes and strong wind 120 

regimes, these bulk fluxes are not free from biases. Disagreement in the ship and buoy-based 121 

transfer coefficients has also been noted in previous studies (e.g., Edson, 2015). The input 122 

parameters have been progressively improved and corrected in the model. The details of the 123 

advent, progression and  corrections in COARE bulk parameterization model are discussed in 124 

Fairall et al., (2003), Bradley and Fairall, (2006) and Fairall et al., (1996b). 125 

 126 

3. Datasets  127 

3.1 Surface observations  128 

i) R/V Investigator 2016 cruise  129 

The atmospheric and oceanic parameters were measured with the NOAA PSD flux system 130 

(turbulence variables sampled at 10 Hz and others at 1 Hz) onboard the ship. The voyage itself 131 

was one of its first efforts to conduct such an experiment in the Australian sector of the 132 

Southern Ocean. A cold eddy located at approximately 146.01°E, 50.37°S (dimensions roughly 133 

141 x 111 km) and was sampled for 6 days starting from March 30, 2016, to April 5, 2016. A 134 



warm eddy was also located as a part of a forming meander (roughly 123 km wide) and was 135 

sampled for approximately 4 days starting from April 6 to April 10, 2016. These eddies (figure 136 

1) were identified using a spatial map of average global sea level anomalies. During the 137 

voyage, 9 extratropical cyclones were also encountered which caused sudden shifts in wind 138 

speed, wind direction, precipitation and sea-state conditions. The details of identification and 139 

description of cold front and warm sector are discussed in (Bharti et al. 2018) (submitted to 140 

JGR). 141 

Although the cruise had to endure strong winds (up to 22 ms-1) and sea conditions (wave-142 

height up to 8 m), altogether the instruments functioned well resulting in a very high-quality 143 

observational dataset (Bariteau et al. 2018). However, ~48% of the flux values obtained by 144 

the direct eddy covariance system had to be discarded during preliminary quality control. The 145 

bulk fluxes were calculated using the COARE 3.5 bulk model and were compared with filtered 146 

direct flux values. Overall, the bulk flux values correlate well (>95%, p-value close to zero) 147 

with direct flux observations at hourly scale during the voyage (figure 2a and 2b). The detailed 148 

discussion on the direct and bulk fluxes during R/V Investigator 2016 voyage can be found in 149 

Bharti et al., (2018) [submitted to JGR]. Thus, COARE 3.5 bulk fluxes (hereafter referred to as 150 

CAPRICORN fluxes) are used as in situ observations for the validation of other flux products 151 

in the present paper. The CAPRICORN fluxes are converted to daily, 3-hourly and hourly fluxes 152 

to be compared with OAFlux, ERA-Interim and IMOS fluxes respectively.  153 

ii) IMOS routine bulk fluxes 154 

The IMOS gathered the routine ship observations during the R/V Investigator voyage 155 

alongside NOAA PSD flux observations. After the Bureau of Meteorology (BoM) quality 156 

control procedure, momentum and heat fluxes were calculated using the COARE 3.0 bulk 157 

model with these observations. There are significant gaps in the data, however, due to two 158 

reasons: first, the system failed to transmit observations from the ship to the shore from 14 159 

March 2016 to 23 March 2016. Second, a large part of IMOS observations attributed to poor 160 

sampling conditions or instrument performance were omitted during preliminary quality 161 

control. Hence, usable data are available only from 24 March 2016 to 15 April 2016 162 

(reconstructed to hourly estimates for comparison purpose). Overall, ~49% of the 163 

reconstructed hourly data remains missing. The data availability for IMOS Investigator data 164 

is shown in figure 1 with respect to the ship track. 165 

iii) SOFS Buoy   166 

The SOFS is the long-term air-sea flux moored surface float deployed intermittently since 167 

2010 near 46.7°S 142°E (shown in figure 1) for the Integrated Marine Observing System 168 



(IMOS). Here, we use SOFS data acquired over the period from March 2015 to April 2016. The 169 

buoy provides near real-time surface meteorological and ocean observations, and radiative 170 

components continuously at the 1-minute sampling rate. Momentum, heat and moisture 171 

fluxes are calculated using the COARE 3.5 bulk model after quality control has been applied.  172 

 173 

3.2 Surface flux products  174 

i) OAFlux  175 

The OAFlux project provides heat fluxes for the global ice-free ocean basins. These heat fluxes 176 

are computed using the COARE 3.0 bulk flux algorithm following the construction of improved  177 

estimates of surface meteorological variables from a blending of satellite retrievals and three 178 

atmospheric reanalyses products – NCEP1, NCEP2 and ERA-40 (Yu et al. 2008). The satellite 179 

wind speed comes from three inputs – passive radiometers SSMI (Special Sensor Microwave 180 

Imager), AMSR-E (Advanced Microwave Scanning Radiometer-Earth Observing System) and 181 

QuikSCAT scatterometer. Near-surface humidity is derived from SSMI column water vapour 182 

retrievals (Chou et al. 2003) and height adjusted to 2-m based on the COARE 3.0 algorithm. 183 

SST data are derived from NOAA Optimum Interpolation (OI) (Reynolds et al. 2007). The third 184 

version of the OAFlux product, available for 32 years (1985-present) on daily time scale at 1° 185 

resolution grid, has been employed in the paper. The pixels are extracted based on the ship 186 

track and buoy location at daily scale for comparison with cruise and buoy respectively.  187 

ii) ERA-Interim reanalysis product  188 

The ERA-Interim reanalysis model estimates time-integrated surface sensible and latent heat 189 

fluxes as accumulated from the beginning of the forecast for every 3-hour window (Balsamo 190 

et al. 2015). For this study, the forecast fluxes are obtained for every 3-hour with initial 191 

conditions starting from 00Z at 0.25° resolution. For comparison with cruise and buoy data, 192 

grids are extracted relative to the ship track and buoy location respectively. The surface heat 193 

fluxes are computed using a first order K-diffusion closure in the surface layer and are 194 

calculated based on the bulk formulation where the transfer coefficients are estimated in 195 

terms of profile functions in accordance with the MOST (Beljaars 1998; ECMWF 2015a).   196 

 197 

4. Results  198 

4.1 Assessment of IMOS routine fluxes with ship fluxes 199 

 200 

The IMOS routine fluxes are compared with the CAPRICORN fluxes. Despite large gaps, IMOS 201 

estimates give strong positive correlation (~0.9 at p~0) with CAPRICORN fluxes at hourly 202 



scale. The mean Hs and Hl values for IMOS fluxes are 19.8 and 83.8 Wm-2 lying close to the 203 

CAPRICORN fluxes at 17.8 and 81.5 Wm-2 respectively as shown in table 1 and figure 2a and 204 

2b. Further, it gives a lower mean error (2 Wm-2) and RMSE (9 Wm-2) for Hs values as 205 

compared to the same for Hl values.  206 

 207 

IMOS fluxes are compared with CAPRICORN fluxes over the eddies. IMOS gives a positive bias 208 

of 1.73 Wm-2 in Hs and 1.97 Wm-2 in Hl over the warm eddy, but positive and small negative 209 

biases of 1.34 Wm-2 and -0.45 Wm-2 in Hs and Hl values respectively over the cold eddy. 210 

Overall, RMSE in Hs increases over eddies (11.60 Wm-2 over cold eddy and 9.27 Wm-2 over 211 

warm eddy) but decreases in Hl (17.52 Wm-2 over cold eddy and 15.10 Wm-2 over warm eddy) 212 

when compared with RMSEs of overall voyage. On average, the IMOS routine fluxes slightly 213 

overestimate heat fluxes as compared to CAPRICORN fluxes.  214 

 215 

4.2 Assessment of ERA-Interim with ship and buoy fluxes  216 

ERA-Interim 3-hourly fluxes are compared with CAPRICORN fluxes for March – April 2016 217 

(figure 2) and with SOFS (figure 3) for March 2015 – April 2016. ERA-Interim estimates Hl with 218 

relative bias of less than 5%, but it overestimates Hs (>35% bias) when compared with buoy 219 

fluxes (table 1b). However, when compared with CAPRICORN fluxes, it performs worse for Hl 220 

(~10% relative bias) than Hs (~6% relative bias) as seen in table 1a. ERA-Interim also shows 221 

larger variance in fluxes when compared to CAPRICORN fluxes.  222 

The product might perform very differently over different latitudes. Hence, to analyse this 223 

hypothesis, ERA-Interim 3-hourly fluxes are analysed for lower and higher latitudes. Here, the 224 

location of SOFS buoy at ~47°S is considered as the dividing line with >47°S is considered 225 

higher latitudes and vice versa. ERA-Interim gives positive bias (1.6 Wm-2) and higher relative 226 

bias (8.3%) in Hs when ship is at lower latitudes (<47°S). But gives higher positive bias (14.4 227 

Wm-2) and higher relative bias (24.5%) in Hl when ship is at higher latitudes (>47°S). Overall, 228 

ERA-Interim gives higher uncertainty in Hs at lower latitudes as noted through the comparison 229 

with both ship and buoy fluxes whereas at higher latitudes, larger uncertainty is recorded in 230 

Hl. Further, ERA-Interim flux values are compared with CAPRICORN fluxes using mean error 231 

(or bias) statistic during pre-, midst- and post- cyclonic conditions during the traversal of 9 232 

extratropical cyclones. ERA-Interim yields a higher positive bias in Hl (~12 Wm-2) than in Hs 233 

(~10 Wm-2) in the pre-frontal conditions. However, bias becomes negative for Hs (~-8.1 Wm-234 
2) and decreases for Hl (~4.9 Wm-2) during mid-cyclone conditions. The bias again becomes 235 

positive for Hs (~0.5 Wm-2) but continues to decrease for Hl (~-9.7 Wm-2) in post-frontal 236 

conditions.  237 



The product performance is also evaluated with respect to increasing wind speeds ranging 238 

from 1-20 ms-1 and for rain conditions with respect to both CAPRICORN and buoy fluxes. For 239 

buoy, the average rain rate was recorded as 0.02 mmh-1 for the given time-period. Low rain 240 

rate (<1 mmh-1) was observed more than 60% of the time. Further, independent analyses of 241 

ERA-Interim with respect to the voyage and buoy reveals no systematic bias in ERA-Interim 242 

fluxes with respect to either wind speeds or rain rates.  243 

4.3 Assessment of OAFlux with ship and buoy fluxes 244 

The OAFlux data are available on a daily scale, so, the sample size is small (33 points) for the 245 

voyage. A strong positive correlation (~0.9, p-value close to zero) is found for both Hs and Hl 246 

when compared with CAPRICORN bulk fluxes. There is a better agreement (bias -0.3 Wm-2) in 247 

Hs than in Hl (bias 9.3 Wm-2) between OAFlux and CAPRICORN fluxes as seen in table 1a. The 248 

error statistics (table 1a) have been calculated after the grid-wise extraction of the daily flux 249 

data relative to the ship track. Further, for comparison purpose, ERA-Interim fluxes are 250 

extracted at 1° resolution on a daily time scale and are plotted alongside OAFlux fluxes as 251 

shown in figure 2e and 2f. ERA-Interim underestimates Hs (bias -0.66 Wm-2) and 252 

overestimates Hl values (bias ~20 Wm-2). Altogether, OAFlux performs better than ERA-253 

Interim at the daily resolution.  254 

When compared with buoy fluxes, OAFlux underestimates (bias ~-7 Wm-2) Hl but gives near 255 

accurate estimates of Hs. Conclusively, OAFlux consistently gives a higher bias in Hl when 256 

compared with either ship or buoy fluxes. However, no conclusive systematic bias is observed 257 

in OAFlux values with respect to increasing wind speeds when compared with buoy data.  258 

5. Discussion  259 

We have compared the average performance of ERA-Interim, OAFlux and IMOS flux products 260 

over the Australian sector of the Southern Ocean with respect to bulk fluxes acquired using 261 

the NOAA PSD flux system during a month-long CAPRICORN experiment in March-April 2016 262 

and the 13-month (2015-2016) SOFS data. The comparison is performed for lower latitudes 263 

(<47°S) based on both buoy and ship fluxes, and for higher latitudes (>47°S) based on ship 264 

fluxes with the location of the buoy at ~47 S as the dividing line.  265 

The comparison reveals for ERA-Interim large positive bias in Hl (~14.43 Wm-2) at higher 266 

latitudes and in Hs (~1.64 Wm-2) at lower latitudes. A similar result was obtained by Brunke 267 

et al., (2011) who observed that ERA-Interim performs better for Hl than for Hs in the tropics 268 

and mid-latitudes. In contrast to our results, Lindsay et al., (2014) observed an 269 

underestimation in Hl but overestimation in Hs over the Arctic region (>65°N). Further, the 270 

RMSEs noted in ERA-Interim fluxes are relatively higher (~24 Wm-2 in Hs and ~43 Wm-2 in Hl) 271 



at higher latitudes but lower (<20 Wm-2 for both fluxes) at lower latitudes over the analysis 272 

region as compared to the previous findings which estimated RMSEs in heat fluxes of the 273 

order ~20 Wm-2 over the land regions (Balsamo et al. 2015; Szczypta et al. 2011).  274 

The daily OAFlux gives a higher bias in Hl as compared to Hs, which is very close (average 275 

within ± 0.5 Wm-2) to the ship and buoy averages. It overestimates (bias 8.75 Wm-2) Hl at 276 

higher latitudes but underestimates (bias -3.81 Wm-2) at lower latitudes. However, the 277 

sample size is not significant (16 points) for high latitude regions. These findings are in 278 

agreement with previous results which observed OAFlux behaviour over the different oceans 279 

(Brunke et al. 2011; Santorelli 2011; Tomita et al. 2016). However, OAFlux gives larger bias in 280 

magnitude over the Southern Ocean region examined in our study as compared to the global 281 

oceans [0.04 Wm-2 for Hs and 0.98 Wm-2 for Hl respectively (Yu et al. 2008)].  282 

All the bulk parameterization algorithms use equations (1) - (3) as the base, yet, the estimated 283 

turbulent fluxes differ either due to differences in the input bulk variables or the physical 284 

parameterizations used for various key processes. The desired accuracy of the mean (or bias) 285 

under nominal conditions has been determined to be within 0.2 ms-1 for wind speed, 0.2°C 286 

for air temperature, 0.1°C for sea surface temperature and 0.3 gkg-1 for specific humidity in 287 

order to attain ±10 Wm-2 accuracy in monthly surface net heat flux (Bradley and Fairall 2006; 288 

Weller et al. 2004). Tables 2a and 2b summarise these four input variables – air temperature 289 

(Ta), skin sea surface temperature (Ts), specific humidity (q) and 10-m wind speed (U10) with 290 

respect to ship and buoy observations.  291 

ERA-Interim has the highest uncertainties in Ta (bias -0.5 ms-1) when compared with buoy 292 

observations, and in Ts (bias -0.4 °C) when compared with ship observations. However, ERA-293 

Interim has lower bias in U10 but higher bias in Ts over this Southern Ocean region when 294 

compared with biases noted in the Drake Passage (Jiang et al. 2012). Further, ERA-Interim 295 

gives higher bias (in magnitude) in Hl than in Hs during pre and post-frontal conditions. This 296 

could be due to higher positive biases in U10 (bias 0.6 ms-1) and q (bias 0.7 gkg-1) during post- 297 

conditions. The mean bias in bulk variables improves during midst- conditions as compared 298 

to pre- and post- conditions. Overall, ERA-Interim performs better than OAFlux for fluxes as 299 

well as bulk variables as evident in figure 3.  300 

IMOS routine ship observations are closest to NOAA PSD observations, however, IMOS 301 

underestimates Ta (mean error -0.2°C) and Ts (mean error -0.1°C), and overestimates U10 302 

(mean error 0.4 ms-1). OAFlux has high mean errors in Ta (0.9°C), q (0.4 gkg-1) and Ts (0.4°C) 303 

when compared with ship observations. OAFlux underestimates (bias -0.4 ms-1) U10 when 304 

compared with buoy observations but gives high overall RMSE of ~0.9 ms-1 over the analysis 305 



region. Similar results were reported by Yu et al., (2008) who attributed rain as a possible 306 

reason for the degradation of SSMI wind speed retrievals.  307 

Figure 4 displays the comparison of monthly fluxes and bulk variables with SOFS buoy data 308 

for March 2015-April 2016 time-period along with the expected accuracy of mean. Hs by both 309 

products is not within ± 5 Wm-2 during February, March and November months. For Hl 310 

however, the products are only accurate to within ± 10 Wm-2 for all months except for 311 

February and March. ERA-Interim consistently underestimates Ta whereas both the products 312 

display highest uncertainties in Ts and U10. Despite agreement for q at daily scale, the bias is 313 

low for mean monthly values for both the products and fall within the desired level of 314 

accuracy. Altogether, the level of accuracy is high for Hs and products perform better on 315 

average during the winter season (May-October).  316 

The differences in the parameterizations of the bulk algorithms may also be accounted for 317 

the differences in the flux estimations. Since both IMOS routine observations and OAFlux 318 

evaluate fluxes using the COARE bulk algorithm, it comes down to the differences in the 319 

COARE and ECMWF algorithms. Brunke et al., (2002) attributed surface wave spectrums, 320 

roughness length formulation, consideration of convective gustiness, salinity effect on ocean 321 

surface saturated humidity, and turbulent exchange coefficient formulation as major key 322 

differences in the parameterization schemes that contribute significantly to flux variations.  323 

Table 3 contrasts these formulations used in the COARE and ECMWF algorithms. Since these 324 

algorithms are based on the MOST theory, the parameterization of transfer coefficients 325 

follows the similar routine. Both the algorithms resort to similar parameterizations for salinity 326 

effect on ocean surface saturated humidity as well. The cool skin - warm layer diurnal effect 327 

in sea surface temperature is also incorporated in both the schemes using the same method 328 

(ECMWF 2015a; Fairall et al. 1996a). Despite these similarities, the most obvious difference 329 

is in the formulation of roughness lengths, which plays a major role in the formulation of 330 

transfer coefficients. The ECMWF calculates the wave-age dependent Charnock coefficient 331 

(Janssen 2008) whereas COARE 3.5 algorithm calculates the Charnock coefficient based on 332 

wind-speed dependent formulation (Edson et al. 2013) as shown in table 3 which implies a 333 

mature sea-state in balance with the wind forcing. In the present study, the Charnock 334 

coefficient from ECMWF is generally higher (~0.95 x 10-2 – ~6.44 x 10-2) than observed values 335 

(1.1 x 10-2 – 1.8 x 10-2) as the determining constant, 𝛼 is found by trial and error method 336 

(ECMWF 2015b). Further, thermal and moisture roughness lengths in ECMWF scheme are 337 

estimated to be higher by approximately 50-400% and 130-800%, respectively as compared 338 

to COARE 3.5 bulk values, for the given wind speeds during the R/V Investigator voyage. This 339 

could be one of the reasons for higher heat and moisture transfer coefficients in ECMWF 340 

scheme leading to overestimation in Hs and Hl. Further, in the COARE 3.5 algorithm, both the 341 



thermal and moisture roughness length are equal whereas the moisture roughness length is 342 

estimated to be higher in ECMWF. It has been previously observed that COARE 3.5 wind 343 

speed dependent formulation without wave information agrees well with the observations 344 

(Edson et al. 2013). Edson, (2008) states a good agreement for the drag coefficient between 345 

COARE and ECMWF schemes despite these differences. Further, the comparison of wind 346 

speeds including gustiness during the voyage indicates a probable overestimation of wind 347 

gustiness by ECMWF as well. 348 

 349 

6. Conclusion 350 

We compared the surface heat fluxes obtained from ERA-Interim reanalysis and OAFlux 351 

hybrid data set with those measured during CAPRICORN experiment (with the NOAA PSD flux 352 

system and IMOS routine observations) carried out onboard R/V Investigator voyage (March 353 

– April 2016) and SOFS buoy deployed for a year (2015-2016) in the Australian sector of the 354 

Southern Ocean. With the current aim to reconcile surface flux accuracy to within 5 Wm-2 at 355 

3-6 hour resolution, overall, ERA-Interim (3-hourly at 0.25°) and OAFlux (daily at 1°) estimate 356 

sensible heat flux, Hs accurate to ±5 Wm-2, but not latent heat flux, Hl. ERA-Interim gives a 357 

higher bias in Hs at lower latitudes (<47°S) and in Hl at higher latitudes (>47°S). Similarly, 358 

OAFlux provides good estimates of Hs (bias within ±0.5 Wm-2) but consistently gives higher 359 

bias (within ±10 Wm-2) in Hl across the range of latitudes sampled (44°S - 53°S). The biases in 360 

ERA-Interim heat flux estimates can be attributed to higher bias in Ta and U10 at lower 361 

latitudes, and in Ts at higher latitudes. Whereas OAFlux has high uncertainty in U10 at lower 362 

latitudes but in Ta and Ts at higher latitudes.  363 

Other than uncertainties in bulk variables, the ECMWF scheme overestimates roughness 364 

lengths and wind gustiness which might explain the overestimation in heat fluxes. While 365 

OAFlux has been noted to agree well with ship-based climatology at seasonal and annual time 366 

scale (Yu et al. 2008), the current analysis shows that it can also be used at daily time scale 367 

for lower latitudes for the study of heat fluxes and energy budget. However, its application 368 

in studying mesoscale systems remains limited due to its coarse spatiotemporal resolution. 369 

IMOS routine ship observations overestimate Hs (~11%) and Hl (~3%) as compared to the 370 

NOAA PSD flux observations during the voyage. But since these are observations, they are 371 

closest to what was observed by the NOAA PSD system during R/V Investigator voyage. 372 

Conclusively, there is still a need to quantify the uncertainty in measurements and derived 373 

fluxes under extreme conditions.  374 

 375 
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 530 

Table 1a: Error statistics for Hs and Hl at given time-scales for R/V Investigator voyage. 531 

CAPRICORN bulk fluxes are extracted for the given products and their respective time 532 

periods. Missing values are excluded prior to comparison. The fluxes are defined as positive 533 

upwards. The unit is Wm-2 for all statistics except for the percent bias.  534 

 Hourly 
(24/03/2016-
15/04/2016) 

3-hourly 
(14/03/2016 – 
15/04/2016) 

Daily 
(14/03/2016 – 
15/04/2016) 

 Hs Hl Hs Hl Hs Hl 
CAPRICORN flux mean  17.76 81.50 16.59 75.83 16.77 76.94 
Product mean*  19.84 83.78 17.56 83.12 16.44 86.23 
CAPRICORN flux standard 
deviation or σ 

29.99 65.09 32.15 72.50 26.73 63.37 

Product σ* 30.40 68.62 41.48 77.85 30.35 67.86 
Mean error or bias 2.07 2.27 0.97 7.29 -0.32 9.28 
Relative bias or percent 
bias (%) 

11.7 2.79 5.88 9.61 -1.95 12.07 

Root mean square error or 
RMSE 

9.06 19.23 24.07 42.90 12.94 33.54 

*hourly product – IMOS, 3-hourly product – ERA-Interim, daily product – OAFlux  535 

 536 

Table 1b: Error statistics for Hs and Hl for SOFS buoy, ERA-Interim and OAFlux products at 537 

daily time scale. All units in Wm-2 except for the percent bias. 538 

 SOFS Buoy  ERA-Interim  OAFlux  

 Hs Hl Hs Hl Hs Hl 

Mean  9.18 64.04 12.41 65.98 9.261 59.59 

σ 25.37 53.71 27.10 52.63 24.10 40.22 

Mean error or bias   3.23 1.93 0.076 -4.44 

Relative bias or percent bias (%)   35.19 3.02 0.083 -6.94 

RMSE   10.31 16.40 9.92 22.07 

 539 

 540 

 541 

 542 
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 544 



 545 

 546 

Table 2a: Mean and standard deviation of air temperature (Tair), sea surface temperature 547 

(Ts), specific humidity (q) and 10-m wind speed (U10) for the given datasets on the given 548 

spatiotemporal scales during R/V Investigator.   549 

 Hourly 

CAPRICORN 

flux data   

Hourly 

IMOS 

3-hourly 

CAPRICORN 

flux   

3-hourly 

ERA-Interim 

Daily 

CAPRICORN 

flux  

Daily 

OAFlux  

Ta (°C) 9.23±2.90 9.05±2.86 10.19±2.94 10.18±2.87 10.24±2.73 11.14±2.60 

Ts (°C) 10.63±3.25 10.54±3.21 11.57±3.26 11.16±2.92 11.63±3.14 12.07±2.88 

q (g kg-1) 5.68±1.40 5.69±1.48 6.20±1.64 6.30±1.52 6.20±1.39 6.65±1.04 

U10 (ms-1)  11.59±3.51 11.99±3.52 10.52±3.74 10.76±3.76 10.54±3.06 10.41±3.30 

 550 

 551 

Table 2b: Mean and standard deviation of air temperature (Tair), sea surface temperature 552 

(SST), specific humidity (q) and 10-m wind speed (U10) for the given datasets as compared to 553 

SOFS Buoy on a daily time scale.   554 

 SOFS Buoy  ERA-Interim OAFlux   

Ta (°C) 9.89±1.82  9.38±2.0 9.77±1.82 

Ts (°C) 10.39±1.36 10.14±1.20 10.30±1.07 

q (g kg-1) 6.13±1.17 6.00±1.28 6.17±0.96 

U10 (ms-1)  9.31±2.97 10.09±3.78 10.03±3.22 

 555 

Table 3: formulations used in COARE 3.0/3.5 bulk model and ECMWF scheme for the five 556 

contributing factors in the parameterizations  557 

Physical 

parameterization 

COARE 3.0/3.5 model ECMWF scheme 

Surface wave 

spectrum 

Does not use coupled wave model 

To model the effect of sea state and wave age, 

𝑧0
𝑟𝑜𝑢𝑔ℎ

𝛾
= 𝐷 (

𝑢∗
𝐶𝑝
)

2

 

𝑧0
𝑟𝑜𝑢𝑔ℎ

𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑙𝑒𝑛𝑔𝑡ℎ 𝑓𝑜𝑟 𝑟𝑜𝑢𝑔ℎ 𝑓𝑙𝑜𝑤 

𝛾 𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡 𝑤𝑎𝑣𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 

𝑢∗ 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 

𝐶𝑝 𝑝ℎ𝑎𝑠𝑒 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑑𝑜𝑚𝑖𝑛𝑎𝑛𝑡  

𝑑

𝑑𝑡
𝐹 = 𝑆 = 𝑆𝑖𝑛 + 𝑆𝑛𝑙 + 𝑆𝑑𝑖𝑠𝑠  

Sin generation of waves by wind 

Snl nonlinear four-wave interaction 

Sdiss dissipation of ocean waves e.g wave 

breaking 



𝑢∗
𝐶𝑝
 𝑖𝑛𝑣𝑒𝑟𝑠𝑒 𝑤𝑎𝑣𝑒 𝑎𝑔𝑒 

Roughness length 

formulation 

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑙𝑒𝑛𝑔𝑡ℎ = 

𝑧𝑂𝑀 = 𝛼𝑀
𝜈

𝑢∗
+ 𝛼𝐶ℎ

𝑢∗
2

𝑔
  

𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑙𝑒𝑛𝑔𝑡ℎ 𝑧𝑂𝐻 = 𝛼𝐻
𝜈

𝑢∗
  

𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑙𝑒𝑛𝑔𝑡ℎ 𝑧𝑂𝑄 = 𝛼𝑄
𝜈

𝑢∗
  

𝐶ℎ𝑎𝑟𝑛𝑜𝑐𝑘 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝛼𝐶ℎ

=

{
 

 
0.011𝑓𝑜𝑟𝑆 ≤ 10𝑚𝑠−1

0.011 +
0.007

8
(𝑆 − 10)𝑓𝑜𝑟10 < 𝑆 ≤ 18

0.018𝑓𝑜𝑟𝑆 ≥ 18𝑚𝑠−1

 

S – mean wind speed w.r.t. ocean 

𝛼𝑀 = 0.11  

𝑧𝑂𝑄 = 𝑚𝑖𝑛 (1.1 × 10
−4, 5.5 × 10−5𝑅𝑟

−0.6) 

Where Rr is roughness Reynolds number  

𝑧𝑂𝐻 = 𝑧𝑂𝑄  

Same roughness lengths equations as in 

COARE 3.5 but 

𝛼𝐶ℎ = 0.018 uncoupled model 

𝛼𝐶ℎ =
�̂�

√1−
𝜏𝑤
𝜏

 coupled model (wave 

model) where 𝜏𝑤  wave-induced stress 

and τ is total stress  

𝛼𝑀 = 0.11  

𝛼𝐻 = 0.40  

𝛼𝑄 = 0.62  

𝑘𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦, 

𝜈 = 1.5 × 10ˉ5𝑚2𝑠−1 

 

Consideration of 

convective 

gustiness  

𝑈𝑔 = 𝛽𝑊∗ = 𝛽 (
𝑔

𝑇
𝑤′𝜃𝑣

′´ 𝑧𝑖)

1
3

 

𝑊∗ − 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑠𝑐𝑎𝑙𝑒 

z – depth of the convective boundary layer 

Ug – gustiness  

𝛽 = 1.25 

Same equation as in COARE 3.5 but 

𝛽 = 1 

Salinity effect on 

ocean surface 

saturated humidity  

𝑞𝑠 = 0.98𝑞𝑠𝑎𝑡(𝑇𝑠) 

qs – water vapor mixing ratio 

qsat – saturation mixing ratio 

Ts –sea surface temperature  

Same as in COARE  

Turbulent 

exchange 

coefficient 

formulation  

𝑡𝑜𝑡𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝐶𝑥 = 𝑐𝑥
1 2⁄ 𝑐𝑑

1 2⁄  

x can be u,v wind components, potential 

temperature, θ or water vapor specific 

humidity, q 

cx – bulk transfer coefficient, d being used for 

wind speed  

𝑐𝑥

1
2(𝜉) =

𝑐𝑥𝑛

1
2

1 − (
𝑐𝑥𝑛

1
2

𝜅
)𝜓𝑥(𝜉)

 

𝑐𝑥𝑛
1 2⁄ =

𝜅

𝑙𝑛 (
𝑧
𝑧0𝑥
)

 

ξ – MOST stability parameter, subscript n 

refers to neutral ( = 0) stability 

𝜓𝑥  – empirical function describing stability 

dependence of the mean profile  

𝑧0𝑥 -roughness length for x  

κ – von Kármán’s constant 

Same as in COARE  
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Figure 1: R/V Investigator cruise track in March-April 2016 with highlighted data availability 569 

of IMOS routine observations (yellow) as compared to COARE 3.5 bulk measurements (red). 570 

The location of SOFS buoy (~46.7°S 142°E) is shown with a circle.  571 
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 578 

Figure 2: Comparison of time series of COARE 3.5 bulk fluxes at daily scale with OAFlux for (a) 579 

Sensible heat flux, Hs (b) Latent heat flux, Hl (c&d) same as a&b but with ERA-Interim at 3-580 

hourly scale; (e&f) same as a&b but with IMOS routine observations at hourly scale during 581 

R/V Investigator voyage in March-April 2016.  582 
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 584 

Figure 3: Scatterplots of daily ERA-Interim, OAFlux products with SOFS buoy data for (a) 585 

sensible heat flux, Hs (b) latent heat flux, Hl (c) air temperature, Ta (d) sea surface 586 

temperature, Ts (e) specific humidity, q (f) wind speed, U10 for the year 2015-2016.  587 
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 595 

Figure 4: Mean monthly variation displayed along with target accuracy of mean as shaded 596 

area obtained by SOFS buoy, OAFlux and ERA-Interim products for (a) sensible heat flux, Hs, 597 

±5 Wm-2 (b) latent heat flux, Hl ±10 Wm-2 (c) air temperature, Ta ±0.2 °C (d) 10-m wind 598 

speed, U10 ±0.2 ms-1 (e) sea surface temperature, Ts ±0.1 °C (f) specific humidity, q ±0.3 gkg-599 
1 for year 2015-2016.  600 


