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Abstract: 

There is great interest in improving our understanding of the respective roles of the ocean and 

atmosphere in variability and change in weather and climate.  Due to the sparsity of sustained 

observing sites in the open ocean, information about the air-sea exchanges of heat, freshwater, 

and momentum is often drawn from models.  In this paper observations from three long-term 

surface moorings deployed in the tradewind regions of the Pacific and Atlantic Oceans are used 

to compare observed means and low-passed air-sea fluxes from the moorings with coincident 

records from three atmospheric reanalyses (ERA5, NCEP2, and MERRA2) and from CMIP6 

coupled models.  To set the stage for the comparison, the methodologies of maintaining the 

long-term surface moorings, known as Ocean Reference Stations (ORS), and assessing the 

accuracies of their air-sea fluxes are described first.  Biases in the reanalyses’ means and low-

passed wind stresses and net air-sea heat fluxes are significantly larger than the observational 

uncertainties and in some case show variability in time.  These reanalyses and most CMIP6 

models fail to provide as much heat into the ocean as observed.  In the discussion and 

conclusion section, long-term observing sites in the open ocean are seen as essential, 

independent benchmarks not only to document the coupling between the atmosphere and 

ocean but also to promote collaborative efforts to assess and improve the ability of models to 

simulate air-sea fluxes.   

Capsule:   

Accurate information about the exchanges of heat, freshwater, and momentum between the 

ocean and atmosphere is needed.  Observations made from three surface moorings deployed in 

the tradewinds since the early 2000s provide accurate air-sea flux time series.  Differences 

between the means and low-passed time series of fluxes from the moorings and those from 

modern atmospheric model reanalyses and climate models are found to be significant and 

variable in time, illustrating the value of sustained open ocean flux observations as benchmarks 

for assessing and guiding collaborative work to improve models. 
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1.  Introduction 

 Quantifying the exchanges of heat, freshwater, and momentum across the ocean’s 

surface sheds light on how and where one forces or responds to the other.  In collecting this 

information, observing methods should resolve energetic higher frequency air-sea interaction 

processes while also capturing the lower frequency modes of coupled variability and regional 

trends.  However, in comparison to land, it is challenging to maintain sites in the open ocean 

where ongoing, high-quality observations of the air-sea exchanges of heat, freshwater and 

momentum have been and continue to be made.  As a result, alternatives to observed air-sea 

fluxes are in use.  Atmospheric reanalyses, for example, provide gridded surface flux fields 

running typically from 1979 or 1980 to the present.  In addition, climate models coupling the 

ocean and atmosphere provide retrospective analyses including surface fluxes covering 1850 to 

the present (e.g. CMIP6, Eyring et al. 2016).   

 We ask here how well the reanalyses and climate models succeed in simulating the 

means and low-passed variability in the air-sea fluxes.  Atmospheric reanalyses are run with 

fixed model codes, and thus might be considered to yield consistent quality over the years.  

Climate models are looked to for their predictive capability, and how skillful they are at 

retrospective analyses could suggest how well they simulate coupled ocean-atmosphere 

variability.  To examine the reanalyses and climate models we draw upon observations that we 

have collected using long-term surface moorings at three open ocean sites since 2000, 2001, 

and 2004.   To build the foundation for the comparison, the observing methodologies and 

estimates of the uncertainties in the observed air-sea flux time series are discussed.  A number 

of prior studies have done comparisons between in-situ and model-based surface meteorology 

and air-sea fluxes over shorter time periods and examined differences in state variables as well 

as in the fluxes.  Our focus here is instead on comparison of the low-pass filtered fluxes over a 

period of close to two decades, looking at means and biases, and, in the case of the reanalysis 

fluxes, whether or not model-mooring differences vary in time.  The results of the comparisons 

illustrate the value of sustained open observations of the fluxes in providing benchmarks for 

assessing fluxes from other sources. 
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 The three surface moorings providing the data are the Ocean Reference Stations (ORS)  

maintained by the Upper Ocean Processes Group at the Woods Hole Oceanographic Institution  

(WHOI).  The ORS provide time series of surface meteorology that are used with bulk formulae  

to compute the air-sea fluxes of heat, freshwater, and momentum.  The use of the ORS as  

sustained observing platforms is discussed in Section 2.   The technical approach to collecting  

the surface meteorological observations using the ORS is briefly summarized in Section 3 and in  

more detail in Weller et al. (2012) and Weller (2016).  Section 4 summarizes assessments of the  

quality of the surface meteorological observations and of the air-sea fluxes computed using the  

COARE 3.0 formulae (Fairall et al. 1996, 2003).  Quantifying the uncertainties associated with  

the ORS time-series sets the stage for their use as benchmarks for the comparisons with  

models.  Section 5 presents an overview of the surface meteorology and air-sea fluxes at each  

of the three ORS.  Three modern atmospheric reanalyses and recent coupled model runs were  

chosen to provide model-based fluxes.  Model output was extracted at the grid points closest to  

ORS.  The reanalyses are NCEP2 (Kanamitsu et al. 2002), ERA5 (Hersbach et al. 2020), and  

MERRA2 (Gelaro et al. 2017).  The climate model ouputs come from the CMIP6 (Coupled Model  

Intercomparison Project 6, Eyring et al. 2016) models.  Section 6 focuses on low pass filtered  

time-series, annual and longer-term means, and comparisons of ORS time-series with the  

models.  Section 7 presents discussion and conclusions, making the case that at a number of  

open ocean sites air-sea flux time series collected with care provide an essential means to  

assess how well fluxes from other sources capture the long-term means and low-passed  

variability in the communication of heat, freshwater, and momentum across the sea surface.  

  

2.  Surface Moorings Used for Sustained Observing  

 In the open ocean, away from coasts and the equator, there are few sites where  

continuous, long-term, time-resolved observations in the atmospheric and oceanic surface  

layers are collected.   Surface buoys, moored to the seafloor, provide attractive platforms to do  

so.  In recent decades, surface mooring technology improved (Davis et al. 2018), enabling  

surface moorings to be deployed in equatorial waters of the Pacific Ocean (McPhaden 1995),  

the Atlantic Ocean (Bourlès et al. 2019) and the Indian Ocean (McPhaden et al. 2009) as key  
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components of sustained ocean observing.  Away from the equator, however, wind and wave 

conditions are more challenging, and the three ORSs are among the few long-term, open ocean 

surface moorings maintained there.  Other extra-equatorial, long-term surface moorings 

include the Ocean Climate Stations (OCS, including KEO off Japan and PAPA in the Gulf of 

Alaska, https://www.pmel.noaa.gov/ocs/) and the Australian Southern Ocean Time Series 

mooring south of Tasmania (SOTS, https://imos.org.au/facilities/deepwatermoorings/sots).  

These long-term moorings are coordinated Internationally by OceanSITES 

(http://www.oceansites.org) as part of the Global Ocean Observing System.  Efforts in the 

United States to maintain surface moorings as ocean reference sites are supported by the 

National Oceanic and Atmospheric Administration 

(https://globalocean.noaa.gov/Research/Ocean-Reference-Stations-OceanSITES). 

 Surface mooring deployments are typically one-year in length, limited by mechanical 

wear and fatigue of components and by how long sensor calibrations last in the field.  Careful 

intercomparisons and cross-calibrations of instruments deployed on successive deployments 

enables merging of records into long, accurate, and consistent time-series with high time 

resolution (once per minute).  To compute the air-sea fluxes of heat, freshwater, and 

momentum we applied empirical bulk formulae to the observations of surface meteorology.  

While some surface moorings, especially weather buoys, share observations in near real time, 

the ORS surface moorings discussed here are unique in the decision to withhold their data from 

assimilation into models.  In this respect the ORS are distinct from more numerous and widely 

distributed surface observation sites that are specifically deployed for data assimilation 

purposes.  They are also unique in the level of effort devoted to ensuring collection of complete 

surface meteorological and air-sea flux during each deployment and to assessing the quality of 

the observations.  These steps are taken to collect independent observations of known quality 

that can be used to assess operational models and support collaborations on model 

improvement. 

 The three ORS sites lie in extra-equatorial tradewind regions (Figure 1).  Tradewinds 

cover ~50% of the world ocean, flowing westward and equatorward and outward from the 

subsidence in subtropical high-pressure centers into ascending deep convection in the inter-
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tropical convergence zones (ITCZs). The Stratus Ocean Reference Station (ORS) site, 1,500 km 

west of northern Chile is located where marine stratocumulus clouds are characteristic and 

near the eastern boundary of the South Pacific where coupled models yield too warm SSTs.  It  

  

Figure 1.  Map showing the locations of the three Ocean Reference Stations, WHOTS, Stratus, and NTAS, 

plotted on top of color contours of the 2000-2020 mean sea surface temperature field and wind vectors from 

the ERA5 reanalysis. 

was established in October 2000 to collect the observations needed to quantify the air-sea 

fluxes and improve understanding of the process that govern sea surface temperature (SST) in 

this data sparse region of the eastern South Pacific.  The Northwest Tropical Atlantic Station 

(NTAS) ORS was established in March 2001 1,100 km east of the island of Martinique in the 

Caribbean, in a region of interest from the perspective of oceanic heat storage and Atlantic 

cyclogenesis.  NTAS provides data to document the air-sea fluxes and investigate connections 

between upper ocean heat storage and hurricane activity.  The WHOI Hawaii Ocean Time-series 

(HOT) Station, known as the WHOTS ORS, was first deployed in August 2004 at Station ALOHA 

100 km north of Oahu.  Aloha is a site of long-term ongoing oceanographic studies begun in 

1988 (http://aco-ssds.soest.hawaii.edu/ALOHA/), inclduing the ocean context for the ongoing 

atmospheric CO2time series being collected on Mauna Loa since the 1950s 

(https://gml.noaa.gov/obop/mlo/).  Like NTAS, WHOTS is characterized by tradewind 

convective clouds and systems.  The WHOTS ORS provides the air-sea interaction and physical 
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oceanographic context for the other ongoing studies; it also carries a NOAA PMEL CO2 package 

(Sutton et al. 2014), measuring surface ocean and atmospheric boundary layer pCO2 and 

complementing the Mona Loa time series. 

 The goals in maintain the ORS are to:  collect surface meteorological and upper ocean 

data with high reliability and accuracy; carry out calibrations and at-sea intercomparisons 

necessary to support processing and merging data from the individual deployments and making 

overall data quality assessments; produce time series of the surface fluxes of heat, freshwater, 

and momentum with accompanying estimates of uncertainties; and make the resulting merged 

climate data records with documented accuracy widely available.  During their deployment the 

ORS also serve as focal points for research and modeling activities.  Multi-investigator process 

studies such as VOCAL ReX (Wood et al. 2011), held around the Stratus ORS, and 

ATOMIC/EUREC4A (Stevens et al. 2021) around NTAS, investigated ocean, atmosphere, and 

coupled dynamics and processes.  Delayed access to hourly time series of surface meteorology 

has been made available to modeling centers.  Exchanges of model and ORS surface 

meteorology have led to dialog with investigators at ECMWF about ORS-model comparisons.  

ORS data have also been used for validation of remote sensing products (e.g. Pinker et al. 

(2018)).   The consistent ORS time-series have facilitated quantitative assessments of surface 

meteorology and air-sea fluxes from reanalyses (e.g. Valdivieso et al. 2017), from coupled 

climate models (e.g. Zuidema et al. (2016)), and from hybrid combinations of model and remote 

sensing fields (e.g. Yu and Weller (2007)).   

 

3.  Equipping and Maintaining the Ocean Reference Stations 

 Figure 2 shows the towers of the original 3-m aluminum ORS buoy hull and the more 

recent closed cell foam 3-m hull.  The wind vane bolted to the tower orients the buoy creating 

an upwind location for mounting anemometers, air temperature and air humidity sensors.  

Goals in equipping the tower with meteorological sensors and associated electronics were 

accuracy; reliability; redundancy; low power consumption; low susceptibility to corrosion, radio 

frequency interference, and salt spray; internal storage of key metadata (sensor model and 

serial number, calibration information); easy digital communication; and the ability to deploy 
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sensors either as stand-alone units or linked together to form a system.  Meeting these goals  

lead to the development of the IMET (Improved METeorological) system, later named the  

ASIMET (Air-Sea Interaction METeorological) system (Hosom et al. 1995).  To achieve the  

reliability necessary to collect complete records two separate and redundant modular ASIMET  

systems are deployed on the buoy, each sampling once per minute and running for over a year  

on battery power.  In addition, stand-alone ASIMET modules logging internally are often added  

for further redundancy.   ASIMET sensor modules measure downward shortwave radiation  

(DSWR), downward longwave radiation   

  

Figure 2.  ORS surface buoys with older, 3 m aluminum hull (left) and present 3 m foam hull (right).  A wind 

vane with radar reflector and data telemetry antenna orients the buoy with respect to the wind, and 

anemometers and air temperature and humidity modules (RH/AT) are placed on the upwind side of the 

tower.  The cluster of four radiometers, one each for shortwave (SW) and longwave (LW) from two ASIMET 

systems, is placed above all other structures.  Rain gauges, barometric pressure (BP) sensors are placed aft of 

the forward face. 

(DLWR), air temperature (Ta) and relative humidity (qa), accumulated precipitation (P), 

barometric pressure (SLP), wind speed (WSPD) and direction (WDIR).  Radiometers are 
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mounted above all other structures to avoid shadows.   Anemometers, Ta and qa sensors are 

mounted on the upwind face of the tower.  P and SLP modules are mounted on the tower 

center.  Modules measuring ocean temperature and salinity are mounted below the surface.  

Sensor heights/depths are included in Table 1.   

 

Observable Sensor make and 
model 

Typical height 
above sea 
surface 

Notes 

Wind RM Young 5103 2.82 m Propeller-vane 
anemometer, stock 
propeller bearing 
upgraded 

Wind Gill Instruments 
WindObserver II 
Ultrasonic 
Anemometer 

3.08 m Sonic anemometer, used 
on at times to mitigate 
data loss due to birds 

Air temperature/ 
relative  humidity (Ta/qa) 

Rotronic MP-101A 2.95 m Porous Teflon filter and 
multiplate radiation 
shield 

Downward shortwave 
radiation (DSWR) 

Eppley Precision 
Spectral Pyranometer 

3.43 m Case adapted to ASIMET 
module tubing 

Downward longwave 
radiation (DLWR) 

Eppley Precision 
Infrared Radiometer 

3.43 m Case adapted to ASIMET 
module tubing 

Barometric pressure (SLP) Heise DXD 3.0 m With parallel plate 
pressure port 

Precipitation (P) RM Young 50202 3.12 m Self-siphoning rain gauge 

Sea surface temperature 
and salinity (SST,SSS) 

SeaBird 37 -0.85m Mounted on buoy bridle   

Table 1.  Present sensors in the ASIMET system.  Each are configured as an ASIMET module, capable of being 

connected to a central data logger and of recording internally, either to provide a record redundant to that in 

the central logger or as a stand-alone module. 

 

 Recovery of a deployed surface mooring, preceded by nearby deployment of a fresh 

surface mooring, is planned annually.  After recovery, calibrated and quality-controlled data are 

used together with the COARE bulk formulae (Fairall et al. 1996, 2003) to compute heat, 

freshwater, and momentum fluxes.  Further analysis and processing are carried out to merge 
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surface meteorology and air-sea fluxes from successive deployments as climate data records.   

As the bulk formulae are updated or when new information is available about calibration or  

processing procedures, the deployment-by-deployment data are reprocessed and updated  

merged time-series created.  During each deployment, hourly surface meteorological data are  

telemetered to support checking ORS systems; telemetry also aids testing on land and at-sea  

comparisons between the ORS and shipboard sensors.    

 Fifty-four of 58 annual cruises have been conducted as planned.  The research vessel is  

equipped with an additional set of surface meteorological sensors.  For many cruises, these  

additional sensors have come from the NOAA Physical Sciences Laboratory (PSL), Boulder, CO  

(Fairall et al. 2008), including eddy covariance fluxes, motion stabilized shortwave and  

longwave radiometers, and a temperature sensor deployed close to the sea surface.   

Otherwise, additional freshly calibrated, stand-alone ASIMET modules are installed on the ship.   

Upon arrival at the ORS site, the fresh surface mooring is deployed and one to several days of  

data are collected with both old and new buoys in the water.  During that overlap the ship  

spends time on station downwind of each buoy with bow into the wind.  At the new buoy, data  

from the shipboard sensors provide an immediate check on the quality of the freshly deployed  

sensors.  If issues are seen, a trip to the buoy in a small boat is made to investigate; spare  

modules are swapped if needed to resolve problems.  For both buoys, the shipboard sensors  

provide the means to examine differences between sensors on the two different types of  

platforms.  A further motivation for the shipboard observations is to provide an end of  

deployment assessment of the old buoy’s sensors against the chance they are damaged on  

recovery and not available for post-calibration.  After the in-situ intercomparison the old  

mooring is recovered.  Recovered ASIMET modules are photographed, and data spikes induced  

(for example, by putting covers on the shortwave radiometers and placing SST sensors in ice  

water) to allow checking and refining the time bases of the sensors.  The returned ASIMET  

modules are post-calibrated; any performance anomalies during the deployments cause  

modules to be flagged for closer scrutiny. Differences between observations from the old and  

new buoys are resolved by comparing the overlapping buoy records to the shipboard  

observations at the mooring sites (Bigorre and Galbraith 2018).  Overall data return has been  
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high, but occasional failures of the mooring have resulted in shorter-than-planned  

deployments.  Total gap time at Stratus is 1.8 years out of 21 years planned.  Total gap time at  

NTAS is 2.4 years out of 20 years planned. There are no gaps in the occupancy of the WHOTS  

ORS site.    

 Over the years, there has been evolution in the observing hardware.  Figure 2 notes the  

change to a more easily maintained and shipped buoy hull.  In addition, the IMET/ASIMET  

systems have seen evolution.  Data storage media have changed; initially, PCMCIA flash  

memory cards were used and now microSD card storage is being phased in.  Testing and  

evaluation of the sensors is carried out in parallel to field operations.  New sensors and  

associated updated digital electronics are tested first on land.  Then, they are deployed as  

stand-alone modules on an ORS buoy or on only one of the two ASIMET systems on the buoy in  

order to obtain coincident time series for evaluation.  The practices of overlapping old and new  

buoy deployments and obtaining independent shipboard observations coincident with the buoy  

records have provided important foundations for maintaining comparability of successive  

deployments and merging those into longer time series.  

  

4.  The quality of ORS surface meteorological observations and derived air-sea fluxes  

 ORS meteorological sensors are exposed to solar heating, salt spray, bird guano, birds  

attempting to land, and contact with ships.  Recovered sensors are brought back without  

cleaning for post-deployment calibration.  Salt spray contamination of the humidity sensors is  

prevented by a porous Teflon filter.  Radiometers returned for post-calibration have pointed to  

little impact from salt spray and much greater concern about bird guano and birds roosting on  

the sensors, leading to efforts to minimize bird landings on the buoy by adding bird spikes.  In  

assessing such issues the comparison with fresh, attended sensors on the ship and with the  

fresh sensors on the new buoy aid in identifying impacts of contamination.  After quality  

checks, data from the two redundant ASIMET systems and additional stand-alone sensors have  

been able to be merged to yield a complete one-minute data set 99.9% of the on-station time.    

 In addition to the goal of obtaining complete time-series, a focus has been on  

quantifying observational accuracies.  Colbo and Weller (2000) assessed the accuracy of the  
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IMET and ASIMET sensors for the basic one-minute sampling and for daily and annual averages.  

Accuracies in the field, when sensor drifts and environmental impacts were considered, were 

found to be significantly less than those cited by manufacturers and from laboratory 

calibrations.  Analyses of the differences between redundant, coincident one-minute samples 

were used to determine the uncertainties of the basic, one-minute measurements.  Such 

differences can also come from clock drift.  For example, due to clock drift, the two redundant 

downward shortwave radiometers see, by the end of a deployment, short-lived transients in 

insolation at different times and show larger differences in one-minute data than in daily or 

annual averaged data.  A 20 W m-2 value in instantaneous downward shortwave (Table 2) 

reflects finding such differences in the one-minute sampled data.  Some errors, such as from 

radiative heating of passively ventilated sensors, buoy tilt, salt spray, flow distortion, and 

anemometer bearing friction, depend on time of day and on wind speed.  Air and sea 

temperature sensors that experience radiative heating and that are subject to near-surface 

temperature gradients have uncertainties in the one-minute data much larger than laboratory 

calibrations of their sensors.  Daily averages have lower uncertainty than the one-minute values 

due to averaging over the sensor errors due to radiative heating.  Longer- term averages span 

diverse conditions, reducing the error contribution, for example, from low-wind periods.  Rain 

events are transient, and it was not possible to accumulate sufficient rainfall observations in the 

coincident overlapping buoy and shipboard observations to support error analysis.  Thus, an 

error of 10%, consistent with Nespor and Sevruk (1999), is used for rainfall.   

 Colbo and Weller (2009) used coincident one-minute samples from duplicate sensors 

and analyzed the difference between redundant time-series. They computed the spectra of the 

difference time-series to characterize some error sources (e.g. clock drift), and built empirical 

probability distribution functions (PDFs) to quantify the measurement error with 50% and 95% 

confidence limits for each ASIMET sensor. They noted that the one-minute accuracy of variables 

with high-frequency variability (e.g. shortwave, wind speed) estimated from their empirical 

PDFs may be adversely affected by clock drift. They also looked at the standard deviation of 

each sensor’s one-minute time series on several deployments of Stratus and NTAS buoys and 

compared with the shipboard measurements made during the deployment/recovery of these 
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moorings to determine uncertainty in the 15-minute and annual averages.  The field accuracies 

of the ASIMET/IMET sensors in the subtropics provided by Colbo and Weller (2009) are 

summarized in Table 2, which reflect the more conservative 95% confidence limit from the 

empirical PDF and the multiple inter-comparisons with ship measurements. Our emphasis here 

is on the actual field accuracy of the sensors, which can be much less than the accuracies from 

either manufacturer specifications or laboratory calibrations. Bigorre et al. (2013) followed a 

similar approach using ASIMET measurements at a higher latitude with higher wind and sea 

state conditions than the ORS locations discussed here and characterized further the random 

and systematic sources of field measurement errors, in particular the impact of platform 

motion and flow distortion on the buoy.  

 Colbo and Weller (2009) used error propagation equations derived from the COARE 3.0 

bulk formulae (Fairall et al. 1996, 2003) together with their sensor accuracies to estimate the  

  

Sensor Stratus mean One-minute Daily Annual 
Downward longwave (W m-2) 376.8 7.5 4 4 
Downward shortwave (W m-2) 205.2 20  6 5 
Relative umidity (%RH) 73.4 1 

3 (low winds) 
1 
3 

1 

Air temperature (°C) 19.6 0.2 (more in low 
wind) 

0.1 0.1 

Barometric pressure (hPa) 1017.7 0.3 0.2 0.2 
SST (°C) 20.5 0.1 0.1 0.004 
Wind speed (m s-1) 5.8 1.5% or 0.1 

(more in low wind) 
1%, 0.1 
(max of 
these) 

1%, 0.1  
(max of 
these) 

Wind direction (°) 304.8 6 (more in low wind) 5 5 
Rainfall (% under catchment) .007 mm hr-1 10% 10% 10% 

Table 2.  Summary of ASIMET sensor measurement accuracies in the field based on one-minute observations 

(after Colbo and Weller (2009) and Weller (2016)) in the second column, of uncertainties in daily-averages in 

column 3, and of uncertainties in annual averages in column 4.  For context, the mean values from Table 4 for 

the Stratus ORS are included in column one; note that WHOTS and NTAS had and order of magnitude greater 

rainfall rate. 
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uncertainties in the fluxes computed from the ASIMET/IMET sensor measurements.  Table 3 

summarizes the accuracies of annual averages of the bulk formulae fluxes using propagated 

errors listed in Table 2.  The uncertainty in net heat flux is computed assuming no covariance 

between heat flux components.  However, errors in the individual net heat flux components 

can offset each other resulting in a smaller net heat flux error.  In light winds, for example, 

radiative heating errors impact sensors but buoy tilt-related errors are smaller, while for 

stronger winds radiative heating errors are small but tilt-related errors may increase. 

 The bulk formulae on which ORS estimated fluxes rely continue to be scrutinized and 

validated (Cronin et al. 2019).  Observing packages with fast response sensors that enable direct 

computation of the turbulent fluxes were deployed on some buoys in parallel with ASIMET. 

 

Flux Stratus mean Typical 
Net longwave (W m-2)    (QS) -42.5 3.9 
Net shortwave (W m-2)    (QL) 193.9 5 
Latent (W m-2)    (QLH) -106.9 5 
Sensible (W m-2)   (QSH) -7.6 1.5 
Net heat flux (W m-2)    (Qnet) 36.9 8 
Wind stress magnitude (N m-2) 0.075 0.007 
E-P (mm hr-1) 0.15 0.01 

  
Table 3.  Uncertainties of annual averaged fluxes from an ORS buoy, after Colbo and Weller (2009).  The 

accuracy of (E-P) was calculated computing evaporation from latent heat flux and using mean rainfall typical 

of NTAS and WHOTS.  Stratus long-term mean values provide a context for the uncertainties. 

 

As such they have over the years supported the development of the COARE algorithms, 

validated the performance of the algorithms in moderate wind regimes where the bulk of the 

data were acquired, and spurred updates to the COARE flux algorithms (e.g. Edson et al. 2013) 

as deployments captured regimes with higher sea states and wind speeds. The ORS fluxes 

presented here were computed using COARE 3.0 which performs well in the tradewind regime.  

Updated versions 3.5 and 3.6 are available (ftp1.esrl.noaa.gov and https://github.com/noaa-

psd/pyCOARE).  Version 3.5 made a change in the version 3.0 drag coefficient at high wind 
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speeds (as per Edson et al. 2013).  Version 3.6 upgraded the wave-drag parameterization and 

was modified to accept surface salinity as an input to allow use on large lakes.  Both versions 

preserved the specification of the sensible and latent heat transfer coefficients so the effect on 

the surface energy budget calculations is negligible.  To verify this, the ORS fluxes were 

computed again using COARE 3.6 (Edson et al., 2013); the mean difference from COARE 3.0 for 

the ORS was 0.13 W m-2 for QLH and -0.08 W m-2 for QSH.  COARE 3.6 yielded mean || that was 

4% lower than that from COARE 3.0.  The updates to the COARE algorithm were motivated 

primarily by new observations in wind speed regimes above 10 m s-1.  They include 

improvements to how surface waves and surface roughness are represented and do not 

significantly impact the findings presented here.  

   

5.  An overview and the long-term means of the surface meteorology and air-sea fluxes  

 Using the raw one-minute ASIMET meteorological data, daily averages were computed 

showing a strong daily signal in DSWR (Figure 3).  The fluxes were computed using the hourly 

meteorology.  With the focus here on means and lower frequency variability, the  

  

Figure 3.  Daily averaged surface meteorology as observed at Stratus.  Gaps in the data resulted from breaks 

in the mooring.  From the top, SST, Ta, SLP, qa, rain rate, DLWR, DSWR, wind speed, and vector wind are shown.  
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Matching figures for WHOTS and NTAS are provided in the Supplementary Material.  The wind vectors (towards) 

are subsampled every 5 days.   

 

analyses below use the daily-averaged meteorological and flux time series.  At all three ORS, 

annual cycles are evident in DSWR, SST, Ta, qa, Qnet, SLP and QLW.  To avoid potential biases and 

false trends, long-term means were computed across only full calendar years (Table 4).  The 

filtered results were truncated at the ends to eliminate end effects. 

 The differences in surface meteorological means in Table 4 across the three sites can be 

understood within the Lagrangian framework of the tradewind boundary layer (Albrecht, 1979, 

1984; Albrecht et al. 1995 a, b; Bretherton et al. 1999; Albrecht et al. 2019) with the sites on a 

virtual streamline.  Stratus is in the strong subsidence of the subtropical high of the eastern 

basin with associated stratocumulus cloud deck. WHOTS is in the fair-weather cumulus core of  

 

Variable Stratus WHOTS NTAS 
Wind speed (m s-1) 5.8  5.5  6.3  
Wind dir (towards, °) 304.8  263.2 257.4  
Air temp (°C) 19.6  24.2  26.6 
SST (°C) 20.5  25.1 27.2  
RH/SH (%/g kg-1) 73.4/10.4 75.5/14.2 76.6/16.6 
Barometric press (hPa) 1017.7 1017.0  1014.6 
Downward shortwave 
(W m-2) 

205.2 237.3  246.7 

Downward longwave (W 
m-2) 

376.8 388.8  405.9 

Rain rate (mm hr-1) 0.007 0.063  0.057 
Surface current speed 
(m s-1) 

0.04 0.06  0.08 

Surface current dir (°) 263.4  289.9  300.3  
Table 4.  Long-term means of surface meteorology at the three ORS formed by taking the annual means of the 

mean daily time-series formed from the calendar years of complete data.  WHOTS has 14 full years (2005-

2019), Stratus 15 full years (between 2000 and 2021), and NTAS 16 full years (between 2001 and 2021).  

Surface current data come from the current meter closest to the surface on the mooring and are used when 
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computing the wind relative to the surface current in the bulk flux formulae.  The variables are as observed at 

the heights given in Table 1.   Both relative and specific humidity are given. 

 

the tradewinds equatorward and west of the high where the surface layer becomes decoupled 

from the troposphere. NTAS is in the region of strong moisture convergence close to deep 

tropical convection in the western tropics poleward of the ITCZ.  The long-term mean DSWR is 

smallest at Stratus (205.2 W m-2) and largest at NTAS (246.7 W m-2) due to decreasing latitude 

and cloud fraction downstream in the virtual framework. Mean DLWR increases downstream 

going from Stratus to WHOTS to NTAS due to warming, moistening, and thickening of the 

planetary boundary layer (PBL).  Mean SSTs, Ta, and qa all increased going from Stratus, to 

WHOTS, and then to NTAS.   

 Figure 4 shows the daily-averaged air-sea fluxes at Stratus (wind stress, Qnet and its 

components, and net freshwater flux represented by cumulative precipitation and evaporation).  

The complementary figures for WHOTS and NTAS are in the Supplementary Material.  Table 5 

presents the mean long-term fluxes.  Mechanical forcing of the ocean surface by the mean wind 

stress is strongest at NTAS.  All three ORSs have mean net ocean heating of between 20 and 40 

W m-2.  Mean QLW is between -42 and -57 W m-2, largest at WHOTS corresponding to the 

minimum Qnet there.  The QLW heat loss is larger than the turbulent sensible heat flux (-8 to -4 W 

m-2).  QLH is the largest component of heat loss, -106.9 W m-2, -135.9 W m-2and -139.0 W m-2, 

respectively at Stratus, WHOTS and NTAS, reflecting the downstream increases of wind speed 

and SST. Over 1.2 m yr-1 of freshwater is transferred to the atmosphere at each ORS site.   
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Figure 4.  Daily averaged air-sea fluxes as observed at Stratus.  Gaps in the data resulted from breaks in the  

mooring.  From the top, the magnitude of the wind stress, Qnet (black - daily, red – 10-day running mean), QLH  

(black) and QSH (red), QSW, QLW, and an overplot of cumulative rainfall and evaporation.    

Flux Stratus WHOTS NTAS 
Wind stress magnitude (N m-2) 0.075 0.076 0.081 
Wind stress dir (towards, °) 304.9   261.3 256.2 
Net heat flux (W m-2)    (Qnet) 36.9 24.7 36.2 
Latent heat (W m-2)    (QLH) -106.9 -135.9 -139.0 
Sensible heat (W m-2)     (QSH) -7.6 -7.0  -3.9 
Net shortwave (W m-2)      (QSW) 193.9 224.3 231.9 
Net longwave (W m-2)   (QLW) -42.5 -56.5 -52.8 
Freshwater (m yr-1) -1.3 -1.2 -1.3 

Table 5.  Means of the long-term records of the air-sea fluxes at the three ORS formed by averaging the  

annual means of the mean daily time-series from only the full calendar years used to make the means in 

Table 4.  Freshwater flux is evaporation+precipitation; evaporation is negative, precipitation is positive; and 

heat flux and freshwater flux are negative for ocean loss. 
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6.  Low-frequency variability and comparisons of the ORS time-series to modern reanalyses  

and CMIP6 models  

 A particular incentive for sustaining the ORS is the development of in-situ climatologies  

at each site, characterizing the temporal variability of the fluxes, quantifying means, and  

documenting low-frequency variability.  The ORS are intended to provide reference sites,  

benchmarks against which other sources of air-sea fluxes are compared. The observed flux  

uncertainties (Table 3) are small compared to the means in Table 5.  We chose here to compare  

the ORS to two types of models, atmospheric reanalyses and coupled climate models.  While  

operational atmospheric models evolve over the years as improvements are made to their  

physics or data assimilation schemes, atmospheric reanalyses utilize model code and  

assimilation methods that are fixed and thus potentially offer consistent time series of fluxes  

over the years.  One source of potential change with time in the performance of reanalyses,  

however, is change in time and space of the density and types of observations assimilated.   

Coupled climate models do not have the same sensitivity to the availability of observations; and  

the historical runs of coupled climate models were included in this comparison because they  

seek to simulate the present state and variability of climate around the globe.  

 Signals in the low-passed fluxes were anticipated.  Weller (2015) had found significant  

linear trends in the first ten years of Stratus wind stress magnitude || and QLH.  Annual mean  

|| increased by 29% from 2000 to 2010 while annual mean Qnet decreased 39 W m-2.  The  

increasing wind stress and decreasing Qnet trends ended in 2010.  The subsequent extension of  

the Stratus time series showed that linear climate trend estimates from short records can be  

misleading.  It also showed that the atmospheric forcing of the ocean varied significantly over  

the years, suggesting that the temporal context for limited duration observations and process  

studies should be considered in the context of the low frequency variability in atmosphere- 

ocean coupling.   

 In the absence of observed air-sea fluxes, can the reanalysis fluxes provide that context  

and, more generally, provide accurate low-passed air-sea fluxes with realistic temporal  

variability?  To answer this, reanalysis fluxes were extracted at the grid point nearest to each  

ORS and daily time series assembled.  The three reanalyses were ERA5 (1/4-degree grid,  
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Hersbach et al. 2020), MERRA2 (2/3 by ½ degree grid, Gelaro et al. 2017), and NCEP2 (T62, close 

to ½ degree grid, Kanamitsu et al. 2002).  Figures 5a and c show the comparisons of the wind 

stress and net heat flux time series and the mean values while Figures 5 b and d show the 

model minus ORS differences normalized by the ORS.  Means computed over the time periods 

common to each ORS and the models are shown.    

 ERA5 and MERRA2 stress means are 22 and 27% higher respectively at Stratus, 8% 

higher at WHOTS, and 12 to 16% higher at NTAS.  NCEP2 stress mean is 5% higher at Stratus 

and in agreement at NTAS but its mean is of questionable significance at WHOTS due to a large 

reduction in bias around 2014.  Except for the 2014-2015 increase in stress in the NCEP2 record 

for WHOTS, much of the low-passed temporal variability of │τ│ is common to the reanalyses 

and the ORS records. The temporal variability in the model-ORS differences can be seen in the 

ratio of (model-ORS)/ORS (Fig 5b).  The ability of the models to capture much of the low-passed 

variability is reflected in the smoother time series of normalized model-ORS difference. ERA5 

and MERRA2 stresses are close to each other, both higher than the ORS.  However, though not 

as dramatic as at WHOTS, NCEP2 stress moved closer to the other models at Stratus after 2010.  

 Figure 5c compares the means and low-passed Qnet time series, and Fig 5d shows the 

ratios of (model-ORS)/ORS.  ERA5 mean Qnet is biased low at all three ORSs, between 20 and 30 

W m-2 low in the mean.  MERRA2 is also biased low at all ORS, between 9 and 38 W m-2 in the 

mean. NCEP2 mean Qnet is between 8 and 31 W m-2 low.  The reanalyses have significantly less 

heat entering the ocean; at WHOTS the ERA5 mean of -4.4 W m-2 and at NTAS the MERRA2 

mean of -0.4 W m-2 indicate heat being removed from the ocean.  In contrast to wind stress, 

there is less coherence in the low frequency variability at each ORS across the models and the 

observations (Fig. 5d).  There is thus more temporal variability in the normalized model-ORS Qnet 

difference time series than seen in the stress difference time series (Fig. 5b).  At Stratus, as for 

stress, the model net heat fluxes converge to each other after 2010, but NCEP2 shows years- 

long periods of large (up to >60 W m-2) positive biases relative to the Stratus ORS.  The spread 

among the model-ORS net heat flux differences is greatest at WHOTS with each model showing 

excursions.  The three reanalysis net heat fluxes are closest together at NTAS, and all track with  
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a   

  
                                 b  

Figure 5a, b.  a) Three panels comparing low-passed wind stress magnitude at each of the ORS (black) with  

that at ERA5 (blue), MERRA2 (green), and NCEP2 (red).  ORS traces start/end half the width of the 365-day  

running mean filter from the beginning/end of data segments.  Means over the common periods are given in  

color-coded text. b). Three panels showing the ratios of the difference between the low-passed reanalyses  

wind stress and the low-passed ORS wind stress, normalized by the ORS low-passed wind stress.  
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c   

d   

Figure 5c, d.  c) Three panels comparing low-passed net air-sea heat flux at each ORS with the three  

reanalyses.  ORS traces start/end half the width of the 365-day running mean filter at the beginning/end of  

data segments.  Means over common periods are given in color-coded text.  d). Plots of the ratios of the low- 

passed net heat fluxes from the reanalyses minus the respective ORS, normalized by the ORS.  The dashed  

line marks a ratio of 1.0; dotted line marks 0.0 to highlight when the reanalyses have the opposite sign to the  

ORS.  
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negative bias across the record, with NCEP2 model-ORS difference showing, early in the record,  

the largest excursions.  

 The net heat flux, Qnet, sums the heat gain from QSW with the QLH, QSH, and QLW losses,  

and comparing ORS and reanalysis heat flux components shows the source of the Qnet  

differences.  Figure 6a shows a bar graph of the long-term mean flux components and the long- 

term mean Qnet for the three ORS.  Mean Qnet values are small in comparison to the magnitudes  

of mean QLH and QSW, comparable to those of mean QLW, and larger than those of QSH.   

Differencing the means of the reanalyses from the ORS (Fig. 6b) highlights how the components  

contribute to the low bias in reanalysis Qnet.  With some exceptions, reanalysis QLH and QLW are  

too large and overestimation of QSW by reanalyses does not fully offset the too large heat loss  

of QLH + QLW + QSH.  There are a few exceptions, such as NCEP2 and ERA5 QSW smaller than  

measured at WHOTS.    

    

  

Figure 6a.  Comparisons of the long term means of Qnet, QLH, QSH, QSW, and QLW at the three ORS (black) with 

the means from ERA5 (blue), NCEP2 (red), and MERRA2 (green).  On the x-axis Qnet and each component have 

a cluster of four bars labeled as W (WHOTS), S (Stratus), and N (NTAS).    
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Figure 6b. Comparisons of the differences (reanalysis minus ORS) in the long term means of Qnet, QLH, QSH,  

QSW, and QLW at the three ORS with the means from ERA5 (blue), NCEP2 (red), and MERRA2 (green).  On the  

x-axis the Qnet and each component have a cluster of three bars labeled as W (WHOTS), S (Stratus), and N  

(NTAS).    

 Air-sea fluxes can also be extracted from coupled climate models.  Climate model runs  

under different greenhouse gas scenarios are used to predict the evolution, for example, of  

surface temperature.  The model historical runs from which projections are made might be  

expected to realistically simulate the current era means of the fluxes between the atmosphere  

and ocean.  To examine this, coincident time periods of ORS observations and output from the  

sixth Coupled Model Intercomparsion Project (CMIP6, Eyring et al. 2016) historical runs were  

selected: for Stratus (10/18/2000 to 4/8/2018), for WHOTS (8/13/2004 to 9/15/2018), and for  

NTAS (3/31/2001 to 6/12/2018).  While the reanalyses assimilate SST data, the coupled models  

predict SST.  To set the context before examining Qnet, CMIP6 mean SSTs from each of 51 model  

runs were compared to the ORS mean SSTs (Figure 7).  The observed ensemble mean SSTs for  
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Figure 7.  (upper) Comparison of mean SST at the three ORS with the CMIP6 models, historical simulation run.  

The horizontal axis reflects successive lateral offset displacements when plotting the SSTs from the different  

CMIP6 models (filled circles) grouped together for each ORS.  The dashed lines are the ORS mean SSTs, and  

the stars are the mean of all model SSTs for that ORS site. (lower) Comparison of both mean net air-sea heat  

flux and mean SST between ORS and the 15 CMIP6 models that provided both Qnet and SST.  Squares are ORS  

means; stars are means of the individual CMIP6 models (each marked by a filled circle).  For both, the ORS  

site is given by the color.  

the CMIP6 models were 0.72°C warmer than the observed Stratus mean, 0.52°C cooler than the  

observed WHOTS mean, and 0.65°C cooler than the observed NTAS mean (Figure 7).  The  

individual model mean SST biases are generally consistent across the individual models at each  

site ― too cool at WHOTS and NTAS, too warm at Stratus, but there is a spread of several  
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degrees among the model SST biases at each ORS.  Extreme individual model biases were 

3.26°C, -3.02°C, and -2.62°C at Stratus, WHOTS and NTAS, respectively.    

 The lower panel of Figure 7 combines both the net heat flux and SST comparisons to 

show the different scatter diagram space the models occupy compared to the ORS means.  Net 

air-sea heat flux was only available from 15 models.  The means for each model and the model 

ensemble mean at each ORS were computed. The CMIP6 models' ensemble mean net-air sea 

heat fluxes are biased low at all three sites compared to the ORS means.  The 15-model mean 

Qnet (and all but one model) shows ocean cooling at WHOTS and is biased low by -40 W m-2 

compared to the WHOTS mean.  The 15-model mean Qnet is near zero at NTAS, biased low by -

36.1 W m-2 compared to the NTAS observed mean.  The 15-model mean Qnet shows small ocean 

heating at Stratus and is -30.4 W m-2 lower than the observed Stratus mean.  There is a scatter 

of ~20 W m-2 in the individual model mean Qnet values at each site. They range from -18 to -55 

Wm-2 too low and none of the individual model means comes closer than 18 W m-2 to the 

observed ORS means.  These 15 models also show ensemble mean SSTs that are too warm at 

Stratus and too cool at WHOTS and NTAS.  The consistent underestimation of air-sea heat flux 

at all three sites while two sites have a cold SST bias and one site a warm SST bias suggests a 

regionality to the performance of the CMIP6 models.   

   

7.  Discussion and Conclusions 

 The purpose of ORS is to provide independent evaluation of reanalysis and climate 

model rendering of surface forcing of the oceans.  The independence is an essential aspect that 

is achieved by withholding the data from the Global Telecommunication System (GTS) and by 

obtaining fluxes via direct measurement (radiation and precipitation) or via parameterizations 

based on independent direct measurement (COARE turbulent flux parameterization). The 

operational and climate model centers are free to choose how they derive the surface fluxes but 

ORS fluxes are never tuned to model outputs.  The independent ORS fluxes are accompanied by 

well-documented uncertainty estimates. 
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  One of the findings is that reanalysis model-ORS flux differences of long, record-length 

means and between the low-passed time series are significant, larger than the uncertainties 

associated with the ORS values. ERA5 and MERRA2 have wind stresses that are too strong.  The 

ERA5 and MERRA2 as well as the CMIP6 models provide too little net heat into the ocean.  The 

negative reanalysis Qnet bias is characteristic of uncoupled atmospheric models when SST is 

specified (cf. Bretherton and Battisti, 2000).  Other investigators have found significant biases in 

reanalysis fluxes.  Zhou et al. (2020) found that Qnet from an ensemble of 20 atmospheric 

general circulation models (AGCM) was biased 31 W m-2 low compared to PIRATA and TAO 

buoys, stemming largely from QLH and QSH that were 15 W m-2 and 7 W m-2 too large., 

respectively. Brunke et al. (2011), using shipboard covariance flux data not dependent on the 

COARE algorithm, found NCEP2 QLH to be 20.2 W m-2 too large, QSH 0.7 too large, and stress -0.1 

x10-3 N m-2 low.  MERRA2 biases were 2.6 W m-2 too large in QLH, -0.8 W m-2 smaller in QSH and -

6.2x10-3 N m-2 low in stress.  Cronin et al. (2006) used observations from the eastern end of the 

TAO array and COARE 3.0 to compute fluxes and compare them to NCEP2 and ERA40.   Both 

models had QLH that was too large in convective regions, with NCEP2 biased by up to 100 W m-2, 

leading to Qnet with a large negative bias.  The CMIP6 coupled model SST bias found here is 

consistent with the CMIP5 ensemble-mean SST error relative to SST climatology in Zuidema et 

al. (2016).   

 A second notable finding is that the annual-averaged reanalysis models' differences from 

the ORS can vary greatly in time over long time series.  Figures 5b and d highlight the large 

change in the NCEP2 stress bias at WHOTS in 2014-2015 accompanied by an increase in the net 

heat flux bias there, the shift in NCEP2 Qnet at Stratus from a large positive bias before 2010 to a 

negative bias after 2012, and the different time varying annual biases across the three 

reanalyses in Qnet over the years.  As mentioned earlier, the performance of reanalysis models 

can vary in time due to changes in the types and locations of observations that are assimilated.  

Robertson et al. (2011) noted how changes in the availability of satellite data impacted MERRA 

heat fluxes and precipitation. Brunke et al. (2011) also raised the issue that reanalysis 

performance varies as the satellite data ingested changes.  NCEP2 does not assimilate satellite 

scatterometer data but ERA5 and MERRA2 do.  Hersbach et al. (2019) summarize the data 
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assimilated into ERA5; scatterometer winds from Ascat over 2007-2014 and Oceansat over 

2012-2014.  Drifting and moored buoy data were assimilated by ERA5 beginning in ~2016.  

Discussion with NCEP staff (Woolen, personal communication) pointed to the possibility that 

NCEP2, which does not utilize satellite winds, may be sensitive to additional sources of in-situ 

observations being introduced into the assimilation.  The Li et al.  (2016) discussion of Hawaii 

wave hindcasting notes that additional weather buoys were added in the region during 2000 to 

2012.   

 There are issues to be aware of when considering these findings.  First, are there other 

sources of uncertainty in the bulk formulae fluxes other than those that propagate through 

from the observables?  Second, are the ORS sites representative of their regions or possibly 

located where there are spatial gradients in surface ocean and meteorological fields?  Third, to 

what extent should in-situ bulk formulae fluxes be comparable to gridded fluxes from models? 

 Flux algorithms themselves introduce uncertainty in representing the effects of 

turbulence near the surface. However, the heritage of the COARE algorithm is that it was 

developed to quantify the surface fluxes during successful efforts to close the heat budget of 

the upper ocean (Weller et al. 2004).  Since then, it has been validated and improved during 

joint field deployments of turbulent flux and mean meteorological sensors.  The algorithm 

includes all seven 2nd-order physical effects evaluated by Brodeau et al. (2017). Thus, the COARE 

algorithm, particularly in the moderate wind wave regime of the tradewinds, is not believed to 

be the source of additional uncertainties in the fluxes.  Brunke et al. (2003) used shipboard 

covariance flux observations along with bulk met variables to evaluate different flux algorithms 

and gave COARE 3.0 a positive assessment.  It agreed within 5% for wind speeds 0-18 ms-1 with 

an ensemble of 26,000 direct flux observations made by three different research groups from 

ship and buoy platforms (Fairall et al. 2011). Godfrey et al. (1999) in a painfully careful 

Lagrangian ocean mixed layer study with a ship and a drogued buoy found the net surface flux 

obtained with COARE and radiative flux measurements balanced the ocean heating within 5 W 

m-2.  Mean bias of a few percent in the algorithm combined with unresolved biases in the ORS 

measured variables (propagated through the algorithm) implies that differences from mean ORS 

fluxes of sensible plus latent heat flux of more than about 8 W m-2 are significant.   
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 The flux algorithms used in the models differ from the COARE algorithm.  Brodeau et al.  

(2017) noted that the differences stemming from these algorithms can be significant. For  

example, the NCAR flux algorithm (National Centers for Atmospheric Research, Large and  

Yeager 2009) enhances evaporation by 12-15% compared to COARE 3.0 leading to extra cooling  

of 13 W m-2 on global average and up to 20-30 W m-2 in upwelling areas in eastern basins.  Some  

studies have separated the differences between model and in-situ fluxes into those stemming  

from the surface meteorological variables and those stemming from the flux algorithms.   

Bigorre and Plueddemann (2021) compared eleven years of NTAS surface meteorology and air- 

sea fluxes with three reanalyses (ERA-Interim, MERRA2, and NCEP2).  They found long term  

mean Qnet at NTAS of greater than -40 W m-2 in MERRA2 and NCEP2 and -34.2 W m-2 in ERA.   

The MERRA2, NCEP2, and ERA mean wind stresses were 24%, 4%, and 14% larger than the NTAS  

mean.  However, when the reanalyses surface meteorology was used with the COARE 3.0  

algorithm, the model Qnet and stresses were in most cases much closer to the ORS.  A more  

detailed diagnosis of the disagreements in surface flux components and bulk variables would  

likely further illuminate model issues, but that was beyond the scope of this study.  Similarly, in  

the interest of brevity we also limited our analysis to annual and record-length mean variables  

rather than embark on more sophisticated statistical evaluations (e.g., in Gulev and Belyaev  

2012).  

 Are the ORS representative of their regions?  For Stratus, over the years there has been  

meteorological and air-sea flux observing on the ship steaming to and from the site.  De Szoeke  

et al. (2010) found little spatial change in surface meteorology and fluxes over 10 degrees  

around Stratus at 20°S, 85°W.  De Szoeke at al. (2010) found that coupled models' Qnet were  

typically biased negative compared to observations both east and west of 20°S, 85°W by tens of  

W m-2 along with too warm model SSTs.  During a multi-investigator, multi-platform process  

study, VOCALS-ReX, that focused on an east-west region centered roughly along 20°S extending  

from the coast to west of Stratus (Wood et al. 2011), modeling and multi-platform sampling  

confirmed the representativeness of the Stratus ORS for the region away from the coast.   

Bigorre and Plueddemann's (2021) examination of satellite and model fields around NTAS  

pointed to strong spatial correlation over the region; flux autocorrelations remained above 0.8  
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to almost 1000 km in the meridional direction and 2000 km in the zonal direction.  The WHOTS 

ORS is located at the ALOHA site about 100 km north of Oahu, almost always windward of the 

Hawaiian Islands given the prevailing trades.  Analysis of nine years of AVHRR SST (Dousset, 

2003) shows no evidence of island effects on seasonal SST averages and cloud frequency in the 

vicinity of WHOTS.  In some cases, as during Kona storms with flow from the southwest, the 

effect of the orography of Kauai on the winds may affect SST around WHOTS, but these events 

are very infrequent. Li et al. (2016) show the downstream wake in wind perturbations 

southwest of the islands, with no discernable upstream influences at ALOHA.  Kidd and 

McGregor’s (2007) analysis of rainfall over Hawaii and the region around the islands shows that 

with the dominant trade wind regime there is significant reduction of rainfall to the southwest 

out to 100 km, in the lee of the islands, while the enhancement of rain on the upwind side is 

limited to a smaller area, perhaps up to 45 km east and north of the Hawaiian Islands, far from 

WHOTS.   

 The comparison of mean fluxes (both turbulent and radiative) from ORS with model 

outputs raises the normal issues of point-vs-grid-average variables (Hakuba et al. 2013; Wild et 

al. 2015; Schwartz et al. 2018; Cronin et al. 2019).  Time averaging on monthly or longer scales 

will effectively remove all significant random sub-grid scale variability leaving residual biases of 

a few Wm-2 at marine sites (Wild et al. 2015).  Whilst time averaging will remove random 

variability, some residual differences can be caused by station placement in a region of local 

mean gradients.  The discussion above supports the representativeness of each ORS of their 

region.  Checks were also done of spatial gradients.  Surface solar irradiance is the most 

inhomogeneous field and Schwartz et al. (2018) show the three ORS stations located in regions 

of very low spatial sampling bias.  While WHOTS is near the Hawaiian Islands, its location under 

trade winds on the upwind side mitigates impacts of the nearby islands.  Bigorre and 

Plueddemann (2021) checked the sensitivity of computing and comparing fluxes at NTAS by 

using the next to closest as well as the closest grid point data from the reanalyses.  

 How many such ORS are needed and where?  A World Climate Research Programme 

(WCRP) report of a workshop on ocean syntheses and surface flux evaluation (Yu et al. 2013) 

noted that there were only about 20 fully equipped surface buoys at that time and that that 
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number was insufficient to assess the accuracy of global gridded flux products.  That paper also 

supported maintaining reference stations where data would be withheld from assimilation, 

including in reanalyses, thus allowing comparisons with independent observations.  To do this, 

they suggested that a specific World Meteorological Organization (WMO) identifier be 

associated with reference station data to facilitate it being excluded and that the WMO 

identifiers of all data assimilated into numerical weather prediction models be archived and 

available. Our outreach to the reanalysis centers returned assurances that the ORS data, which 

are withheld from the GTS, were not assimilated, though at the same time they noted that a 

significant level of effort was required at present for retrospective investigations of which 

observations were assimilated. 

 The value of long records of high-quality in-situ observations has been recognized in 

other studies.  Zhang et al. (2020) pointed to three decades of long-term observations (clouds, 

aerosols, and radiation) made by the U.S. Department of Energy’s Atmospheric Radiation 

Measurement program that have been used to calibrate climate models and argue that there 

should be greater utilization of the data by the climate modeling community in diagnosing and 

improving models and their parameterizations of unresolved processes.  Valdivieso et al. (2017) 

compared monthly fluxes from global ocean and coupled reanalyses with those from moorings, 

including the ORS.  At Stratus they found the ensemble of the models had less ocean heating 

(~16 W m-2) due largely to excess (~-14 W m-2) QLH. The excess QLH stemmed from higher wind 

speeds, and biases were also found in SST, Ta, and qa.  They advocate for more extratropical 

buoys to be deployed with cross calibrations between successive deployments to yield long 

records for use as reference time series. 

 In recommendations in their BAMS paper on coupled climate models in the eastern 

tropical Pacific and Atlantic Oceans, Zuidema et al. (2016) recommended that buoys be 

maintained for climate model validation, including at least one in areas characterized 

stratocumulus clouds, and that they should be equipped to measure all components of the 

surface energy budget.  The buoy data would be used to examine the biases in individual 

coupled climate models introduced by their difficulties in representing the radiative and 

turbulent flux components.  Cronin et al. (2019) presented a map of 22 existing OceanSITES 
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surface flux sites (now down to 21), recommending that surface flux sites be added in eight new 

key regions, especially where there is large heat loss and evaporation from the ocean; creation 

of super sites that would include turbulent covariance flux measurements; and that the ships 

servicing the moorings be enhanced to monitor the coupled boundary layer.  A previous BAMS 

article (Beal et al. 2020) discusses the evolution of the Indian Ocean Observing System and 

provides an example of both the need for additional surface reference buoys and a rationale for 

selecting sites.  Using six different current surface flux products a map of the standard deviation 

of the 6 products showed the locations where, reflected by large standard deviation, there were 

large uncertainties in Qnet.  These regions of large uncertainty were chosen for deployment of 

six flux reference sites in order to “provide essential benchmark time series for validating and 

improving air-sea flux parameterizations in models and for improving uncertainty quantification 

in air-sea flux products" (Beal et al., 2020). 

 In our case the deployment of the three ORS reflects our belief that the extra-equatorial 

tradewind regions play an important role in the coupled ocean-atmosphere system.   Easterly 

trade winds cover roughly 50% of the ocean surface, in a wide belt spanning the equator and 

extending into the subtropics.  Various studies of reanalysis fields and with coupled climate 

models have highlighted long-term increases in the width, but not strength, of the Hadley Cell 

(Staten et al. 2020) and with mixed results regarding the strength of the near-equatorial Walker 

Circulation component of the tradewinds in the Pacific (Zhao and Allen, 2019).  The data from 

the three ORS in the tradewinds are presented here to make known their availability to 

supporting assessments of models in the region.  The ORS time-series allow identification of 

significant biases in reanalyses and in coupled models.  Reanalysis products show temporal 

changes not seen in withheld observations.  Greater care is recommended in using these 

gridded reanalysis surface fields in the tradewind refgions.   

 Significant biases in SST and Qnet were found in the historical run of the CMIP6 models, 

also suggesting care should be taken in using these models to examine the surface energy 

balance over the ocean and the evolution of SST.  If consistent across the tradewinds the biases 

in model fluxes must accumulate over thousands of km within the westward flowing ocean. 

Given the models’ underestimations of net heat flux into the ocean, the accumulating heat 
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budget errors could only be offset in coupled models by underestimating ocean cooling  

processes. The SST and Qnet biases found in the CMIP6 models points to opportunities to  

improve those models and understand how they maintain upper ocean heat balances.  We  

highlight Qnet as an essential metric that should be a required variable in all future CMIP efforts.  

 The oceanographic community is working together including under the UN Decade of  

Ocean Science for Sustainable Development (https://www.oceandecade.org) as OASIS,  

Observing Air-Sea Interactions Strategy (https://airseaobs.org) to increase sampling of surface  

meteorology and air-sea fluxes over the global ocean.  Cronin et al. (2019) discuss at length the  

need for more ORS-type sites and suggest the present OceanSITES network of 22 fluxes sites  

should be expanded to cover a total of 19 key regions.  As surface meteorological and air-sea  

flux data become more available, synergistic efforts among the observing, modeling, and  

remote sensing communities should improve utilization of observations to improve models.   

We made the choice to withhold ORS data from real time telemetry and availability on the GTS  

and have strong beliefs that independent, non-assimilated reference observations are required.   

However, we have also set up time-delayed file transfers with some modeling centers making  

ORS data available and in turn obtaining their forecast model output at nearby grid points.  We  

hope the descriptions here of the ORS observing methods, of the production of quality- 

controlled time-series of surface meteorology and air-sea fluxes, the quantification of  

associated uncertainties, and the example comparisons with atmospheric reanalysis and  

coupled climate models will motivate investigators to use the ORS data, lead to further  

interactions between observing and modeling of air-sea exchanges, and to improvements to  

models.  
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Data Availability Statement 

The three ORSs are part of OceanSITES, a component of the Global Ocean Observing System.  

The data are submitted to the OceanSITES Global Data Assembly Center at the NOAA National 

Data Buoy Center (http://dods.ndbc.noaa.gov/oceansites), which is mirrored by the Coriolis 

system at Ifremer (ftp://ftp.ifremer.fr/ifremer/oceansites/.  The ORS data (hourly, daily, 

monthly surface meteorology and air-sea fluxes) are available as merged time-series under the 

Reference Data Sets menu item) at http://uop.whoi.edu/ReferenceDataSets/index.html; each 

of the three ORS also have their own pages on the uop.whoi.edu website.  ERA5 hourly data on 

pressure levels from 1979 to present were downloaded from Copernicus: 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=form 

NCEP2 6-hourly data (from dataset ds094.0), NCEP Climate Forecast System Version 2 (CFSv2) 

6-hourly Products, were downloaded from UCAR: https://rda.ucar.edu/datasets/ds094.0/.  
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NASA MERRA2 hourly data are available at:  

https://goldsmr4.gesdisc.eosdis.nasa.gov/opendap/MERRA2/M2T1NXOCN.5.12.4/  

https://goldsmr4.gesdisc.eosdis.nasa.gov/data/MERRA2/M2T1NXOCN.5.12.4 and   

https://disc.gsfc.nasa.gov/datasets/M2I6NVANA_5.12.4/summary.  

CMIP6 output was accessed via the NCAR ESM using scripts modified from those provided by  

the PANGEO project (https://raw.githubusercontent.com/NCAR/intake-esm- 

datastore/master/catalogs/pangeo-cmip6.json).   
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