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Abstract:
At three extra-equatorial open ocean sites in distinct tradewind regimes of the Pacific and Atlantic surface moorings first deployed in the early 2000s are maintained to collect accurate near-surface atmospheric and upper ocean measurements, to capture long-running records of oceanic and atmospheric variability and of coupling between the atmosphere and ocean, and to provide benchmarks for assessing models.  Wind speed and direction, air temperature and humidity, rainfall, downward broadband shortwave and longwave irradiances, and barometric pressure are measured every minute.  Together with sea surface temperature (SST) and near-surface current these are used to estimate the air-sea exchanges of heat, freshwater, and momentum.  Laboratory calibrations, intercomparisons of redundant sensors on the moorings, analysis of overlapping mooring data, and field comparisons with shipboard sensors support assessment of the quality of the observations and derived air-sea fluxes.  These surface meteorological observations are withheld from near real time incorporation into atmospheric models and remote sensing products, providing an independent means to assess models and remote sensing products.  These three sites are therefore designated as Ocean Reference Stations (ORS).  Comparisons are made between ORS time series and both modern reanalyses (ERA5, MERRA2, NCEP2) and CMIP6 models to gain insight into the models' ability to represent low-frequency variability and multi-year means.  Biases in air-sea heat flux components from reanalyses are significant.  Most CMIP6 SST values are significantly biased relative to the moorings, some by more than 3.0°C; and reanalyses and CMIP6 models fail to provide as much heat into the ocean as observed.  	Comment by Microsoft Office User: Since this is a great paper that will be read by a wide range of readers, I think it will help readers to get into the paper quicker if the authors break down the first sentence into shorter sentences without losing information. 

e.g.: 
Surface moorings were deployed in the early 2000s and maintained ever since at three extra-equatorial open ocean sites in distinct tradewind regimes of the Pacific and Atlantic. They are designed to collect …, to capture long-term oceanic and atmospheric variability as well as ocean-atmospheric coupling, and to provide benchmarks for model assessment. 	Comment by Microsoft Office User: These parameters are used, together with …, to estimate the air-sea exchanges of … and momentum.	Comment by Microsoft Office User: Assessment of the quality of the observations and the derived air-sea fluxes are supported by laboratory calibrations, intercomparisons …… and field comparisons with shipboard sensors. 	Comment by Microsoft Office User: Repeated information, can be changed to them or their performance or accuracy. 

Capsule:  
Careful measurements made from three surface buoys in the Atlantic and Pacific tradewind regions are ongoing and now provide close to 20-year long time series of surface meteorology and atmosphere-ocean exchanges of heat, freshwater, and momentum.  These data are not used in models, and these independent benchmark time series are compared to modern reanalyses and climate models.
1.  Introduction
	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 unique platforms for meteorological sensors. Careful cross-calibrations of instruments on successive deployments enables merged long, accurate, and consistent time series with high resolution (once per minute or better).  These long time series increase our understanding of the role of the ocean in the earth's weather and climate and serve as benchmarks to assess the realism of reanalyses and coupled models.
	This focus here is on the surface observations and derived air-sea fluxes from three sites in distinct extra-equatorial tradewind regions (Figure 1).  Tradewinds cover ~50% of the world ocean, flowing westward and equatorward in the lower portion of regional Hadley Circulations, outward from subsidence in subtropical high-pressure centers into ascending deep convection in the inter-tropical convergence zones (ITCZs). The Stratus Ocean Reference Station (ORS) site, 1,500 km west of northern Chile, where marine stratocumulus is characteristic, was established in October 2000.  The Northwest Tropical Atlantic Station (NTAS) ORS was established in March 2001 1,100 km east of the island of Martinique in the Caribbean.  The Woods Hole Oceanographic Institution (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.	Comment by Microsoft Office User: The ?
	The observing goals of the ORS effort are to collect surface meteorological and upper ocean data with high reliability and accuracy, to carry out calibrations and at-sea intercomparisons necessary to support quality control assessments, and to make merged climate data records with documented accuracy estimates widely available.  As the records are extended, they provide unique and important information about temporal variability, opening opportunities to study oceanic, atmospheric, and coupled variability on intra-annual, decadal, and, eventually, multi-decadal time scales.  They also continue to serve as focal points for process studies.  Because the ORS observations are withheld from assimilation into initial conditions for numerical weather prediction models and subsequent reanalysis products, and because they are not incorporated into remote sensing products, these time series facilitate independent quantitative assessment of surface meteorology and air-sea fluxes from those reanalyses [e.g. Valdivieso et al. (2017)], from coupled climate models [e.g. Zuidema et al., (2016)], from remote sensing products [e.g. Pinker et al. (2018)], and from hybrid combinations of model and remote sensing fields [e.g. Yu and Weller, (2007)].  As such they are an essential element of our observing and modeling efforts.	Comment by Microsoft Office User: Another long sentence to consider breaking down 

e.g., 
The ORS observations are intentionally withheld from …, and are not included into remote sensing products. As a result, these time series facilitate ….from reanlayses , coupled climate models, … and … . As such they are …	Comment by Microsoft Office User: specific names of reanalyses have not been mentioned before this. Suggest to remove “those”.
	In this report, we use merged ORS time series to gain insights into how well three modern reanalyses and recent coupled models represent low frequency and mean sea surface temperature (SST), wind stress and air-sea heat flux.  The technical approach to collecting the observations is briefly summarized in Section 2 and in more detail in Weller et al. (2012) and Weller (2016).  Section 3 summarizes assessments of the quality of the surface meteorological observations and derived air-sea fluxes.  Quantifying the uncertainties associated with the ORS time series sets the stage their use as a benchmarks.  Section 4 presents an overview of the surface meteorology and air-sea fluxes at each of the three ORS.  Section 5 focuses on low pass filtered time series and annual and longer term means and comparisons between ORS time series and modern reanalyses and climate models.  Section 6 presents discussion s and conclusions.	Comment by Microsoft Office User: low frequency variability and mean state of sea surface temperature (SST), wind stress and air-sea heat flux ? 	Comment by Microsoft Office User: The coherence between this sentence and the previous one is not very well. Could consider something like:
In addition, uncertainties associated with the ORS time series are quantified to set the stage for their use as benchmarks	Comment by Microsoft Office User: A lot of repeated “and” here. 

2.  Equipping and Maintaining the Ocean Reference Stations
	In recent decades surface mooring technology has improved (Davis et al. 2018), and surface moorings deployed equatorial waters in the Pacific Ocean (McPhaden 1995), the Atlantic Ocean (Bourlès et al. 2019) and the Indian Ocean (McPhaden et al. 2009) are key components of sustained ocean observing.  Away from the equator, conditions are more challenging and the three ORS are among the few long-term surface moorings maintained in the open ocean outside the tropics. Internationally, long-term moorings, including the ORS, are coordinated by OceanSITES (http://www.oceansites.org) as part of the Global Ocean Observing System (GOOS).  Efforts in the United States to build a network of ocean reference sites are supported by the National Oceanic and Atmospheric Administration (https://globalocean.noaa.gov/Research/Ocean-Reference-Stations-OceanSITES).	Comment by Microsoft Office User: Maybe explain a bit why the conditions away from the equator are more challenging? (more frequent storms and stronger wind speeds?) As a reader, I did get a bit curious by this statement and wanted to know a bit more information. 

	Figure 2 shows the towers of both the initial 3-m aluminum ORS buoy hull and the more recent closed cell foam 3-m hull.  A wind vane was bolted to the tower orients the buoy and provides an upwind face for mounting anemometers, air temperature and air humidity sensors.  Selection of meteorological sensors sought 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 ability to deploy sensors either as stand-alone units or linked together to form a system.  To meet these requirements, two separate modular systems, originally called the IMET (Improved METeorological) system and later the ASIMET (Air-Sea Interaction METeorological) system (Hosom et al., 1995), are deployed sampling once per minute running for over a year on battery power.  ASIMET modules measure downward shortwave radiation (DSWR), downward longwave radiation (DLWR), air temperature (Ta) and humidity (qa), accumulated precipitation (P), barometric pressure (SLP), wind speed (WSPD) and direction (WDIR).  Radiometers are 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 in the tower center.  Modules measuring ocean temperature and salinity are mounted ~1.8 m below the surface.  The sensors in current use and their mean heights/depths are given in Table 1.  Since 2010 systems investigators at NOAA Pacific Marine Environmental Laboratory (PMEL) have installed on Stratus and WHOTS have measured the partial pressures of carbon dioxide (pCO2) above and below the surface (Sutton et al., 2014).  	Comment by Microsoft Office User: Perhaps comma can be used here instead of semi-colon?	Comment by Microsoft Office User: Confusing sentence: 

I think the sentence is trying to convey a device that measures the partial pCO2 above and below the surface have been installed on Stratus and WHOTS since 2010 by system investigators.
If this is the case, I would be inclined to put the most important information (pCO2) sensor as the subject of the sentence.
	Comment by Microsoft Office User: If we keep the sentence structure as is, need to change “have measured” to “a sensor that measures” , or something similar.
	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 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.  The telemetered data are, however, purposefully not made available to the Global Telecommunication System (GTS) in order to keep the ORS time series as independent benchmarks.
	Fifty-four of 58 planned 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, Boulder, CO (Fairall et al., 2008).  If NOAA PSL is not participating, 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 ORS buoys in the water.  During that overlap time the ship spends time on station downwind of the buoy with bow into the wind.  After the in-situ intercomparison the old ORS 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. Overall data return has been 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.  

3.  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.  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 time the ORS have been on station.  In addition to the goal of obtaining complete time series, a focus has been on quantifying accuracies.  Colbo and Weller (2000) assessed the accuracy of the IMET sensors and used error propagation equations derived from the COARE 3.0 bulk formulae (Fairall et al., 1996, 2003) to estimate the accuracy of the fluxes.  Differences between redundant one-minute samples also occur from clock drift.  Some errors, such as from radiative heating of passively ventilated sensors, buoy tilt, salt spray, flow distortion, and anemometer bearing friction, depend on wind speed.  Table 2 summarizes the field accuracies of the IMET sensors.  The accuracy of the self-siphoning rain gauge results from under-catchment (Nespor and Sevruk, 1999).  Table 3 summarizes the accuracies of annual averages of the bulk formulae fluxes.  Some errors in the individual net heat flux component measurements offset each other resulting in a smaller net heat flux error than the sum of the errors of each component.  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.	Comment by Microsoft Office User:  I don’t see how this is an example for the former sentence, where it said the net heat flux error is offset by errors from individual components. This example here compares the magnitude of the errors instead of the sign of the errors, and hence I don’t see how the error in the net heat flux is offset differently under the two wind regimes.   
	 
4.  An overview of surface meteorology and air-sea fluxes at the ORS
	Figure 3 shows daily averages of the time series of surface meteorology at Stratus; matching figures for WHOTS and NTAS are provided in the Supplementary Material.  At all three ORS annual cycles are evident in DSWR, SST, Ta, qa, net air-sea heat flux (Qnet), SLP and net longwave radiation (QLW).  To avoid potential biases and false trends, long-term means were computed using only full calendar years.  WHOTS has 14 full years, Stratus 15 full years, and NTAS 16 full years.  The means of the surface meteorological variables over these years are in Table 4.
	Some of the differences 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), recognizing that the ORS sample key portions of the surface easterly tradewind branch of the regional Hadley circulations. Stratus is in the strong subsidence of the subtropical high of the eastern basin with associated stratocumulus deck. WHOTS is in the fair-weather cumulus core of the tradewinds, equatorward and west of the subtropical 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. Translating Stratus to the eastern North Pacific, the corresponding virtual site is 32°N 125°W, further from the equator than Stratus because of the northern hemisphere location of the ITCZ, and a comparable distance west of the continent. This virtual time-series must be shifted by six months from the observed Stratus record to account for the seasonal phasing, and the winds rotated 90° counterclockwise. Translating NTAS from the Atlantic to a virtual site in the Pacific based on mean SST and proximity to the summertime ITCZ puts it around 12°N, 170°E.	Comment by Microsoft Office User: Not very clear wording, differences of among the three stations	Comment by Microsoft Office User: I would try reducing one “of” in this sentence. E.g.
Stratus station is under the influence of strong subsidence from the subtropical high in the eastern Pacific basin with associated stratocumulus deck. 
	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. One of the findings at the Stratus ORS is much greater day-to-day variability in cloud cover than anticipated, including periods of clear skies, of low marine stratus, and of mixed stratus and cumulus.   Mean DLWR increases downstream from Stratus to WHOTS to NTAS due to warming, moistening, and thickening of the planetary boundary layer (PBL).   NTAS, with the warmest mean Ta and highest qa, has the largest mean DLWR (405.9 W m-2) compared to WHOTS (388.8 W m-2) and Stratus (376.8 W m-2).   Mean SSTs were 20.3°C, 25.1° and 27.2°C at Stratus, WHOTS, and NTAS, consistent with greater ocean absorption of SWR downstream.  One-day SST maxima over the full mean daily time series of 28.7°C at WHOTS and 29.7°C at NTAS were above the ~26°C threshold for deep convection, but only reached 24.7°C at Stratus. Stratus has the coolest Ta and NTAS the warmest, due to downstream heating from the ocean below, and reduced entrainment above the PBL, with qa also increasing accordingly. Mean SST was 0.9°C warmer than Ta at Stratus and WHOTS, while only 0.6°C warmer at NTAS, reflecting reduced downstream atmospheric advective cooling there and a smaller sensible heat flux (Table 5).  	Comment by Microsoft Office User: Add respectively?	Comment by Microsoft Office User: Confusing wording: 
I though it was due to larger SWR penetration (lower cloud cover), not the absorption ability of the ocean downstream?	Comment by Microsoft Office User: This sentence can be improved.  

e.g.
One-day SST maxima over the full mean daily time series at WHOTS and NTAS were 28.7°C and 29.7°C respectively, both of which are above the 26°C threshold for deep convection. However, it only reached 24.7°C at Stratus. 	Comment by Microsoft Office User: Perhaps adding a transitional phrase before this will increase coherence: As for air temperature, 
	The three sites have similar mean tradewinds, westward/equatorward at 5.5 to 6.3 m s-1. The steadiest winds are at Stratus, with greatest directional variability at WHOTS. Direction deviations at WHOTS are often coincident with cool excursions in Ta, drier air, greater rainfall, and reduction in DSWR associated with midlatitude storm frontal passages in the late fall through spring, overlapping a late summer-fall tropical regime with convective clouds and rain.  Evident in the rainfall at WHOTS was the 13.3 mm hr-1 daily-average associated with Hurricane Darby in July 2016.  NTAS has a similar rainy period from late summer through the winter.  Cool air advective events are not as evident in the one-day averages there nor is there as much directional variability in the wind, but there are drops in DSWR coincident with rain point to deep convective cloud systems.  The mean rain rate at NTAS is close to that at WHOTS, both an order of magnitude larger than the mean at Stratus. Stratus rarely sees convective weather events that characterize the other two ORS sites (Weller, 2015).
	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.  All three ORSs have mean net ocean heating of between 20 and 40 W m-2. Shortwave radiation penetrates the ocean mixed layer (OML); over the record lengths OML heat advection and entrainment cooling must approximately balance the heat flux through the surface as long-term rise in SST has not been seen.  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).  Latent heat flux (QL) is the largest component of heat loss, -106.9 W m-2, -135.9 W -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, which is returned to the ocean along the ITCZs.  Although mean Qnet is into the ocean, the annual cycles have peak ocean heating in summer and peak ocean cooling in winter.  As net SWR (QSW) decreases into winter, Qnet swings from positive to negative.  Short-lived events of greater ocean cooling in the winter months at WHOTS and NTAS are associated with cloud-related decreases in net SWR and related increases in wind speed and Qe.  Mechanical forcing of the ocean surface by the mean wind stress is similar across the three sites, although strongest at NTAS and most variable in direction at WHOTS.  

5.  Low-frequency variability and comparisons of the ORS time series to modern reanalyses and models
	A particular incentive for sustaining the ORS is to document and explore low-frequency variability (periods of a year and longer).  Using the first ten years of observations Weller (2015) found significant trends in Stratus WSPD, wind stress magnitude ||, and Qe; annual mean || increased by 29% from 2000 to 2010 while annual mean Qnet decreased 39 W m-2 moving the positive annual mean closer to zero.  Weller (2015) used NCEP reanalysis surface meteorological fields to relate the increasing trend in the tradewinds to a translation to the northeast and strengthening of the South Pacific high.  However, the updated Stratus time series show that the increasing wind stress trend ended in 2010 and was followed by one to three-year periods of both decreasing and increasing winds.  The Stratus net annual heating of the ocean returned to about 40 W m-2 over the remainder of the record through 2020.  The lesson here seems obvious ― linear climate trend estimates from short records can be misleading especially in regions with large quasi-decadal natural variability.   
	Figure 5a includes low-passed (365-day running mean) wind stress magnitude for Stratus, WHOTS, and NTAS; Figure 5b shows the low-passed net air-sea heat flux.  WHOTS low-passed || was close to 0.09 N m-2 through 2010, showed an increase in late 2011 to early 2012 then fell through early 2013 before increasing back to close to 0.09 N m-2 in 2016 and later.  The WHOTS ORS showed an increasing low-passed Qnet from 2004 to 2011 followed by a period of diminishing ocean heating from 2011 to 2018.  In contrast the low-passed || at NTAS showed a different temporal variability; an initial decrease from 2002 to 2005 was followed by monthly values close to the mean through late 2016, with a brief dip in 2010.  As with ||, the NTAS low-passed Qnet was relatively constant over the record.  The variability seen at the Pacific ORS points to a quasi-decadal cycle (cf. Meehl et al., 2008), confounding trend estimates, while the variations at NTAS seem dominated by ENSO (Newman et al., 2016). 
	Gridded reanalysis fields establish the spatial context for the ORS' temporal variability.  In addition, another possible use would be to fill gaps in the ORS time series.  With these in mind, || and Qnet heat from the ERA5, MERRA2, and NCEP2 reanalyses were compared to ORS observations.  Surface meteorology and air-sea fluxes were extracted from the ERA5 (Hersbach et al. 2020), MERRA2 (Gelaro et al 2017), and NCEP2 (Kanamitsu et al, 2002; Saha et al. 2014) reanalyses at grid points near each ORS.  In parallel mean SSTs from the historical runs of 51 models of the sixth Coupled Model Intercomparsion Project (CMIP6, Eyring et al., 2016) were obtained.   Fifteen of those models also provided Qnet, allowing comparison with ORS heat flux.
	Figure 5a compares 365-day running means of the daily wind stress from the three ORS with that from the three reanalyses, truncated to avoid filter end effects.  Much of the low-passed temporal variability of │τ│ is common to the reanalyses and the ORS records, but there are distinct biases, and NCEP2 differs from the other two. MERRA2 ||is the closest of the three reanalyses to the three ORS time-series.  ERA5 and MERRA2 are consistently higher than observed. Record-length means for the ORS and three reanalyses are also shown in Figure 5a.   NCEP2 || at WHOTS stands out for a transition in 2014-2015 that moves from a strong low bias to align more closely with the WHOTS ORS even though that data is withheld from the analysis product.  At Stratus the low bias in NCEP2 || is also reduced midway through the record in 2011 but returns in 2016. At the same time, the high biases in ERA5 and NCEP2 at Stratus are reduced, and these reanalyses track the Stratus ORS || going forward. 
	Figure 5b compares low-passed Qnet at the three ORS with the three reanalyses and provides the record-length means.  ERA5 mean Qnet is biased low at all three ORSs. At NTAS, the three reanalyses' Qnet are closer to each other than to the ORS observations and all are biased low by close to 40 W m-2.  At WHOTS, NCEP2 and MERRA2 have periods during which they track the ORS Qnet but also periods of low bias.  At Stratus NCEP2 shows the initial decade of decreasing low-passed Qnet but overestimates Qnet from 2005 to 2011, after which it joins the other two reanalyses with a low bias of about 30 W m-2.  At all ORS there are times when the low-passed reanalyses show oceanic heat loss while the ORS observations always show ocean heating.  ERA5 mean Qnet at WHOTS stands out with a mean ocean heat loss of -4.4 W m-2 compared to the observed mean gain of 25.3 W m-2; across the ORS sites reanalysis mean Qnet values range from 27% to 117% low compared to the ORS means.
	Coincident time periods of ORS data and CMIP6 results were selected and the mean SST at each ORS was compared with each of the 51 model runs as well as the ensemble mean CMIP6 SST at each site. Three time periods were chosen: 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).  Where net air-sea heat flux was available (unfortunately only from 15 models) the means for each model and the ensemble model mean at each ORS were computed. Figure 7 summarizes the mean SSTs from the historical simulations in the upper panel, one filled circle for each model, color coded for each ORS.  The dashed lines are the observed mean SSTs:  20.44°C for Stratus, 25.08°C for WHOTS and 27.18°C for NTAS.  The stars are the means of the 51 CMIP-6 models: 21.16°C for Stratus, 24.56°C, for WHOTS, and 26.53°C for NTAS.  The model ensemble means are 0.82°C warmer at Stratus, 0.52°C cooler at WHOTS and 0.65°C cooler at NTAS.   Looking across the individual model mean SSTs, model SST biases are generally consistent across the models at each site ― too cool at WHOTS and NTAS, too warm at Stratus, but there is a spread of several degrees across the models 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 CMIP6 models' ensemble mean net-air sea heat flux is biased low at all three sites, from 18 to 55 Wm-2 too low.  The 15-model mean Qnet (and all but one model) shows ocean cooling at WHOTS.  The 15-model mean Qnet is near zero at NTAS.  The 15-model mean Qnet shows small ocean heating at Stratus.  The biases (model - ORS) between the 15-model mean and the ORS Qnet are -30.4 (Stratus), -40.0 (WHOTS) , and -36.1 Wm-2 (NTAS).  Although there is a scatter of ~20 W m-2 in the individual model mean Qnet values at each site, no model mean comes closer than about 15 W m-2 to the observed ORS means.  This subset of 15 models also shows 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 and a greater complexity to processes that govern SST than surface heat flux alone.  There is a suggestion in the scatter of the circles for Stratus and NTAS that warmer mean SST tends to be associated with greater low bias in Qnet.	Comment by Microsoft Office User: This sentence can cause confusion. The model overestimated the SST for stratus and underestimate SST at NTAS, but the model bias in Stratus is lower than at NTAS. This is the opposite to what is stated here, unless the “warmer mean SST” the author referred to means the observed SST is warmer. Anyway, I think this sentence needs to be articulated more accurately to avoid such confusion.
	 
67.  Discussion and Conclusions
	The extra-equatorial tradewind regime was targeted by the ORS effort for its important role in weather and climate and sparse measurement coverage.   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 their availability and the supporting assessments of the accuracies of the in-situ observations in the tradewinds known.  At the same time, comparisons with reanalyses and coupled climate models are done to point to the need to understand the realism of these models.	Comment by Microsoft Office User: Could consider replacing the second “and” with “as well as”	Comment by Microsoft Office User: Would suggest to break this down into two sentences.	Comment by Microsoft Office User: I think the authors need to add at least one more paper that suggest the same findings to give better support to the “various studies” they claimed, same for the next citation. Otherwise, this sentence needs to be rewritten to make clear the finding cited here is only from 1 paper.	Comment by Microsoft Office User: Change “with” to “have reported”	Comment by Microsoft Office User: To improve readability, consider use “to make known their availability and …”; or use a synonym to express “make known”.  E.g., proclaim/ report/announce	Comment by Microsoft Office User: Reduce occurrence of “to” to improve readability. The authors could consider “emphasize”, “reveal”, etc.
	Significant differences were found between observed || and Qnet and the ERA5, MERRA2, and NCEP2 reanalyses.  Some differences may stem from changes in the models, while others may arise from time-varying density and types of assimilated observations. NCEP, for example, has made improvements to their Climate Forecasts System Reanalysis (CFSR) which may explain changes in NCEP2 noted in 2011 and 2014 in Figures 5a and 5b (Saha et al, 2014).  In an ongoing work we look at the sources of differences, which can stem from both the algorithms used to compute the fluxes and the basic variables. Additionally, the reliance on bulk formulae for estimating fluxes continues to be addressed (Cronin et al., 2019).  Observing packages with fast response sensors that enable direct computation of the turbulent fluxes are now being deployed on some buoys in parallel with the ASIMET systems and are yielding updates of the COARE flux algorithms (Edson et al., 2013). The ORS fluxes presented here were computed using COARE 3.0.  Versions 3.5 and 3.6 are available (ftp1.esrl.noaa.gov and https://github.com/noaa-psd/pyCOARE).  The ORS fluxes were computed again using COARE 3.6; the mean difference from COARE 3.0 for the ORS was 0.13 W m-2 for QL and -0.08 W m-2 for sensible heat flux (QS).  COARE 3.6 yielded mean |t| that was 4% lower.  The updates to the COARE algorithm do not significantly impact the findings. 	Comment by Microsoft Office User: This opening sentence is not clearly articulated. Could change to something like “Significant differences were found between observed || and Qnet and their counterpart in the ERA5, MERRA2, and NCEP2 reanalyses. 
	The ORS time series allow identification of significant biases found in reanalyses and in coupled models.  Rewanalysis products have some temporal changes not seen in withheld observations.  Care is recommended in using gridded reanalysis surface fields over the ocean.  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.  It is important to understand which of the heat flux components contribute most to the differences and consider the possible cancelation of errors among the four components.  Mean Qnet values in Fig 6a are small in comparison to the magnitudes of mean Qe and QSW, comparable to those of mean QLW, and larger than those of Qs. Thus, Qnet has a particular sensitivity to accurate determination of Qe and QSW.  Summing the differences of Qnet and each heat flux component across the three sites and three reanalyses, the overall reanalysis tradewind Qnet bias ranges from ~-10 to -30 W m-2 (too little into the ocean) which is characteristic of uncoupled atmospheric models when SST is specified (cf. Bretherton and Battisti, 2000). This bias is often a result of up to ~30 Wm-2 excess Qe extracted from the ocean in the reanalyses, QLW lost from the ocean that is ~5 to 15 Wm-2 too large in the reanalyses, and QSW into the ocean being up to ~15 Wm-2 too large in the reanalyses, accompanied by small sensible heat losses from the ocean that are too large in the reanalyses.  While there are generally consistent differences (Fig. 6b) between reanalysis values and ORS observations across the three sites (e.g. Qe), there are a few distinct outliers within one product at a particular site (e.g. NCEP2 QSW too small at WHOTS).  
	The tradewind ORS-observed ocean surface energy fluxes reveal important differences of reanalyses and coupled model simulations from reality. Such consistent differences must then accumulate over thousands of km within the ocean flowing westward under the tradewinds. Mixed layers (ML) that are too deep would moderate the accumulated errors along ocean ML streamlines. Given the models’ underestimation of net heat flux into the ocean at each site, the accumulated heat budget errors could only be offset in coupled models by underestimating turbulent entrainment or underestimating advective cooling. 	Comment by Microsoft Office User: kilometers	Comment by Microsoft Office User: Perhaps it would help to be a bit clearer about the “Mixed layers” here as the ocean mixed layers
While we compared the results of 51 CMIP-6 ensemble-member model runs with the ORS-observed SST, and the 15 historical runs that reported Qnet, it is apparent that coupled models with large SST biases do not add anything to the simulation of air-sea interaction in the tradewinds. The use of ORS air-sea fluxes can help identify, and focus future efforts on, the most realistic models and reanalyses. We highlight Qnet as an essential metric that should be a required variable in all future CMIP efforts.
	The oceanographic community is working together (https://airseaobs.org) to increase sampling of surface meteorology and air-sea interactions over the ocean during the UN Decade of the Ocean Science for Sustainable Development Program (https://www.oceandecade.org). 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 hope the descriptions here of the ORS observing methods, of the production of quality-controlled time series of surface meteorology and air-sea fluxes, and of the quantification of associated uncertainties motivate other investigators to use the ORS data.  In addition to the high quality of the ORS observations of air-sea interaction in the tradewind regions presented here, we emphasize that the sites were chosen to be representative of those regions.  For the annual-average and low-pass-filtered observations, the results are broadly applicable to large areas.  The discrepancies of reanalyses and coupled model runs from ORS averages cannot be attributed to grid-scale gradients and weather.	Comment by Microsoft Office User: This acronym has not been explained before.	Comment by Microsoft Office User: Reduce repeated  “of” ?
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Tables
	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/humidity
	Rotronic MP-101A
	2.95 m
	Porous Teflon filter and multiplate radiation shield

	Incoming shortwave radiation
	Eppley Precision Spectral Pyranometer
	3.43 m
	Case adapted to ASIMET module tubing

	Incoming longwave radiation
	Eppley Precision Infrared Radiometer
	3.43 m
	Case adapted to ASIMET module tubing

	Barometric pressure
	Heise DXD
	3.0 m
	With parallel plate pressure port

	Precipitation
	RM Young 50202
	3.12 m
	Self-siphoning rain gauge

	Sea surface temperature and salinity
	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 internal recoding and also wired to a central logger..


	Sensor
	Instantaneous
	Daily
	Annual

	Downward longwave (W m-2)
	7.5
	4
	4

	Downward shortwave (W m-2)
	20 
	6
	5

	Humidity (%RH)
	1
3 (low winds)
	1
3
	1

	Air temperature (°C)
	0.2 (more in low wind)
	0.1
	0.1

	Barometric pressure (hPa)
	0.3
	0.2
	0.2

	SST (°C)
	0.1
	0.1
	0.004

	Wind speed (m s-1)
	1.5% or 0.1
(more in low wind)
	1%, 0.1
(max of these)
	1%, 0.1 
(max of these)

	Wind direction (°)
	6 (more in low wind)
	5
	5

	Rainfall (% under catchment)
	10
	10
	10



Table 2.  Summary of ASIMET sensor accuracies in the field after Colbo and Weller (2000) and Weller (2016).  The 20 W m-2 value in instantaneous downward shortwave reflects finding shortwave differences in the one-minute sampled data. Short-lived transient differences are observed in adjacent DWSR modules as small clouds pass over; the differences stem primarily from time base (clock) differences rather than pyranometer performance.



	Flux
	Typical
	Percent Error

	Net longwave (W m-2)
	3.9
	10

	Net shortwave (W m-2)
	5
	2.5

	Latent (W m-2)
	5
	5

	Sensible (W m-2)
	1.5
	15

	Net heat flux (W m-2)
	8
	20

	Wind stress magnitude (N m-2)
	0.007
	20

	E-P (cm)
	10
	10




Table 3.  Accuracies of annual averaged fluxes from an ORS buoy.  After Colbo and Weller (2000)


	Variable	Comment by Microsoft Office User: Perhaps it would be more formal to write out some of the variable names in its full form.
	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 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. 


	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)
	36.9
	24.7
	36.2

	Latent heat (W m-2)
	-106.9
	-135.9
	-139.0

	Sensible heat (W m-2)
	-7.6
	-7.0 
	-3.9

	Net shortwave (W m-2)
	193.9
	224.3
	231.9

	Net longwave (W m-2)
	-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.


Figure Caption List
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.

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 are placed on the upwind side of the tower.  The cluster of four radiometers, one each for shortwave and longwave from two ASIMET systems, is placed above all other structures.  Rain gauges, barometric pressure sensors are placed aft of the forward face.

Figure 3.  Daily averaged surface meteorology observed at Stratus.  The wind vectors (towards) are subsampled every 5 days for clarity.  Gaps in the data resulted from breaks in the mooring.  From the top, sea surface temperature (SST), air temperature, barometric pressure, specific humidity, rain rate, incoming longwave radiation (LWR), incoming shortwave radiation (SWR), wind speed, and vector wind are shown.  

Figure 4.    Daily averaged air-sea fluxes as observed at WHOTS.  Gaps in the data resulted from breaks in the mooring.  From the top, the magnitude of the wind stress, net air-sea heat flux (black - daily, red – 10-day running mean), latent (black) and sensible (red) heat flux, net shortwave radiation, net longwave radiation, and an overplot of cumulative rainfall and evaporation times -1.  To compute sensible and latent heat flux gap-free wind speed data were used.

Figure 5a.  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.  Long-term means for stress in each panel are given in color-coded text.

Figure 5b.  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.  Long-term means for net heat flux in each panel are given in color-coded text.

Figure 6a.  Comparisons of the long term means of net heat flux, latent heat flux, sensible heat flux, net shortwave radiation, and net longwave radiation at the three ORS (black) with the means from ERA5 (blue), NCEP2 (red), and MERRA2 (green).  On the x-axis the neat heat flux and each component have a cluster of four bars labeled as W (WHOTS), S (Stratus), and N (NTAS).  

Figure 6b. Comparisons of the differences (reanalysis minus ORS) in the long term means of net heat flux, latent heat flux, sensible heat flux, net shortwave radiation, and net longwave radiation at the three ORS with the means from ERA5 (blue), NCEP2 (red), and MERRA2 (green).  On the x-axis the neat heat flux and each component have a cluster of three bars labeled as W (WHOTS), S (Stratus), and N (NTAS).  

Figure 7.  (upper) Comparison of mean SST at the three ORS with the CMIP6 models, historical simulation run; the horizontal axis is used to offset SSTs from the different CMIP6 models.  The dashed lines are the ORS mean SSTs; the stars are the mean of all model SSTs.  Individual models are filled circles. (lower) Comparison of both mean net air-sea heat flux and mean SST from CMIP6 models that provided both and the ORS.  Squares are ORS means; stars are means off the CMIP6 models (filled circles).  For both location is given by the color.
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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.
[image: ]
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 are placed on the upwind side of the tower.  The cluster of four radiometers, one each for shortwave and longwave from two ASIMET systems, is placed above all other structures.  Rain gauges, barometric pressure sensors are placed aft of the forward face.
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Figure 3.  Daily averaged surface meteorology as observed at Stratus.  The wind vectors (towards) are subsampled every 5 days.  Gaps in the data resulted from breaks in the mooring.  From the top, sea surface temperature (SST), air temperature, barometric pressure, specific humidity, rain rate, incoming longwave radiation (LWR), incoming shortwave radiation (SWR), wind speed, and vector wind are shown.  	Comment by Microsoft Office User: In the wind speed panel, there is wind speed as high as 10m/s, but the vector wind only shows up 6 m/s. Is it because the wind speed on the y-axis in the vector wind panel shows the zonal wind component? If so, the caption needs to be clear about it.
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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, net air-sea heat flux (black - daily, red – 10-day running mean), latent (black) and sensible (red) heat flux, net shortwave radiation, net longwave radiation, and an overplot of cumulative rainfall and evaporation.  
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Figure 5a.  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.  Long-term means for stress in each panel are given in color-coded text.
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Figure 5b.  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.  Long-term means for net heat flux in each panel are given in color-coded text.


[image: ]
Figure 6a.  Comparisons of the long term means of net heat flux, latent heat flux, sensible heat flux, net shortwave radiation, and net longwave radiation at the three ORS (black) with the means from ERA5 (blue), NCEP2 (red), and MERRA2 (green).  On the x-axis the neat heat flux 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 net heat flux, latent heat flux, sensible heat flux, net shortwave radiation, and net longwave radiation at the three ORS with the means from ERA5 (blue), NCEP2 (red), and MERRA2 (green).  On the x-axis the neat heat flux and each component have a cluster of three bars labeled as W (WHOTS), S (Stratus), and N (NTAS).  
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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 is used to offset SSTs from the different CMIP6 models.  The dashed lines are the ORS mean SSTs; the stars are the mean of all model SSTs.  Individual models are filled circles. (lower) Comparison of both mean net air-sea heat flux and mean SST from CMIP6 models that provided both and the ORS.  Squares are ORS means; stars are means off the CMIP6 models (filled circles).  For both location is given by the color.
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