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The weather pattern and trends associated with heat flux events (HFEs) over the Gulf 

Stream (GS) are examined as part of the CLIMODE project.  A large portion of GS 

turbulent heat loss occurs during distinct synoptic scale events with a duration of one 

to two days.  Forty percent (40%) of wintertime sensible heat loss over the CLIMODE 

Region (CR) (30°-42° N, 50°-70° W) occurs on 17.5% of days.  The overturning 

convection caused by ocean surface buoyancy loss leads to a deepening mixed layer 

and the formation of eighteen-degree water (EDW).  EDW is a homogenous slab of 

subtropical mode water with vertically uniform temperature and salinity 

characteristics.  Mode water is formed in regions of large ocean-atmosphere heat 

exchange and serves as a potential memory source for the climate system.  Analysis of 

sounding data acquired from a ship in the GS region in February and March of 2007 

shows a distinct atmospheric vertical thermal profile during HFEs.  A typical event 

day profile exhibits a well mixed boundary layer (BL) featuring a dry adiabatic lapse 

rate extending up to around 850 millibars (mb).  A sharp inversion layer separates the 



BL from the dry free atmosphere.  Satellite imagery confirms that open and closed cell 

cumulus cloud structures are present during events, which indicate strong surface-

based instability and shallow convection.  An examination of the National Centers for 

Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) 

Reanalysis data is performed in order to understand the planetary and synoptic scale 

weather patterns that induce HFEs.  A large 500 mb trough is present over the Western 

Atlantic Ocean on event days.  A surface pressure couplet consisting of high (low) 

pressure located to the west (northeast) of the CR causes anomalous northwesterly 

flow that advects cold and dry continental air over the GS.  Long term trends in CR 

Reanalysis data indicate that an increase in sea surface temperature (SST) has 

significantly increased autumn sensible and latent heat flux since the mid 1960s.  

Spring is dominated by large decadal variability in thermal and flux fields.  Thus, 

increasing turbulent flux may not lead to greater EDW production since the increased 

oceanic heat loss serves to remove a seasonal thermocline which is warming over 

time.  Global climate models (GCMs) do not adequately simulate observed CR 

Reanalysis period climate.  The modeled trends in heat flux correlate poorly with 

Reanalysis.  This investigation suggests important areas for potential future research 

including the effect of turbulent flux on atmosphere and ocean dynamics, and 

understanding the influence of BL entrainment on heat flux magnitude.   
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The Weather Pattern and Trends Associated with Gulf Stream Turbulent Heat Loss 

Events 

 

The weather pattern and trends associated with heat flux events (HFEs) over the Gulf 

Stream (GS) are examined as part of the CLIMODE project.  A large portion of GS 

turbulent heat loss occurs during distinct synoptic scale events with a duration of one 

to two days.  Forty percent (40%) of wintertime sensible heat loss over the CLIMODE 

Region (CR) (30°-42° N, 50°-70° W) occurs on 17.5% of days.  The overturning 

convection caused by ocean surface buoyancy loss leads to a deepening mixed layer 

and the formation of eighteen-degree water (EDW).  EDW is a homogenous slab of 

subtropical mode water with vertically uniform temperature and salinity 

characteristics.  Mode water is formed in regions of large ocean-atmosphere heat 

exchange and serves as a potential memory source for the climate system.  Analysis of 

sounding data acquired from a ship in the GS region in February and March of 2007 

shows a distinct atmospheric vertical thermal profile during HFEs.  A typical event 

day profile exhibits a well mixed boundary layer (BL) featuring a dry adiabatic lapse 

rate extending up to around 850 millibars (mb).  A sharp inversion layer separates the 

BL from the dry free atmosphere.  Satellite imagery confirms that open and closed cell 

cumulus cloud structures are present during events, which indicate strong surface-

based instability and shallow convection.  An examination of the National Centers for 

Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) 

Reanalysis data is performed in order to understand the planetary and synoptic scale 

weather patterns that induce HFEs.  A large 500 mb trough is present over the Western 

Atlantic Ocean on event days.  A surface pressure couplet consisting of high (low) 
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pressure located to the west (northeast) of the CR causes anomalous northwesterly 

flow that advects cold and dry continental air over the GS.  Long term trends in CR 

Reanalysis data indicate that an increase in sea surface temperature (SST) has 

significantly increased autumn sensible and latent heat flux since the mid 1960s.  

Spring is dominated by large decadal variability in thermal and flux fields.  Thus, 

increasing turbulent flux may not lead to greater EDW production since the increased 

oceanic heat loss serves to remove a seasonal thermocline which is warming over 

time.  Global climate models (GCMs) do not adequately simulate observed CR 

Reanalysis period climate.  The modeled trends in heat flux correlate poorly with 

Reanalysis.  This investigation suggests important areas for potential future research 

including the effect of turbulent flux on atmosphere and ocean dynamics, and 

understanding the influence of BL entrainment on heat flux magnitude.   
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Introduction 

 

Large positive (ocean to atmosphere) turbulent (sensible and latent) heat fluxes occur 

during the winter in regions near the equatorial side of western boundary currents 

(WBCs).  In these regions, atmospheric jet streaks periodically drive cold air 

southeastward in a direction nearly perpendicular to the warm, northeastward flowing 

WBCs.  The most notable WBCs are found in the Northern Hemisphere (NH) and 

include the Gulf Stream (GS) (Atlantic Ocean) and Kuroshio (Pacific Ocean) currents.  

Mode water is formed in regions with large ocean to atmosphere heat exchange, and 

exhibits nearly uniform vertical salinity and temperature characteristics that are caused 

by strong, convectively driven oceanic mixing.  Classifications of mode water include 

warm, subtropical mode water (STMW) and cooler sub-polar mode water (McCartney 

and Talley 1982). 

 

The STMW immediately south of the Gulf Stream in the Western Atlantic Ocean was 

first characterized by Worthington (1959) as eighteen-degree water (EDW) because of 

its temperature of approximately 18 degrees Celsius (65 degrees Fahrenheit).  Large 

oceanic heat losses create cooler, salty, and dense surface water parcels (Xue et al 

1995, Figure 1).  The resultant sea surface buoyancy loss causes overturning 

convection of the upper-ocean and mode water formation.  Hazeleger and Drijfhout 

(1998) conclude that a model forced by observed oceanic heat loss can simulate 

observed mode water formation variability.  Mechanical ocean mixing from wind 

stress induced momentum flux further increases the mixed layer vertical homogeneity, 
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and also cools the sea surface due to cold water entrainment from below.  Although 

most formation occurs over the southern half of the GS, EDW is advected 

southwestward within the subtropical ocean gyre into the Sargasso Sea, and beyond 

the region of maximum formation.  Except during formation periods, EDW is found 

between the seasonal and permanent thermoclines. 

 

This investigation is part of the CLIMODE Project, which seeks to understand the 

formation, advection, transformation, and climate significance of EDW in the region 

of the Western Atlantic Ocean from 30°-42° North (N), 50°-70° West (W), hereafter 

referred to as the CLIMODE Region (CR).  This study investigates the atmospheric 

controls on mode water formation and decadal heat flux time trends.   

 

There has been much scientific effort to identify and study mode waters (Worthington 

1959; Worthington 1972; Ebbesmeyer and Lindstrom 1986).  Short term air-sea 

interaction is paramount in mode water advection and formation, and manifests as 

surface wind stress on the ocean and turbulent heat exchange.  Atmosphere-ocean 

interaction occurs on a variety of temporal scales.  Model results of Brayshaw et al. 

(2008) suggest that a mid-latitude sea surface temperature (SST) gradient increase 

would yield a poleward shift in the storm track, and Shaman et al. (2010) found that 

the SST gradient in the North Atlantic GS region was increasing over time.  A 

northward shift in the Atlantic storm track may lead to a decrease in oceanic turbulent 

heat loss and EDW formation since the most intense Atlantic cyclones tend to occur 
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north of the CR.  Also, mode water anomalies are thought to influence winter and 

spring sea surface temperature (SST) anomalies when a deepening mixed layer 

reintroduces isolated mode water to the surface.   

 

The role of anomalous turbulent flux in forcing both the atmosphere and the ocean 

remains uncertain.  However, many authors have suggested that anomalous turbulent 

fluxes affect both mid-latitude cyclones (Cione et al. 1993; Kuo et al. 1991; Uccellini 

et al.1987) and WBC transport (Worthington 1972; Adamec and Elsberry 1985; Xue 

et al. 1995), especially in meteorologically dynamic regions such as the GS.  Such 

analyses suggest the possibility that heat flux anomalies and resultant circulation 

changes may have a significant effect on the global temperature distribution.  

Unfortunately, the complex dynamics are difficult to unravel since local heat and 

momentum budgets for the ocean and the atmosphere are coupled by interfacial heat 

flux and wind stress and also affected by internal dynamics.   

  

WBCs such as the GS are relatively narrow yet strong rivers of water transporting heat 

poleward.  At its most basic level, this transport is driven by large scale wind stress 

curl and varying Coriolis parameter on a continentally confined ocean.  However, 

other complex dynamics influence variations in the GS since transport varies due to 

turbulent eddies and recirculation within the GS system.  For example, numerous 

studies have suggested arguments for turbulent flux anomalies weakening or 

strengthening GS transport.  Model results of Marsh and New (1996) support the 



6 

 

 

 

"Worthington Effect" hypothesis (Worthington 1972), which suggests that anomalous 

GS winter heat flux may increase GS transport through oceanic anti-cyclogenesis.  By 

contrast, Chao (1992) suggests that wintertime cold air outbreaks (CAOs) weaken the 

Gulf Stream.  Modeling of Xue et al (1995) suggests that the primary effect of heat 

flux associated surface wind forcing is simply to mechanically deepen the oceanic 

mixed layer and decrease the vertical gradient of the flow speed.  Adamec and 

Elsberry (1985) suggest that wintertime northwesterly wind stress acts primarily to 

displace the GS south of its mean location.  

 

During summer, Sargasso Sea EDW is present at around 175 meters (m) to 450 m in 

depth, with a mean depth and thickness of about 300 m and 200 m, respectively 

(Alfultis and Cornillon 2001a).  EDW that has long been isolated from atmospheric 

forcing has a vertical temperature gradient of 0.7° to 0.8° Celsius (C) (100 m)
−1

, while 

the gradient for recently isolated EDW during the spring ranges from 0.03° to 0.08°C 

(100 m)
−1

, with a salinity of about 36.5 practical salinity units (psu), a density of about 

1026.4 kilograms (m
-3

), and low potential vorticity (Alfultis and Cornillon 2001b).     

 

The vertical structure of the upper ocean displays a marked seasonal evolution.  

During the spring and summer, little turbulent heat exchange occurs between the 

ocean and atmosphere over the CR.  Solar warming forms a seasonal thermocline that 

isolates the underlying EDW from the atmosphere.  The permanent thermocline and 

abyssal ocean lie beneath the EDW layer.  During the autumn, dry air masses induce 
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evaporative heat and buoyancy loss from the warm sea surface, and erode the seasonal 

thermocline.  This deepening of the mixed layer continues during winter due to latent 

heat flux and sensible heat flux (LHF and SHF).  Convective parcels often eliminate 

the seasonal thermocline and partially ventilate the previous winters’ EDW layer.  As 

EDW is reconnected to the atmosphere, the uniformity of the layer is restored.  Speer 

and Tziperman (1992) estimate the renewal rate, which is the average amount of EDW 

per year that is ventilated via convective overturning caused by atmospheric forcing, at 

about 26% annually.  During springtime, warming of the sea surface reforms the 

seasonal thermocline and isolates the EDW from the atmosphere.  Isolated EDW 

gradually loses its unique vertical homogeneity at a rate of                                                

5 to 6 (2)*10
-4

 °C/100 m/day after winters with (without) ventilation.   

 

The atmosphere also displays a notable seasonal evolution.  Synoptic activity 

increases during the fall, which increases wind speeds and the advection of cold air 

over the CR.  Turbulent fluxes rapidly increase because the sea is warmest at its 

surface.  The land surface also experiences (longwave) radiational cooling, thereby 

enhancing the surface thermal gradient as continental air is advected offshore.  After 

reaching a maximum during winter, synoptic activity declines in the spring.  The 

decrease in wind speed and SST, along with the warming air, decreases the turbulent 

heat flux.  In late winter and early spring, the sea is cooled primarily via turbulent 

fluxes, but also radiatively at its surface, while the air crossing the continent is 

warmed from the bottom up by longwave radiation and convection, thereby decreasing 
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the surface thermal gradient.  During the summer, warm air and limited synoptic 

activity preclude large turbulent heat losses from the ocean.   

 

The fall (winter) is a time of large heat flux caused by warm SSTs (enhanced synoptic 

activity and cold advection) which yield seasonal thermocline erosion (EDW 

formation).  SST and air temperature annual cycles do not coincide, such that the 

thermal gradient and turbulent flux are maximized in the October through March 

timeframe.  SST (air temperature) reaches a maximum in the fall (summer), so that air 

temperature is declining while SST is still increasing.  Later in winter, air temperature 

is at a minimum while SST is not, and synoptic activity increases wind speed and cold 

advection over the CR, which also causes large fluxes.               

 

In particular, this study seeks to understand the atmospheric weather pattern associated 

with CR CAOs that cause large oceanic turbulent heat and buoyancy loss and eventual 

EDW formation.  CR SHF and LHF data are analyzed specifically because of their 

dominant role over radiation in the ocean-atmosphere energy balance during the cold 

season when much EDW is formed (Xue et al 1995, Figure 17).  (The cold season, 

defined here as the season during which heat flux events occur, is October-March, 

which agrees with Speer and Tziperman (1992), who define fall plus winter (October-

March) as the sea surface density gain period.)  Buoyancy loss results from SHF and 

LHF that decreases SSTs and from LHF that removes freshwater and increases surface 

salinity.  Although LHF often exceeds SHF by a factor of 2.5, thermal effects 



9 

 

 

 

dominate salinity effects in the equation of state for water density by an order of 

magnitude (Marsh and New 1996). 

 

Based upon the theoretical framework of the bulk aerodynamic formulae for SHF and 

LHF (Equation 1),  

 



SHF  CcpU(TsTa)

LHF  CLU(qs qa) (1) 

 

where = the density of surface air (~1.2 kg/m
3
), C = the air-sea moisture exchange 

coefficient, cp=the specific heat of air at constant pressure, L = the latent heat of 

vaporization of water, U = the ambient wind speed, Ts(qs)= the surface temperature 

(specific humidity), and Ta(qa) = the ambient air temperature (specific humidity).   

 

The magnitude of SHF (LHF) is proportional to wind speed and the surface-air 

temperature (specific humidity) gradient.  Thus, cold, dry air (lower Ta(qa)) advected 

rapidly (large U) over warm water (higher Ts(qs)) produces large heat flux events.  

(The term event will hereafter refer to a large episode of CR daily averaged LHF or 

SHF of one to two days in length).   

 

According to Shaman et al (2010), the CR synoptic scale standard deviation of 

turbulent flux is greater than that of other, longer temporal scales such as inter-annual 

scales.  Furthermore, 40% (34%) of cold season SHF (LHF) occurs on only 17.5% 
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(20%) of days (Shaman et al 2010).  The large heat capacity of the ocean along with 

the synoptic variability of the atmosphere suggests that local atmospheric conditions, 

such as air temperature, change much more quickly than SST and ocean circulation.   

Therefore, we can assume that the synoptic scale temporal rate of change of SST is 

negligible, which is in agreement with Chao (1992), and that the wintertime heat flux 

variability during discrete CAO events is forced by the atmosphere.  On seasonal and 

longer time scales, however, both SST and atmospheric changes significantly affect 

the overall HF.  During the autumn, as cool air descends over the warm SSTs and 

begins to erode the seasonal thermocline, predictable SST cooling on weekly time 

scales affects the vertical thermal gradient and monthly HF values.  However, the day 

to day flux variability is atmospherically driven.  During the winter, when vertically 

homogenous mode water is exposed to the atmosphere, event frequency and 

magnitude are driven almost entirely by atmospheric changes.  Thus, it is reasonable 

that maximum flux event variability occurs on the synoptic scale, which is the 

atmospheric variability time scale.   

 

Discrete atmospheric events involving cold, dry air advection over the CR are 

examined in this study.  These episodic weather events contribute significantly to total 

heat flux (Shaman et al 2010) and indirectly to EDW formation.  The notion that the 

CR total seasonal turbulent flux is a function of the integral effect of the strength, 

duration, and number of individual synoptic events rather than a function of mean 

winter conditions crucially suggests that seasonally averaged wind and thermal fields 
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do not provide sufficient information to accurately assess total seasonal heat flux.  

Speer and Tziperman (1992) remark upon this inherent limitation of temporally coarse 

air-sea flux data, and suggest that much of the influence of small scale synoptic cold 

fronts is lost in the flux data analysis. 

 

Although there is zero net (zonally averaged) annual mean meridional wind flow 

associated with low level mid latitude cyclones, each disturbance transports low level 

cold air equator-ward so that a winter featuring enhanced storm activity may yield 

greater total oceanic heat loss than a less active winter with equivalent mean 

temperature.  Thus, the time mean v’T’≠ 0.  Furthermore, the northern CR is a region 

of storm intensification, so that post frontal cold advection tends to be greater than 

prefrontal warm advection.  The unstable cold sector boundary layer (BL) promotes 

downward momentum mixing so that strong surface winds preferentially correlate to 

cold air advection and yield large ocean heat losses.  Thus, heat fluxes may induce 

stronger surface winds and larger fluxes by altering the state of the boundary layer 

during cold advection (Xue et al 2000).  That is, without speculating on the ability of 

the heat flux to enhance large scale synoptic wind flow, it seems clear that heat flux 

can induce self-augmentation via downward momentum flux, as winds low (high) in 

the BL are strengthened (weakened) while the vertical wind shear is decreased.   

 

The flux-wind feedback helps to explain the large synoptic scale standard deviation of 

heat flux.  At a certain threshold value, local heat flux may affect meso-scale 
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processes by overcoming stability to enhance the cold sector BL mixing beyond its 

ambient state over land.  Furthermore, wind dissipation over the ocean is generally 

less than dissipation over land.  Even a region of zero mean wintertime sea-air 

temperature gradient would likely have net local oceanic heat loss due to enhanced 

cold sector winds.     

 

Any atmospheric pattern that causes northerly (north to south) flow over the CR is 

likely to cause oceanic heat loss (Cayan 1992).  The presence of a mobile 500 mb 

trough over the CR, along with a surface pressure pattern consisting of decreasing 

eastward pressure yielding northerly geostrophic wind, is usually the cause of HF 

events.  Northwesterly to northerly wind directions are ideal for generating CR heat 

flux events due to the poleward and landward air source position.  Additionally, the 

perpendicular orientation of north-northwesterly winds to the GS allows relatively 

unmodified, continental polar air to flow over the warm Gulf waters.  Low tropopause 

height values (folds) and associated intrusions of dry stratospheric air into the 

troposphere are associated with CAOs (Konrad and Colucci 1989) and may contribute 

to prolonging the duration of LHF events.    

 

Many events are associated with rapidly deepening transient cyclones over the GS 

region (Sanders and Gyakum 1980; Sanders 1986).  The cold western region of 

surface cyclones (cold sector) located within 500mb troughs is favored for large flux 

values (Alexander and Scott 1997).  Similarly, Zolina and Gulev (2003) find that flux 
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anomalies correlate well with sea level pressure (SLP) tendency, and any weather 

pattern consisting of a surface pressure couplet with high (low) pressure situated to the 

west (northeast) of the CR is likely to produce a positive CR heat flux anomaly.  The 

period of cold advection and SLP increase behind a synoptic cold front corresponds to 

large flux values.  Most western Atlantic storms occur during the cold season, and 

strengthen in the region of atmospheric baroclinicity in the northern CR where the 

strong land-sea thermal and GS SST gradients exist (Colucci 1976; Cione et al 1993).  

Sanders (1986) examined a series of Atlantic cyclone "bombs" during the early 1980s 

and found that most rapidly intensifying cyclones occurred very near to the GS.  These 

energetic cyclones provide strong pressure gradient winds and significant cold, dry 

advection.  The source of the arriving air mass is northern continental regions.  

Sanders also speculated upon the connection between turbulent heat flux and 

cyclogenesis via slantwise convection processes.  A similar argument was made by 

Emanuel (1986) for tropical storm strengthening via a feedback between slantwise 

convection of latent heat and wind speed. 

 

This investigation examines meteorological data associated with events in order to 

understand both the climatology of the events, that is, the archetypal event weather 

pattern, as well as the nature and variability of individual weather patterns preceding 

and during such synoptic events.  The goal of the research is to understand episodic 

mode water formation and the trends in heat flux that are crucial for heat distribution 

within the climate system.  Also, recognizing potentially relevant air-sea interaction 
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feedbacks in the climate system is important.  Examining the ability of climate models 

to simulate recent climate indicates their potential for predicting future climate.  This 

assessment along with the analysis of CR trends and climate feedback mechanisms 

may suggest possible methods for improving the models.  The first portion of the 

Results section examines the vertical structure of the atmosphere using ship sounding 

and satellite image data to produce a qualitative description of the marine boundary 

layer (MBL).   A well mixed boundary layer and distinctive top are present during 

CAOs, while vertical thermal and moisture profiles during non-event days are chaotic 

and feature ill-defined MBLs.  The second portion of the Results section examines the 

atmospheric weather pattern and CR climatology associated with heat flux events and 

is based upon National Center for Environmental Prediction-National Center for 

Atmospheric Research (NCEP-NCAR) Reanalysis data (Kalnay et al 1996).  

Specifically, the climatology and seasonality of the archetypal flux events are 

examined.  A trough and surface pressure couplet are present over the CR on event 

days.  The third portion of the Results section analyzes decadal scale time trends of 

SHF and LHF.  Turbulent heat flux is substantially higher in wintertime than during 

the warm season, and notable autumn time trends in SHF and LHF during the past 40 

years are evident.  The fourth portion of the Results section compares climate data 

from three coupled GCMs with Reanalysis to examine their ability to simulate the 

mean state and trends of the 1950 to 2000 CR climate.  The region of maximum heat 

flux is too far to the west in the models, and the strongly increasing trends in autumn 

turbulent flux are not present in the models. 
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Methods 

Three-day time series are plotted using MATLAB.  NCEP-NCAR Daily Reanalysis 

data (2.5° x 2.5° latitude-longitude spatial resolution) for the 60 year period from 

1948-2007 is analyzed, including geopotential height (GPH) and other meteorological 

variables.  The archetypal flux event was identified by finding the climatological 

1000mb and 500mb GPH field over the region 20° to 70° N, 30° to 90° W temporally 

averaged over all days with CR SHF (LHF) > 250 Watts (W)/m
2
 (450 W/m

2
).  These 

thresholds yield a sufficient number of events (approximately 1 per year) to create a 

reliable climatology while providing a clear picture of only the strongest events so that 

the weather pattern shown is the ideal flux causing event.  Smoothed time trends are a 

seven point running average of the data.   
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Results 

SHF and LHF affect the state of the local boundary layer and the entire troposphere.  

The discussion begins with a qualitative review of the MBL by examining radiosonde 

thermal soundings, heat flux, and meteorological data acquired from the Knorr cruise 

investigation.  The cruise traversed the Northwest Atlantic Ocean off of the United  

States (US) East Coast in the vicinity of the GS during the late winter 

(February/March) of 2007.  The radiosonde soundings are compared to visible satellite 

images, heat flux, and temperature patterns in order to understand the relationship 

between heat flux and the vertical profile of the atmosphere.  

  

Using calculated heat flux, seven CAO-induced turbulent flux events over the GS are 

identified.  A consistent pattern is noted among the satellite images from each event.  

Figure 1 is a representative event day satellite image from the strongest CAO of the 

cruise that occurred on March 9th, 2007.  Moving eastward with the storm system far 

offshore, a low level stratus cloud deck begins east of the coastline, which transitions 

to closed and eventually open celled cumulus structure with embedded vortex streets.  

The cellular structure is indicative of intense, surface based shallow convection.  The 

dry air mass is moistened from below by the large LHF, and the clouds present are 

locally generated by the evaporated moisture.  The sounding data (Figure 2) indicates 

that strong, westerly winds are found in the high flux regions, even near the surface.  

The low level west-northwesterly (WNW) winds back (rotate counterclockwise) with 

height to westerly, which is indicative of cold advection.  In some instances, slight 
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veering (clockwise rotation) to a north-northwesterly (NNW) direction is noted in the 

BL winds, before backing again above the BL.  A well mixed MBL from the surface 

to approximately 900 to 850 mb is evident.  The MBL thermal lapse rate is dry 

adiabatic (constant potential temperature), and there is a sharp inversion at the top of 

the MBL.  The temperature (T) and dew point temperature (Td) are equal in the upper 

BL, indicative of saturation and the presence of the stratocumulus cloud layer.  The 

temperature decreases moist adiabatically with height in the cloud layer.  Atop the 

cloud layer, strong warming and drying occur, above which lies the sub-saturated, sub-

adiabatic free atmosphere.  This well defined cold sector MBL structure is consistent 

with other CAO case studies, such as SethuRaman et al (1986).  Dense, cold, and dry 

air contributed to large cold sector flux values, especially over the GS, since strong 

winds aloft are efficiently mixed down toward the surface in the unstable MBLs.    
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Figure 1: March 9
th

 Visible Satellite Image.  The transitioning stratocumulus cloud 

deck to a cellular cumulus structure farther eastward indicates strong shallow 

convection due to the large turbulent fluxes during the March 9
th

 CAO over the GS. 

 

 

 

Figure 2: March 9
th

 Sounding T/Td Profile. The March 9
th

 sounding data indicates 

backing westerly winds with height, and a thermal structure consisting of a well 

mixed, cloud topped MBL with a strong inversion near 825 mb. 
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During the strongest event on March 9
th

, LHF (SHF) values of 800 (400) W/m
2
 were 

measured, yielding turbulent flux values of 1200 W/m
2
.  This flux energy transfer is at 

least equivalent to a mid-day, mid-summer solar heat flux.  Average Knorr cruise LHF 

(SHF) values during February-March 2007 were on the order of 300 (120) W/m
2
, and 

warm days yielded zero SHF. 

 

By contrast, non-event day MBL vertical structure was very different than event days, 

and non-event variability was much greater.  The cloud structure (Figure 3) was quite 

random on March 18th, as there were a range of high level cloud types at various 

altitudes scattered across the CR.  Large, comma-shaped clouds, which are associated 

with warm and moist air masses, were occasionally present.  Non-event days were 

characterized by a chaotic vertical thermal structure and ill-defined MBL (Figure 4).  

The thermal profiles were often warm and rather moist, even aloft.  The lower level 

lapse rates were sub-adiabatic, and saturated cloud levels were scattered randomly 

throughout the profile.  Wind magnitudes were often weak and directionally 

inconsistent with height, although usually not northwesterly.  Warm advection winds 

would often veer from southeasterly (SE) in the BL to southwesterly (SW) aloft.   
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Figure 3: March 18
th

 Visible Satellite Image.  The March 18
th

 satellite image indicates 

a varied cloud field with deep, moist cloud structure near 40° N, 60° W. 

 

 

 

Figure 4: March 18
th

 Sounding T/Td Profile. The March 18
th

 sounding data indicates 

winds veering with height from SE to SW, indicative of warm advection, along with a 

nearly saturated, sub-adiabatic lapse rate throughout the troposphere with no clearly 

defined BL. 
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Climatology 

Turbulent heat flux events typically occur as one to two day synoptic episodes from 

October through March when cool, dry, continental air flows over the warm surface 

water.  Large flux events are characterized by anomalous NNW flow over the CR and 

are caused by the event day mean presence of a west to east oriented surface high-low 

pressure couplet.  Konrad (1996) identified this couplet as a cause of many CAOs.  

The CR event maximum heat flux value occurs on the southern edge of the Gulf 

Stream near the Maximum Flux Point (MFP) (40°N, 62°W; Figures 5a and 5b), where 

cold, northerly winds intersect warm GS waters.  The strongest flux events occur when 

both a high and a low pressure system strongly influence the pressure gradient.  Low 

LHF values are found in the northwestern CR where cool SSTs preclude significant 

evaporation.  By contrast, SHF is low in the southern CR since the air is quite warm 

and the winds tend to be weak.   
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Figures 5a and 5b: The CR spatial distribution of event day mean LHF and SHF.  The 

largest values occur in the northern CR near the intersection of warm GS water and 

frequent cold air advection, where LHF (SHF) approaches 700 (500) W/m
2
.   

 

 

The LHF (SHF) event mean 1000mb GPH field (Figure 6c (7c)) indicates sub 1000mb 

low pressure (blue) at 41° N, 49° W (45° N, 46° W), and high pressure (red) at 35° N, 

78° W (39° N, 78° W), with northerly flow at the couplet center on event day.  This 

northerly flow yields cold advection and oceanic heat loss over the CR, especially near 

the MFP.  The poleward displacement of the oceanic low pressure region (relative to 

the high) causes a positively tilted couplet.  The positive couplet tilt and frictional 

Ekman veering supply a slight surface westerly wind component and continental air 

source to the northerly flow over the CR.  The correlation between the surface couplet 

pressure difference (the 1000mb GPH difference between the high pressure (31° to 

43° N, 74° to 82° W) and the low pressure (38° to 48° N, 45° to 53° W) regions) and 

LHF (SHF) is high at r = 0.66 (0.71).  The high pressure tracks east-southeastward 

from the north-central United States on Day -2 to the East Coast on event Day 0, while 

strengthening low pressure located in the northern CR on Day -1 translates to a 
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position slightly northeast of the CR on event day (Figures 6 and 7) and continues 

northeastward toward its eventual resting place near the semi-permanent North 

Atlantic Icelandic Low south of Greenland.  The slight poleward displacement of the 

couplet during SHF (relative to LHF) events may contribute colder source air to the 

CR, albeit with less vigorous advection. 

  

 
Figure 6(a-c): 1000mb GPH field time series leading to LHF event days.  Low 

pressure (blue) moving northeast of the CR and high pressure (red) moving eastward 

toward the western CR yield low level northerly flow which induces oceanic turbulent 

heat loss. 

 

 

 
Figure 7(a-c): 1000mb GPH field time series leading to SHF event days.  The 

development and event day pattern are similar to its LHF counterpart except that the 

SHF pressure couplet is displaced slightly to the north.  

  

 

The event day 1000 mb GPH anomaly field indicates that weakly anomalous high 

pressure is present over much the mid latitudes, and especially southern Greenland and 
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southeastern Canada, while a small region of anomalously strong low pressure is 

found just south of 40° N, 52° W.  The wintertime low pressure anomaly center is 

south of the actual low center, which suggests that events occur when the storm track 

moves south of its mean position and allows storms to pass nearer to the CR.   

    

 
Figure 8: The LHF event mean 1000 mb GPH anomaly.  An anomalous low over the 

northeast CR is the dominant cause of events. 

 

 

The planetary scale pattern for heat flux events is somewhat consistent, although the 

details vary regarding the evolution of the individual events.  A trough over Hudson 

Bay on Day -2 traverses southeastward to the CR on Day 0 (Figure 9).  With a deep 

500mb trough over the CR, 500mb heights around 5100m are present equatorward to 

40° N.  The negative 500mb height anomaly is centered near 45° N, 74° W on Day -2 

(Figure 10).  It moves southeastward to the eastern CR (38° N, 55° W) on event day 0, 

and contains at its center a 5° x 5° square with a -200 m height anomaly.  The MFP is 

west of the 500mb cold anomaly, and is therefore exposed to the low level cold 
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advection present in the western portion of 500mb troughs.  The correlation coefficient 

between 500mb heights averaged over the region of 43° to 47° N , 52° to 60° W and 

CR LHF (SHF) daily time series is strongly negative at r = -0.64 (-0.74). 

 
Figure 9(a-c): The three day time series of the 500 mb GPH culminating in a LHF 

event day.  Low heights build over northern Canada and move southeastward as a 

trough sharpens and deepens on event day over the CR. 

 

 

 
Figure 10(a-c): The three day time series of the 500mb GPH anomaly culminating in a 

LHF event.  Anomalous cold over interior New England on Day -2 builds 

southeastward to the eastern CR on event day 0. 

 

 

The LHF event mean 1000mb wind field (Figure 11) is consistent with the GPH 

pattern.  10 m/s westerly winds (red; Figure 11a) in the southern CR outline the base 

of the event day CR trough, and 5 to 7 m/s westerly winds in northwest CR represent 

the ageostrophic flow and offshore cold advection that occurs west of synoptic scale 

cold fronts and aids in large GS region turbulent flux.  Strong southerly flow (red; 

Figure 11b) east of the CR trough is balanced by 12 m/s north to south flow (blue) 
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near the MFP.  The NNW wind induces large fluxes because it is nearly perpendicular 

to a strong temperature gradient present off of the New England coast (Figure 12). 

 

 
Figure 11(a,b): The event mean zonal and meridional wind components.  Strong NNW 

winds near the MFP cross the GS and produce large heat flux values. 

  

 

 
Figure 12: The LHF event mean 1000 mb T.  A strong northwest to southeast thermal 

gradient exists over the northwestern CR as cold air over New England pours offshore 

over the CR. 
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Event day 850 mb vertical velocity indicates rising air (blue; Figure 13) near and 

ahead of the surface low pressure in the eastern CR and concentrated but strong 

subsidence (red) in the western and northwestern CR.  The post frontal subsidence off 

of the mid-Atlantic coast may be important in transferring strong offshore wind energy 

and dry air into the boundary layer to prolong the LHF.  This subsidence would also 

induce adiabatic warming that would limit the duration of SHF.  Qualitative analysis 

of event time series' suggests that the Bowen Ratio fluctuates throughout the course of 

an event.  After the initial cold frontal passage, cold advection increases SHF 

significantly, while the moist air due to frontal / synoptic lift and precipitation will 

briefly delay the large LHF increase.  Later, the air mass modifies, but dry advection 

continues.  Adiabatic warming caused by cold sector subsidence partially opposes cold 

advection, while simultaneously mixing dry, free atmosphere air into the BL and 

maintaining the LHF, and thus decreasing the BR. 
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Figure 13: The LHF event mean 850 mb vertical velocity.  Rising motion in the far 

eastern CR near the surface low pressure and eastern part of the trough transitions to 

strong subsidence in the far western CR off of the mid-Atlantic coastline.  The sinking 

air helps to enhance LHF through vertical momentum transfer and dry air entrainment 

into the BL.   

 

 

In order to understand the nature of atmospheric controls on heat flux events, it is 

necessary not only to examine event climatology GPH fields and individual events, 

but to examine events binned by season.  Seasonality plays a paramount role in 

determining both the cause and nature of heat flux events and their associated weather 

patterns.  For example, October event GPH climatology fields illustrate that autumn, 

thermocline eroding HF events are distinct from wintertime, EDW forming HF events.  

October events exhibit deep but narrow 500 mb troughs (Figure 14a) located just east 

of the Canadian Maritimes and thus east of their mean wintertime location.  These 

mobile troughs yield northerly flow over the CR and are intense given the season, but 

tend to be weaker and feature a slight positive tilt as compared to wintertime event 

patterns (Figure 15a).  Event day 500 mb heights of 5500 m extend equatorward to  
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40° N.  Planetary scale jet streaks with deep, anti-cyclonic flow advect cool, dry air 

stored in sub-polar regions and induce CR HF events in October.  Surface high 

pressure moving offshore has greater influence on autumn as compared to wintertime 

events since strong storm systems are infrequent in October (Figures 14b and 15b).   

 

 

 
Figure 14(a,b): The October LHF event mean GPH fields.  Surface high pressure 

moving offshore (14b; 1000mb) and deep northerly flow over the CR (14a; 500mb) 

strongly influence October events.  A deep but narrow trough displaced over the far 

eastern CR implies that October events rely more heavily on north to south cold 

advection than on low GPHs.  

 

 

The wintertime pattern contrast features lobes of cold displaced southward with 

northwesterly cold advection at low levels driven by synoptic activity and broad scale 

cyclonic flow (Figure 15a).  A deep trough extends southward over the Canadian 

Maritimes during March events, with 500 mb heights of 5400 m extending 

equatorward to 35° N, giving northwesterly flow to the MFP.  Wintertime events are 

substantially driven by surface low pressure in the eastern CR when low level cold 

advection is prevalent.         
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Figure 15(a,b): 500mb GPH March event mean and October minus March difference 

fields.  October minus March GPH field differences show that March events feature 

lower overall heights and a trough axis located west of the mean October position.  

This implies that March events are caused to greater extent by local negative GPH 

anomalies and low level, synoptically driven, land to sea cold advection than are 

October events.   

 

 

Trends in Reanalysis Seasonal Mean Fields 

Notable sixty year trends and decadal variability in CR seasonally averaged heat flux 

and atmosphere-ocean data are apparent.  Figure 16a (b) shows the CR autumn (Julian 

Days 200:365) LHF (SHF) Reanalysis data timeline.  Significant positive trends are 

evident.  Flux increased slightly during the 1950s, and then rapidly decreased during 

the early 1960s, before again rapidly increasing around 1970.  LHF and SHF time 

series are quite similar, and their magnitudes have been steadily ascending from the 

mid-1960s minimum through the present.  Autumn daily mean LHF (SHF) has 

increased from a minimum of around 135.5 W/m
2
 (25.2 W/m

2
) to a 2001 value of 

approximately 164.5 W/m
2
 (33.5 W/m

2
).  A t-test indicates that the sixty year (1948-

2007) positive time trends are statistically significant to the 99.9% confidence level.  
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The thirty year (1978-2007) trend in LHF (SHF) is significant at the 99% (95%) 

confidence level.   

 

 
Figure 16(a,b): Autumn heat flux time series.  LHF and SHF magnitudes have 

increased strongly since the minimum value that occurred during the mid 1960s. 

 

Individual autumn months also showed significant trends.  (Trends significant at the 

95%, 99%, and 99.9% confidence levels are denoted with *,**, and ***.)  November 

sixty year LHF and SHF trends were significant***, and the thirty year (1948-1977) 

positive SHF trend was significant*.  The increasing SHF was caused by the 1950s air 

temperature decrease and by the later SST increase.  Sixty year October trends in 

SHF* and LHF** are significant, as is the 1978-2007 trend in LHF*.  Significant sixty 

year SHF trends are noted for September** and August**.  December trends are 

insignificant.     

 

Positive fall heat flux trends are evidenced by significant and decreasing trends in 

smoothed flux threshold crossing dates; that is, the date on which CR LHF surpasses a 

given value during the fall.  For example, negative 1948-2007 (1978-2007) crossing 
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date trends for a value of LHF = 100 W/m
2
 are significant to the 95% (99.9%) 

confidence levels.  The trend is toward greater LHF occurring earlier in the autumn.  

Meanwhile, the date of (summer) minimum (smoothed) LHF is occurring significantly 

(99% confidence level) later.  Perhaps this shortening period of low summer LHF is 

due to the warmer SSTs (Figure 17).  The actual minimum LHF values exhibited no 

significant trend.   

 

Figure 17 shows an autumn SST trend similar to the flux trend.  A rapid SST decline 

during the early 1960s was followed by a rapid increase in the late 1960s and early 

1970s, and then by a modest yet steady increase that has persisted to the present.  The 

decreasing (increasing) SST in the early 1960s (late 1960s and early 1970s) appears to 

have forced a decrease (increase) in turbulent flux.  Autumn SST has increased from a 

mid 1960s minimum of 295.3 K to 296.4 Kelvin (K) in the early 2000s.   
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Figure 17: Autumn SST time series.  CR SST has increased significantly since the mid 

1960s. 

 

The 1000mb autumn air temperature time series (Figure 18) exhibits more decadal 

variability than SST or flux trends.  Though air temperature decreased (increased) 

significantly during the early 1960s (late 1960s and early 1970s), and reached a 

minimum during the mid 1960s, the subsequent heating trend seemed to halt around 

1980.  Although the trend since an early 1980s minimum seems to be increasing 

temperature, secondary minima are observed in the mid 1990s and even in the mid 

2000s.  The air temperature increase has lagged and been of lesser magnitude relative 

to the SST trend, and 1000 mb temperature is not presently warmer than at the 

beginning of the Reanalysis period.  The period began and ended with an average T of 

nearly 293 K, while the minima in the mid 1960s and early 1980s had values near 

292.6 K.   



34 

 

 

 

 
Figure 18: Autumn 1000mb T time series.  After initially declining, CR T has 

generally increased since the mid 1960s, although there is marked decadal variability. 

 

 

The surface thermal gradient (SST minus 2m T) timeline (Figure 19) is quite similar to 

the SHF/LHF and Bowen Ratio (BR) timelines, exhibiting a (T decrease induced) 

gradient increase in the late 1950s, followed by a (SST decrease induced) gradient 

decrease in the early 1960s, and then by a SST increase driven gradient increase that 

persists to the present.  The sea-air gradient increased from less than 1.5 K in the mid 

1960s to 1.85 K in the 2000s, and the sixty year trend was significant to the 99.9% 

confidence level.  
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Figure 19: Autumn surface thermal gradient time series.  The gradient has increased 

significantly since the mid 1960s. 

 

 

The beginning data period of the early 1950s, during which air temperature decreased 

modestly while SST held relatively steady, seems to have driven the flux increase that 

preceded the rapid (SST driven) flux decrease, which occurred during the early 1960s, 

despite a concurrent air temperature decline.  Thus, the 1000mb air temperature 

follows a similar trend as the flux and SST data.  However, following the initial large 

decline, the air temperature (T) increase has lagged SST and been of lesser magnitude.  

In contrast to the SST, the 1000mb temperature time series features marked decadal 

oscillations that may be driven by the North Atlantic Oscillation (NAO).  However, 

this variability is superimposed onto the longer term warming trend.  The initial 

SST/1000 mb T decrease in the early 1960s is notable because of the magnitude of the 

decline over a short period of time, as well as the subsequent rapid recovery to more 

"normal" conditions.  The atmosphere and ocean were remarkably in phase during this 



36 

 

 

 

time.  Explanation of this anomalous period is beyond the scope of this investigation.  

However, the "episode" does not obviously fall into either a long term trend, or a 

decadal atmospheric oscillation category.     

 

The 2m specific humidity (q) (Figure 20) exhibits an increase over time, with values 

increasing from 13.1 grams/kilogram (g/kg) in the mid 1960s to 13.8 g/kg in the 

2000s.  The sixty year trend is significant to the 95% confidence level.  The 

moistening may be a result of the higher SSTs.   

  

 
Figure 20: Autumn 2m q time series.  2m q has increased significantly since the mid 

1960s. 

 

 

In contrast to SST changes, surface air thermal and moisture changes need not vary 

similarly.  It is possible that anomalous evaporation is forcing the recent atmospheric q 

increase; however it is not clear why T would be less affected, especially since the BR 

is increasing.  Rather than functioning as a driving mechanism of SST changes, heat 
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flux appears to be the result of SST changes, since SST is warming despite the 

increasing turbulent oceanic heat loss.  Furthermore, potential source air located to the 

northwest of the CR (the northeastern US and southeastern Canada) has experienced a 

similar q increase recently.  This evidence suggests that the CR q change may be the 

result of a large scale atmospheric circulation or humidity change, and not only the 

result of an in situ change.  A portion of the atmospheric heating is latent, and involves 

a water vapor response.  In any event, the recent increase in q and relative humidity 

(RH) has contributed to an increase in the CR BR.   

 

The BR time series (Figure 21) is similar to the heat flux time series.  A maximum 

(minimum) in the late 1950s (mid 1960s) is followed by a rapid and then more gradual 

increase that persists to the present.  The BR peaked at 14% in the late 1950s, before 

reaching a minimum of 12% in the mid 1960s and has increased to 15.5% in the 

2000s.  The sixty year (latter thirty year) trend in BR is significant at the 99.9% (99%) 

confidence level.  The BR increase may affect the future CR sea surface density and 

heat content.  However, the reason that excessive CR ocean heat is being lost to a 

greater degree through thermal and not latent means is unclear since the planetary 

response may be different. 
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Figure 21: Autumn BR time series.  The CR BR has increased significantly since the 

mid 1960s.   

 

 

The cause of the autumn flux increase appears to be a CR SST increase.  Mean wind 

speed has not experienced a statistically significant increase, and air temperature has 

generally increased as well, which would negatively affect flux values.  The 1000mb 

meridional velocity variance (V Var) for the region 40° to 45° N, 55° to 60° W has not 

increased, which suggests that surface cyclone activity in the northern CR has not 

increased.  Insignificant V Var decreases (with appreciable inter-decadal as well as 

inter-annual variability) are observed for both "spring" and "fall" (Figure 22), as well 

as for January, April, July, and October (not shown).   
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Figure 22(a,b): Seasonal 1000mb meridional velocity variance.  The variance trends 

are not significant for autumn (a) or spring (b), and there are large inter-decadal 

oscillations.  

 

 

The early time period (early 1950s) was unusual in that the fluxes were initially 

increasing because the air temperature decline led, rather than lagged, the SST decline.  

Therefore, fluxes were still increasing prior to the late 1950s, though SST was 

decreasing.  Unlike the present, when the SST increase continues to lead and 

dominate, and the air temperature increase shows little indication of overtaking the 

SST rise, the trend of increasing flux briefly ceased during the 1960s "episode.”  The 

early 1960s SST drop initially outpaced the air temperature decline, but the trends 

quickly reversed in the late 1960s.  For this reason, early flux trends are ambiguous.   

 

The autumn flux and SST increase has significant ramifications for mode water 

production.  Since increased autumn turbulent fluxes are attempting to balance a 

radiatively or advectively warming CR ocean, the process involves removal of the 

seasonal thermocline rather than EDW formation.  The degree to which increased 

fluxes are able to erode a warmer thermocline, along with other atmospheric and deep 
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ocean changes, will determine the rate of EDW formation in the future.  If anomalous 

advective GS heat transport is driving the observed SST rise, then autumn is the time 

when increasing heat content would manifest itself most strongly.  Specifically, with a 

stable upper ocean and seasonal thermocline established, the strongest SST signal 

would be present in the fall.  During the spring, anomalous heat content would be well 

mixed into the upper ocean and released into the atmosphere, where it could be 

transported out of the CR.  Unfortunately, upper ocean heat content climatology data 

is not available.  Additionally, SST anomalies are most influential on the atmosphere 

on short time scales since the sea surface is the part of the ocean that interacts with the 

atmosphere.  Therefore, the strongest SHF/LHF trend should occur in fall, as is 

observed.   

 

During the winter and spring, increased atmosphere-ocean communication deepens the 

mixed layer and attenuates surface anomalies.  Also, during the synoptically active 

late winter, the atmosphere exerts strong, flux driven influence on the ocean.  Long 

term trends or variability in seasonal atmospheric conditions would be most evident 

during winter and spring when storms are most active.  And since the CR atmosphere 

is warming more slowly than the ocean, enhanced atmospheric involvement suggests a 

smaller positive flux trend in spring.  Specifically, the flux trend should be maximized 

in fall because very warm SSTs are just beginning to interact with the cooling 

atmosphere as synoptic activity and the advection of cool, dry continental air over the 

CR increase.  
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Spring data time series display marked decadal oscillations, although few sixty year 

trends are significant.  Figure 23a (23b) shows the CR spring (Julian Days 1:199, 

through July 18) LHF (SHF) time series, and notable decadal variability is evident.  

Heat flux maxima (minima) are present in the late 1950s, late 1970s, and 2000s (1950, 

1970, late 1980s).  The most notable distinction between spring SHF and LHF is that 

the present SHF local maximum is the largest value of the three, while the first (late 

1950s) LHF maximum is the largest.  SHF (LHF) maxima/minima values are 

approximately 36/30 W/m
2
 (130/118 W/m

2
).  Spring flux time series are distinct from 

their autumn counterparts, although some features are similar, including the 

increase/decrease couplet in the 1950s and early 1960s, a 1970s increase, and the most 

recent 1990s/2000s flux increase.  However, the mid-1960s minimum is shifted to the 

early 1970s, and the increasing trends in the late 1970s and 1990s/2000s are occurring 

too rapidly.  Furthermore, the rapid early 1980s decrease is absent in the autumn flux 

series.  Therefore, the overall autumn and spring trends appear to be forced by 

somewhat different variability mechanisms and the similarities may be coincidental.   
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Figure 23(a,b): Spring LHF and SHF time series.  Large inter-decadal variability is 

present. 

 

 

The spring SST timeline (Figure 24) indicates a rapid SST decrease through the late 

1960s, followed by a rapid rise in the early 1970s. A local minimum in the mid 1970s 

was followed by a modest increase until 1990, after which persisted smaller, sub-

decadal oscillations.  Unlike its autumn counterpart, the spring SST decrease began at 

the beginning of the period (1951), and after the subsequent correction period, the 

recent increase has been variable and smaller.  It is interesting that a pronounced 

1960s minimum occurs in the spring as well.  However, the spring SST minimum lags 

the fall minimum by several years.  Perhaps this is a result of ocean heat storage 

effects.  Due to its large heat capacity, the deep spring mixed layer may respond more 

slowly to thermal forcing.   

 

 

 

 

 

 

 

 



43 

 

 

 

 

 
Figure 24: Spring SST time series.  The SST minimum occurred in the late 1960s. 

 

 

There is marked CR spatial heterogeneity in the long term trends of heat flux and 

thermal fields.  An examination of the difference between 2000s and 1960s seasonal 

daily mean flux and thermal values is made to compare recent CR conditions to those 

during the anomalously cool 1960s.  The analysis reveals higher spring, autumn, and 

annual temperature and flux values in the 2000s than in the 1960s over most of the 

CR.  The most notable decadal differences occurred during the autumn. 

 

Autumn 2000s minus 1960s CR LHF (SHF) values (Figure 25a (25b)) are almost 

entirely positive, except in the southwestern CR.  The greatest LHF (SHF) increase of 

nearly 60 (18) W/m
2
 occurred at the MFP, while more modest increases occurred over 

the Sargasso Sea.  The significant MFP flux increase may be partially attributable to 

greater SST increase over the slope waters of the northern CR.  However, the 
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magnitudes of the differences are likely related to the absolute flux magnitudes of their 

given location.  The autumn SST increase (Figure 25c) was smallest in the 

southwestern CR, and ranged from 0.5 to 0.75 K over most of the Sargasso Sea.  

Northward from the GS, the increase was generally greater than 1 K, and values of 1.5 

to 2 K were observed in the northwest CR.  The CR spatial disparity in SST increase 

may be a function of shallow slope waters warming more quickly than deep Sargasso 

Sea waters in the open ocean.  Also, if GS advection is in part responsible for CR 

warming, a strong signal would be found in the GS region, and that is evidenced by 

Figure 25c.  Furthermore, the warming signal in the northern and northwestern CR 

would be largest in autumn when the seasonal thermocline is established and in situ 

radiative and advective warming would be dominant.  During springtime, turbulent 

flux cooling would partially counter the long term warming, especially in northern 

regions that warmed the most in the autumn.   

 
Figures 25(a-c): Spatial Pattern of 40 year Heat Flux and SST changes.  Flux changes 

were largest near the MFP and smallest in the southwestern CR, while SST increased 

the most (least) around the northwestern CR slope waters (Sargasso Sea). 

 

The spring 2000s minus 1960s CR LHF and SHF differences plot (not shown) has a 

less defined spatial pattern as compared to autumn, and the magnitude of the increase 

is smaller.   
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Autumn surface temperatures (Figure 26a) over nearly all of the North Atlantic Ocean 

and eastern North America increased between the 1960s and 2000s.  The most notable 

mid-latitude surface temperature increases of 1 to 3 K occurred over the GS extension 

and slope waters in a line from 40° N, 70° W to 50° N, 40° W.  The only other region 

of intense warming occurred near 70° N, where melting polar ice presumably caused 

large declines (rises) in albedo (T).  Many regions had T increases on the order of 1 K, 

while a few locations had small or negative changes.  A similar pattern is observed 

with 2m temperatures (Figure 26b).  1.5 K temperature increases occurred off of the 

mid-Atlantic coast in a region that overlaps with the warming SST.  However, the 2m 

T of eastern Canada, which is the potential event source-air region, warmed by about 

1.5 K.  Therefore, the CR region warming may be forced by local SST changes and by 

upstream atmospheric warming.  The surface thermal gradient (Figure 26c) has 

increased over most of the CR by 0.5 K.  The gradient steepened over the northern CR 

by nearly one degree, while increases in excess of one degree occurred at the locations 

immediately to the northeast of the CR.      

 
Figure 26(a-c): Spatial Pattern of 40 year autumn surface thermal gradient changes.  

Most of the mid-latitude warming occurred over the slope waters and GS extension 

region off of the New England and Canadian Maritime coast. 
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Global Climate Model Analysis 

The 20
th

 Century CR climate simulations of three GCMs, including the Model for 

Interdisciplinary Research on Climate (MIROC) 3.5 High Resolution (Model A), the 

NCAR Community Climate System Model (CCSM) 3 (Model B), and the United 

Kingdom Meteorological Office Hadley Centre Global Environmental Model, version 

1 (UKMO HadGEM1) (Model C), are examined in terms of their (time) mean states 

and climate time series.  Each twentieth century simulation continues through 2000, 

with Initial Conditions from Models C, B, and A beginning in 1861, 1871, and 1900, 

respectively.  It is important to understand the way in which global climate models 

that are forced by the observed atmospheric carbon dioxide (CO2) concentration 

increase simulate climate change.  Specifically, the ability of the models to reproduce 

the recent regional climate and trends over the CR is analyzed.   

The models’ mean state spatial patterns and time series of CR thermal and flux fields 

differ significantly from Reanalysis.  The modeled spatial distribution of SST, LHF, 

and SHF exhibit several notable distinctions from Reanalysis.  The SST (Figure 27) in 

models B and C is too warm in the western CR near 38° N, 70° W, and the separation 

between the GS and southern CR warmth is excessive.  However, the SST in the 

southern CR of model C is too cool by one degree.  Similarly, model A features a 

westward SST increase that is too large compared to the southward increase.       
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Figure 27(a-d): Models and Reanalysis 1950 to 2000 mean Atlantic Basin SST fields. 

 

The region of maximum heat flux in the models is generally too far to the west 

(Figures 28 and 29), which may be partly related to the excessive SST in that region.  

The SHF (Figure 28) in model A is too low in maximum magnitude and in the 

extreme northwestern CR.  The maximum flux region is west of its Reanalysis 

position, and features a larger positive tilt.        
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Figure 28(a-d): Models and Reanalysis 1950 to 2000 mean Atlantic Basin SHF fields. 

 

 

The modeled maximum LHF region is west of its Reanalysis position (Figure 29).  

The spatial variability of the LHF field in model A follows closely with SST 

variability, and exhibits excessive (insufficient) westward (northward) increase.  The 

LHF magnitude in model C and B is too large, and the LHF is the extreme NW CR in 

model C is too high relative to the southern CR. 
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Figure 29(a-d): Models and Reanalysis 1950 to 2000 mean Atlantic Basin LHF fields. 

 

The twentieth century simulations generally show a warming atmosphere-ocean 

system over time, which is consistent with observations, but also feature an overall 

warm bias.  The magnitude, timing, and air-sea distribution of the warming are not 

consistent between the models and reanalysis or among the three models.  There are 

significant thermal oscillations on decadal and other temporal scales, and these small 

temporal trends are not well simulated by the models.  The models tend to struggle to 

represent observed 1950 to 2000 (Reanalysis) trends, although 1000mb T and SST 

time series are better represented than turbulent heat flux.  The correlation between 

Reanalysis and model SHF/LHF is poor and often near zero.  The model-Reanalysis 

heat flux time series correlation coefficients are at or less than 0.05 except for model C 

fall LHF.  By contrast, the correlation for model C fall (spring) SST is 0.39 (0.41).  
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The strong Reanalysis (1965 to 2000) time trends for autumn LHF and SHF (0.67 and 

0.58) are generally lacking in the models (Figure 30).  The time correlations for model 

A (B) for LHF and SHF are 0.10 and 0.02 (0.10 and -0.10).  Also, the magnitude of 

the post 1960s SST increase is not duplicated by the models (Figure 31).  Unlike 

Reanalysis, models A and C do not show seasonality in SST and heat flux trends, 

which suggests that the models are not capturing a key element of observed CR 

variability.  Despite significant inter-model variability, intra-model differences 

between SST, Surface Air Temperature, and 1000mb T time series are minimal.  The 

models represent the 1950-2000 time series differently; however, each captures a 

crucial observed element well.  Model A reproduces the mid 1960s cool period quite 

well.  Model B displays seasonality of the trends.  Autumn warming is pronounced 

while decadal oscillations and short term variability dominate over secular trends 

during spring.  Model C shows significant autumn warming late in the period (circa 

1990).  The correlation with time of model C fall SST (ST) for 1965 to 2000 is 0.57 

(0.42), while the Reanalysis time correlation is 0.78 (0.58).   
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Figure 30: Models and Reanalysis 1950 to 2000 CR Heat Flux time series. 

 

Figure 31: Models and Reanalysis 1950 to 2000 CR SST time series. 
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Conclusions 

The goal of the CLIMODE Project is to understand the formation, advection, and 

transformation of EDW, which is the subtropical mode water of the Sargasso Sea.  

This investigation explores the weather pattern associated with large CR wintertime 

turbulent heat loss, which leads to EDW formation.  The CR climate circulation 

pattern is very dynamic, and features the three principle steps in meridional heat 

transport, including an oceanic WBC (the GS), strong wintertime atmospheric 

baroclinicity and storminess, and significant ocean-atmosphere interaction.  Large 

upward sensible and latent heat fluxes occur as cold, continental air passes over warm 

waters during the winter.  The region owes its large turbulent heat fluxes to a unique 

combination of factors.  The GS is a WBC that transports oceanic heat poleward, and 

lies immediately east of a continent that is cold during winter when the mean 

atmospheric westerly flow exposes the adjacent ocean surface to continental air 

masses.  Orographic forcing from the Rocky Mountains creates a stationary 

atmospheric wave pattern that causes a downstream semi-permanent trough that adds a 

northerly component to the wind over the CR.  Therefore, heat is removed from 

anomalously warm water (compared to the zonal average) by anomalously cold air.  

Periodic cold advection within the CR trough leads to oceanic heat loss from seasonal 

heat storage and meridional oceanic heat transport.   

EDW is isolated from the atmosphere each summer as solar insolation forms a 

seasonal thermocline of warm surface water.  However, the EDW is able to effectively 

maintain the characteristics achieved during the formation.  During an ensuing winter 
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featuring severe cold air outbreaks, an erosion of the seasonal thermocline allows the 

reemergence of the one to five year old EDW.  Any horizontal thermal anomalies 

present are re-exposed to atmosphere.  It is unknown if the presence of mode water 

affects the ocean circulation, or if changes in mode water formation and advection 

could alter large scale ocean processes.           

The weather pattern and trends associated with turbulent heat loss events over the CR 

were examined in this investigation.  Cold season heat loss is event-based since 40% 

of local sensible heat flux occurs on 17.5% of days.  Analysis of the GPH field event-

day composite mean indicates that the archetypal event consists of a 500 mb trough 

and a surface pressure couplet near the CR.  With high (low) pressure centered slightly 

west (northeast) of the CR, anomalous NNW flow draws cold air across the warm GS 

waters.  However, further analysis of individual events indicates that the exact zonal 

position of the event day trough axis and the relative strength of the surface couplet 

members are variable.   

Event days feature NNW winds of 15 to 20 m/s over the MFP.  Dry air is transferred 

from the interior of Canada to the CR during event causing patterns, and negative 

specific humidity anomalies at the surface and aloft move from south of Hudson Bay 

on Day -2 to the CR on event day.  Subsidence immediately west of the CR on event 

day is consistent with rising SLP, and helps to entrain dry, free atmosphere air and 

momentum into the BL.  The duration of LHF is extended after cold frontal passage 

by continued infiltration of dry air and wind energy to the surface, even as adiabatic 
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warming decreases the SHF.  The event pattern in October is distinct from its 

wintertime counterpart.  With a warm SST, dry air moving over the CR can induce 

significant heat loss without the aid of a powerful storm system.  October events are 

often driven by surface high pressure advancing offshore as a ridge builds into the 

Northeastern US and a positively tilted trough lies east of the Canadian Maritimes.  

The mean October event trough position is about 4 degrees longitude east of the mean 

March position.  During March, the 500 mb mobile trough has no tilt and the flow 

over the CR is northwesterly and cyclonic.       

The vertical thermal structure on event days is consistent and well defined.   Event 

days feature a well mixed boundary layer with a dry adiabatic lapse rate up to the 

cloud layer.  A strong inversion is present above the cloud layer, with rapid warming 

and drying occurring at approximately 850 mb.  The remainder of the troposphere 

features a sub-saturated, sub-adiabatic vertical profile.  Strong, westerly backing winds 

are present throughout the troposphere.  By contrast, non-event days are not consistent 

and have variable cloud levels and a sub-adiabatic thermal profile with no clear BL.  

The wind profile is directionally random with weak winds aloft.    

An analysis of sixty year Reanalysis flux and thermal data time series indicates 

significant trends and climate variability over the CR.  Autumn time series show that 

SST is warming more than surface air temperature, and so the vertical thermal 

gradient is increasing.  This is driving an increase in autumn turbulent heat flux.  The 

BR is also rising over time.  The relative SHF increase (compared to LHF) is a 
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consequence of both increasing atmospheric specific humidity, and of a SST increase 

occurring primarily in the coolest portions of the CR.  The wind magnitude has varied 

considerably over decadal time scales, but these changes are not driving the secular 

trend in autumn heat flux.  Thus, significant secular trends are apparent during the 

autumn, and rising SST is driving an increase in autumn turbulent heat flux.   

Spring time series indicate large decadal oscillations in SHF and LHF, but no clear 

trends.  Aside from an anomalously cool period in the mid 1960s, with a rapid decline 

followed by a quick recovery period, there is no clear trend in the thermal fields.  

Decadal variability is the dominant pattern during the spring.  Since a warming ocean 

is the primary CR trend, the lack of a spring signal is not surprising, since any autumn 

SST anomaly is likely to be attenuated during the spring as the atmosphere exerts a 

greater influence on the sea surface, and excess ocean heat is distributed into a deep 

mixed layer or released into the atmosphere.  The marked differences between spring 

and autumn time series highlight the role that seasonality plays on long term CR flux 

time trends, in addition to its impact on annual and short term flux patterns.   

Additional observed autumn CR turbulent heat losses are in response to an initially 

warmer seasonal thermocline, and may not lead to increased future EDW formation.  

Essentially, the warmer autumn SST serves as a larger activation energy threshold to 

be satisfied before production may begin.  Only augmented spring heat loss due to 

increased cold air advection or atmospheric storminess would likely induce greater 

EDW formation.   
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Identifying the strengths and weaknesses of GCMs by examining their performance in 

simulating the recent climate is paramount in deciding whether these models provide 

reliable scenarios of future climate.  In this investigation, the observed CR 

(Reanalysis) data are compared to the climate data output from three coupled GCMs.  

There are notable differences between the Reanalysis data and model output for the 

CR.  The modeled SST is too warm in the western CR, and the region of maximum 

heat flux is too far to the west.  The correlation between Reanalysis and model 1950 to 

2000 time series are variable but generally weak.  Most significantly, the models do 

not show the observed degree of autumn SST warming and fail to capture the large 

positive trends in autumn LHF and SHF.  The chosen GCMs do not adequately 

represent the spatial distribution of CR SST and heat flux gradients, nor do they 

accurately simulate the short-term, regional thermal and heat flux trends.  It is possible 

that a certain ensemble run among the spectra of possibilities in these three models 

would accurately reproduce 20
th

 century climate.     

The models have the greatest difficulty with the air-sea interface exchange values like 

SHF and LHF.  This limitation is particularly crucial in the CR where strong 

atmosphere-ocean interaction may substantially impact the regional climate through 

various feedback mechanisms.  The CR features strong thermal and heat flux 

gradients.  Model errors in the mean CR state spatial distribution of SST and heat flux 

are particularly detrimental to understanding and predicting its climate.  The 

climatically dynamic nature of the region may in part contribute to the difficulty in 

simulating observed climate. 
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Future Work 

Understanding the role of the atmospheric controls on EDW production is of crucial 

importance for the prediction of future EDW formation.  It is also evident that more 

work is needed to clarify rates of EDW transformation over time, and patterns of 

EDW advection within the subtropical gyre.  Most significantly, will climate change 

affect future mode water production and what effect will changing EDW volumes 

have on the dynamics of ocean circulation and the energy balance of the climate 

system?  It is clear from external analysis that climate models do not always 

effectively capture the nature of the mean climate state or trends, especially in 

dynamic regions like the CR.  With the presence of strong gradients in air temperature 

and SST, even small errors in the placement of the GS or the atmospheric storm track 

significantly affect local processes like wintertime heat flux distribution.   

It is unclear how the continuing autumn SST increase will alter the seasonal cycle of 

EDW formation.  The onset of EDW production may be delayed until later in the cold 

season if increasing autumn turbulent heat loss is unable to keep pace with increasing 

SST by completely removing excess autumn surface ocean heat content.  Were the 

onset of production to occur later over time, the formation period would likely be 

shortened.  This may result in a short term decrease in volume of EDW formation.  If 

the Atlantic Basin upper ocean heat content increases over time, the long term effect 

may be the creation of a new mode water with a warmer uniform temperature.  It also 

remains unclear how anomalous heat will be distributed in the CR climate system. 

Specifically, the degree to which CR atmospheric heating is being driven by 
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anomalous turbulent heat flux versus local radiative forcing and advection is not 

known.    

Further investigation is required into whether different types of event causing synoptic 

evolutions are distinct patterns or are subtle variations of the same fundamental 

weather pattern.  There may be a broad distribution peak of event causing trough axes 

locations.  Quantification of the occurrence frequency and relative contribution to total 

CR heat loss of different pattern types would be helpful for determining future EDW 

production utilizing only atmospheric data.   

Research is also warranted regarding the various feedback mechanisms involving air-

sea interaction.  For example, intense local atmospheric baroclinicity leads to 

wintertime storminess, which enhances ocean heat loss that affects the low level 

baroclinicity.  Although the storm track is primarily driven by the large scale 

atmospheric meridional temperature gradient in the mid latitudes during winter, the 

CR storm track is enhanced by the presence of a trough in the stationary Rossby wave 

train, and by local land-sea and GS surface horizontal thermal gradients.  Various 

modeling studies have suggested that large oceanic turbulent heat loss would increase 

or decrease local atmospheric baroclinicity.  Others have said that anomalous ocean 

heat loss would strengthen or weaken the GS.  Still others claim that synoptic storm 

system induced wind stress alters the state of WBCs.  Further knowledge is needed 

regarding BL entrainment during cold air outbreaks and the effect on heat flux.   
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Complimentary modeling studies would be helpful for understanding many of these 

complex and interrelated issues. If an atmospheric model forced with observed SST 

changes could recreate observed atmospheric trends, it would be compelling evidence 

that SST changes are driving the climate changes that have occurred over the CR over 

past half century.  Improved simulation of the mean state of the atmosphere and ocean 

in GCMs is a crucial first step in enhanced simulation of future climate.  It is the hope 

of the author that this investigation will provide insight into the complex nature of the 

CR climate, and will aid coupled climate models in simulating CR and global climate.   
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