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Key Points: 

• Heat transport during landfalling atmospheric rivers is explicitly computed for Western 
North America and Europe.  

• Under global warming, latent heat transport increases across all regions in the mid-
latitudes where sensible heat decreases (increases) for Western North America (Europe). 

• Upper-level meridional wind component dominates changes in heat transport. 
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Abstract 

 
Meridional sensible and latent heat transport is evaluated for regions with landfalling 

atmospheric rivers using both MERRA-2 reanalysis and fully coupled CESM1.3 high-resolution 

climate projections. Western North America, the United Kingdom, and the Iberian Peninsula are 

chosen to represent regions significantly impacted by atmospheric rivers (ARs).  CESM1.3 

historical simulations can accurately represent both sensible and latent regional meridional heat 

transports compared to MERRA-2 both for the total period analyzed (1980 – 2016) and for days 

with atmospheric rivers only.  Uncertainty in these calculations due to AR identification is 

assessed by applying available Tier 1 AR-catalogues from Atmospheric Tracking Method 

Intercomparison Project (ARTMIP) to the MERRA-2 analysis.  CESM1.3 climate projections 

suggest that under global warming, latent heat transport increases across all regions in the mid-

latitudes where sensible heat decreases (increases) for Western North America (Europe). 

Generally, changes to the meridional heat transport are forced by the upper-level meridional 

wind component.  

Plain Language Summary 

Atmospheric rivers (ARs) are long, filamentary structures in the atmosphere that transport 
significant amounts of water and energy from lower latitudes to higher latitudes. They can be 
considered a subset of an extratropical storm and are commonly found in the mid-latitudes. To 
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date, the majority of research has focused on water transport simply because ARs are an 
important part of Earth’s hydrological cycle and can act as either drought-busters or mechanisms 
for catastrophic floods, particularly in regions such as western North America and western 
Europe. Here, rather than focusing on water transport, we analyze two key contributors to total 
energy transport in the atmosphere: (1) heat produced by the phase changes of water (latent 
heat), and (2) heat produced by a change in temperature (sensible heat). With global warming, 
for days with landfalling atmospheric rivers, we find that sensible heat transport decreases for 
western North America but increases for western Europe. Latent heat transport, however, 
increases across all regions.  

1 Introduction 

 
Atmospheric rivers (ARs) are typically known for their ability to transport large amounts of 

moisture from tropical and sub-tropical locations into the mid and high latitudes (Bonne et al., 

2015; Dettinger, 2011; Dettinger et al., 2011; Gorodetskaya et al. 2014; Ralph et al., 2004, 2005, 

2011, 2013).  They provide relief to drought-stricken communities (Dettinger, 2013), or they can 

inundate coastal locations, causing floods and natural disasters, such as the Oroville Dam Crisis 

in northern California in the winter of 2017 (Vahedifard et al., 2017).  Much of the research to 

date has focused on the hydrological cycle aspects of ARs with examples from identifying 

moisture sources and impacts of aerosols (Dacre et al., 2015, Ramos et al. 2016, Ralph et al., 

2017a) to evaluating extreme precipitation and its impacts on the water table, snowpack, and 

local communities (Neiman et al., 2008; Neiman et al., 2011; Guan et al., 2012; Lavers et al., 

2012; Lavers and Villarini, 2013; Lavers and Villarini, 2015).  Research has also been conducted 

on widely different climate regimes from paleoclimate, (e.g., Last Glacial Maximum, Lora et al. 

2017, and Eocene, Kiehl et al., 2018), to future climates under global warming (Chang et al., 

2012; Espinoza et al. 2018; Hagos et al., 2016; Lavers et al., 2013; Lavers et al., 2015; Mizuta, 
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2012; Payne and Magnusdottir, 2015; Shields and Kiehl, 2016a, b; Warner et al., 2015). 

However, other than quantifying the thermodynamical contributions of moisture transport under 

climate change (Gao et al., 2015, 2016; Sousa et al. 2019), and investigating air temperature 

within the ARs themselves, (Gonzales et al., 2019), little research has been devoted to 

investigating the energy transport explicitly by atmospheric rivers.  Understanding energy 

changes within ARs is an important new direction identified by the scientific community (Ralph 

et al. 2017b). 

 

In the total energy budget, meridional features are the primary mechanism that carries energy 

poleward (Barry et al., 2002). There have been numerous studies looking at the changes in the 

storm track under global warming (e.g., O’Gorman, 2010; Tamarin-Brodsky and Kaspi, 2017) as 

well as theoretical and modeling studies from the lens of energy transport (Colman et al. 1994; 

Wu et al., 2010; Siler et al. 2018; Armour et al., 2019).  For our study, we specifically focus on 

atmospheric rivers, (a subset of mid-latitude storms), and evaluate meridional heat transport over 

three regions commonly impacted by landfalling ARs, (1) western North American, (2) the 

United Kingdom, and (3) the Iberian Peninsula.  As a first step toward understanding the 

contribution of ARs to the meridional heat transport, we focus on the sensible and latent heat 

transports (SHT, LHT respectively).  This work is organized as follows:  In section 2, we present 

details and methodology for both MERRA-2 and CESM1.3 datasets.  Catalogues from Tier 1 

ARTMIP (Atmospheric River Tracking Method Intercomparison Project) are applied to address 
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uncertainty due to AR detection methodology (Shields et al. 2018a, b; Rutz et al., in revision).  In 

section 3, we evaluate heat transport by atmospheric rivers using a) the MERRA-2/ARTMIP 

analysis, b) the CESM1.3 historical simulations compared to the MERRA-2, and c) the 

CESM1.3 climate change simulations. Section 4 discusses the primary mechanism behind the 

meridional heat transport climate response and section 5 summarizes our work.  

 

2 Data and Methods 

 

2.1 MERRA-2 Reanalysis and ARTMIP 

 

MERRA-2 (Modern Era Retrospective-Analysis for Research and Applications, (Gelaro et al., 

2017, Data DOI number: 10.5067/QBZ6MG944HW0) reanalysis data, is used for this work to 

approximate observations. The period, 1980-2016, was chosen to encompass ARTMIP data so a 

systematic comparison between methodologies could be accomplished as well as quantifying 

uncertainties in the heat transport quantities simply due to the detection algorithm. ARTMIP is a 

grassroots effort designed to provide the community with a means of quantifying uncertainties in 

AR science due to the many detection algorithms currently used and found in the literature 

(Shields et al. 2018, also see ARTMIP website: http://www.cgd.ucar.edu/projects/artmip/). 

Drawing on catalogues available through ARTMIP, heat transport is computed for ARTMIP 

MERRA-2 catalogues to determine the spread amongst the methodologies (Supplemental Table 
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1; Brands et al., 2016; Gershunov et al., 2017; Goldenson et al., 2018; Guna and Waliser, 2015; 

Hagos et al., 2016; Lavers et al., 2012; Lora et al., 2017; Mundhenk et al., 2016; Muszynski et 

al., 2018; Payne and Magnusdottir, 2014, 2015; Ramos et al., 2016; Rutz et al., 2014; Sellars et 

al., 2015, Shields and Kiehl 2016a,b).  Heat transport equations (1) and (2) are shown in Section 

3 and employ full 3d-field daily reanalysis fields for wind, temperature, and specific humidity. 

AR tracking is done at 3-hourly intervals, as per ARTMIP design.  

 

2.2 CESM1.3 Model Description and Simulations 

 
CESM1.3 is the high-resolution version of the standard Community Earth System Model 

(version 1.3), but with several modifications documented in Meehl et al. (2019).  The atmosphere 

component is CAM5 (Neale et al. 2010; Park et al. 2014) and employs the spectral element 

dynamical core (Taylor and Fournier, 2010; Dennis et al. 2012) at 0.25o resolution(ne120) unlike 

other standard 1o CESM1 simulations (Hurrell et al. 2013).  The land component is CLM4 

(Lawrence et al. 2011) at 0.25o resolution, and the river transport model is RTM, at 0.5o 

resolution. The ocean component is POP2 (Smith et al. 2010, Danabasoglu et al. 2011), and the 

ice component is CICE4 (Hunke and Lipscomb, 2008), where both the ocean and ice are 

integrated at a nominal 1o resolution. The high-resolution version of CESM is the preferred 

configuration because increasing horizontal resolution has been shown to better represent the 

regional hydrological cycle and ARs in particular (Hagos et al. 2015, Shields et al. 2016c).   
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Ensemble simulations for both historical and RCP8.5 (Representative Concentration Pathway) 

experiments were analyzed, although due to some data loss, parts of this analysis did not use all 

members (supplemental Table S2). Years 1960-2005 (historical simulations, three ensemble 

members) and 2070-2099 (RCP8.5 simulations, two ensemble members) were included for all 

AR tracking and statistics, at 6-hourly intervals (see supplemental Figures S1 and S2 for AR 

tracking statistics compared to MERRA-2). Heat transport terms were taken from mean 3-hourly 

data and averaged to daily frequency to match the MERRA-2 data. High-temporal frequency 

output is available for heat transport calculations (full field wind, moisture, and temperature) for 

model years 1991-2005 (historical, one ensemble member) and 2070-2099 (RCP8.5, one 

ensemble member), although only annual data representing the mean states are presented here. 

Seasonal cycle climatologies were computed using monthly data, years 1960-2005 and 2070-

2099, respectively.  

 

Section 2.3 AR detection for Climate Change 

 

For CESM1.3 data, the Shields and Kiehl algorithm (Shields and Kiehl 2016a; 2016b), 

henceforth called SK2016, is specifically chosen to detect ARs for CESM1.3 data because it was 

uniquely developed to detect ARs for high-resolution climate change projections.  Three regions 

are targeted for landfalling ARs: (1) western North America (32°-52°N, henceforth called 

This article is protected by copyright. All rights reserved.



 

 

WNAM), (2) United Kingdom (49°-60°N, UK), and (3) the Iberian Peninsula (35°-49°N, Ib).  

ARs are required to be longer than they are wide (requiring a 2:1 grid point ratio and a length of 

at least 200 km), the 850hPa wind direction must be from the southwest (180 – 270o) for western 

North America and have a westerly aspect (180-360o) for western European regions. The 85th 

percentile of the magnitude of the 850hPa wind vector is computed to impose a minimum wind 

strength threshold. It is computed self-consistently from the dataset where ARs are being 

detected.  The primary control is the moisture anomaly field where total column water (i.e., 

integrated water vapor, IWV), is computed using an empirical formula provided in Zhu and 

Newell (1998), tested in Newman et al. (2012), and also used by Gorodetskaya et al. 2014. 

Moisture thresholds are based on spatial anomalies and are calculated for each latitudinal band 

using both the zonal mean and maximum values for IWV.  The moisture threshold reference 

value is then used at each grid point along the coastline to determine if AR conditions exist for 

each 3-hour interval.  The SK2016 detection algorithm is designed to extract stronger storms and 

ignore weak ones, and thus, is one of the most restrictive algorithms in the ARTMIP suite (Rutz 

et al. in revision). Comparing the SK2016 to the ARTMIP spread allows the reader to understand 

how this method varies from others regarding meridional heat transport calculations.   

 

3 Heat Transport in Landfalling Atmospheric Rivers 

 
Similar to Colman et al. (1994), we define sensible and latent heat energy transports as follows: 
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SHT =  ∫  1
g

(𝑐𝑝 𝑣T) dp Ptop
Pbot                (1) 

LHT =  ∫  1
g

(𝐿 𝑣q) dp Ptop
Pbot                 (2) 

 

where SHT signifies sensible heat transport, LHT is latent heat transport, cp is the specific heat 

constant, L is the latent heat of vaporization, g is gravity, T is temperature, q is specific humidity, 

and v represents the meridional wind.  Ptop and Pbot represent the top and bottom pressure layers 

and the integral limits (for model or reanalysis data, Ptop is represented by the pressure at the 

tropopause). Total atmospheric energy transport also includes potential energy; however, we do 

not consider potential energy here because our focus is climate change and mechanical energies 

have been shown to have a small or negligible effect (Pan et al., 2017).  Only landfalling ARs are 

evaluated and isolated over the targeted regions so that heat transport data can be explicitly 

calculated without influence from other AR-like structures and/or significant moisture transports 

such as monsoonal flows and tropical cyclones.   

 

Heat transport data is computed daily for the full period (i.e., Equations 1 and 2 are solved for 

each day from 1991-2005). We refer to the daily heat transport for the full period as "All-days." 

Within this dataset, a subset of days with atmospheric rivers are referred to as "AR-days.” These 

"AR-days" are days where catalogues register AR conditions at any interval during that calendar 

day. All-days and AR-days are composited into annual means and transport is computed across 
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the regional boundary. Annual composites of MERRA-2 SHT (left panels, red) and LHT (right 

panels, green) are shown in Figure 1 for All-days (heavy, black lines), the ARTMIP spread 

(shaded), and ARTMIP median values (color dashed). MERRA-2 AR-days identified by the 

SK2016 algorithm are superimposed as a black dashed line. Longitudinal bounds are noted in the 

above each panel on the right and scaled by the great circle distance to produce the conventional 

unit of PW. The broad longitudinal swaths shown incorporate not only the coastal regions where 

ARs make landfall, but also upwind oceanic regions impacted during the AR life cycle.  

 

Each row of Figure 1 shows a different region; WNAM is shown in the upper panels, the UK in 

the middle panels, and the Ib in the lower panels. Note that although the UK and Ib domains are 

computed across the same longitudinal bounds, and plotted from 20°N to 60°N, the difference 

between these panels highlights the difference between synoptic-scale ARs making landfall over 

the UK, and those making landfall over the Iberian Peninsula. Although they are broadly similar, 

there are some differences between the European regions, especially for LHT where there is a 

larger ARTMIP spread and broader transport across the mid-latitudes for the Iberian Peninsula. 

This spread could, in small part, be due to different number of algorithms that specifically target 

the Iberian Peninsula, (see supplemental Table S1). The ARTMIP spread illustrates the general 

agreement in heat transport across different algorithms. The SK2016 algorithm tends to be closer 

to the maximum value for SHT, and closer to the median in the mid-latitudes (40o-60oN) for 

LHT.  Given the SK2016 is designed to detect stronger storms, it is not surprising that this 
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algorithm appears closer to the maximum for SHT values.  Also worthy of note is that for most 

cases, AR-days (median and maximum) tend to exceed All-days in the mid-latitude bands where 

ARs are most active.  

Figure 2 shows a comparison of heat transport quantities in CESM1.3, a sophisticated fully 

coupled earth system model, against the MERRA-2 reanalysis. Both AR-days (dashed lines) and 

All-days (solid lines) are shown for the same regions as in Figure 1.  Relative to MERRA-2, the 

model estimates both the latitudinal distribution of heat transport and its absolute value (shown 

as PW) reasonably well. AR-days (dashed) for both MERRA-2 and CESM1.3 clearly transport 

more sensible heat for WNAM in the mid-latitudes compared to All-days, although this 

relationship is less pronounced for European ARs, which is also seen in Figure 1. For all regions, 

LHT AR-days (dashed) exceeds All-days for most latitudes with general agreement between 

CESM1.3 and MERRA-2.  The exception to this relationship is seen for WNAM and the Iberian 

Peninsula, where in the upper mid-latitudes, LHT All-days (solid) exceed AR-days.  

Finally, SHT and LHT are computed for both the historical and RCP8.5 simulations (Figure 3) 

for the same regions and domains as in Figures 1 and 2. The historical simulation is shown in red 

for SHT and green for LHT, whereas the RCP8.5 is purple for the respective panels. Dashed 

lines are AR-days and solid lines are All-days.  As one might expect, for WNAM, a region 

dominated by ARs originating deeper into the tropical and subtropical bands, SHT is reduced for 

both AR-days and All-days for the mid-latitudes, although ARs are still carrying more heat, on 

average, than All-days. The European regions are projected by CESM1.3 to receive a modest 
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increase in heat transport for the mid-latitudes, an area that is dominated by the eddy driven jet 

and where heat and moisture are sometimes sourced from both lower mid-latitude and 

subtropical bands. LHT is projected to increase for all the regions northward of 40oN, regardless 

of AR subsetting. AR-days (dashed), however, are offset equatorward compared to All-days 

(solid), consistent with ARs dominating moisture transport at these latitudes.  Although all areas 

experience an increase in LHT (purple lines), it is only across WNAM under global warming that 

AR-days shift poleward by ~2o of latitude, (green dashed versus purple dashed).  

Figures 1-3 have focused on the broader AR life cycle regions; however, examining the spatial 

fingerprint for each region is important when looking at climate change mechanisms as discussed 

in Section 4.  At the coastlines (Supplemental Figures S3 and S4), ARs tend to carry more heat 

compared to All-days (not shown) but are very similar to Figure 3. The exception is WNAM, 

where the climate change due to global warming is different for the coastline domain compared 

to the life cycle region. For the greater domain, SHT is projected to decrease, and along the 

coastline and over the continent, the SHT signal is weak and slightly positive. Therefore, for the 

mechanism discussion, we will show both coastal and broader domains.  

4 Mechanism  

 

The driving force behind how and why frequency metrics change, regionally, in a warming 

world (i.e., more or less ARs) can be tied to their response to jets and the zonal wind (Shields 

and Kiehl, 2016a and 2016b; Payne and Magnosdottir 2015).  As seen from Equations (1) and 
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(2), however, heat transport is driven by the meridional wind.   Therefore, the response of the 

meridional wind to climate change needs to be considered.  Climate change meridional wind 

(300 hPa and 850 hPa) climatologies for WNAM and UK domains (180W-90W, 50W-30E, 

respectively) and coastlines (130W-110W, 30W-0E) are illustrated via Hovmöller diagram in 

Figures 4 (WNAM) and 5, (UK) left and center-left panels. For points of reference and a holistic 

view of the components of heat transport, historical and RCP8.5 climatologies are plotted with 

variance values in Figures S5-8 along with temperature and specific humidity changes (SF9-10). 

Monthly climatologies start in July and progress through June to emphasize the cool season 

months and peak AR activity (Neiman et al., 2008; Lavers et al. 2010; Ramos et al., 2015). 

Statistical significance, shown with stippling at the 95% level, shows broad areas of significant 

change for the meridional wind at both 300 and 850 hPa for all domains. Transport terms for 

sensible heat (center-right panels) and latent heat (right panels) are also plotted in the same style 

to compare spatial patterns with significance testing relaxed to the 90% level. For simplicity we 

only show transport terms from landfalling UK ARs, which have a signature similar to Iberian 

ARs.  The coastal domain patterns in Figures 4 and 5, primarily peak between 30o and 60oN for 

both SHT and LHT consistent with the location of peak ARs frequency. Climate change in 

meridional heat transport is clearly well correlated to the meridional wind although SHT is far 

stronger than LHT. Key winter months and the seasonal progression from boreal winter into 

spring from lower to mid-latitudes align very well with upper-level wind. (Note that, as in 

Figures 1-3, the absolute values of LHT are approximately an order of magnitude less than 
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SHT). The emphasis on late summer and early fall for WNAM LHT is likely, in part, due to 

background moisture availability in a warmer world, under the Clausius-Clapeyron relationship, 

compared to the historical period.  For the broader “life cycle” domain, reductions in WNAM 

SHT reflect elements of both upper and lower meridional wind response, as do LHT, but with 

less significance. The broad pattern of reductions in LHT is consistent with weaker winds in the 

lower-mid-latitudes and stronger winds in the upper-mid-latitudes. For the larger UK domain, the 

pattern approximates the coastal pattern with the highest significance in the LHT term and peak 

changes occurring in the shoulder seasons, a finding consistent with projected changes in AR 

frequency (Shields et al., 2016, Warner et al, 2015).   

  

5 Discussion and Summary 

We diagnose meridional heat transport by atmospheric rivers for three regions commonly 

affected by landfalling ARs, using both MERRA-2 and high-resolution CESM1.3 model data. 

We explicitly compute both meridional SHT and LHT for landfalling ARs impacting western 

North America, the UK, and the Iberian Peninsula using MERRA-2, ARTMIP Tier 1 catalogues, 

and CESM1.3 data. We show that there is general agreement in both transport quantities and 

latitudinal distribution for these terms across ARTMIP members for the MERRA-2 data, as well 

as across MERRA-2 reanalysis data and CESM1.3 historical model output.  Under global 

warming, using the SK2016 algorithm and high-resolution CESM1.3 climate change model 
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output, we show that latent heat transport increases across all regions in the mid-latitudes 

although there is a different latitudinal signature for AR-days compared to the all days across the 

full record. For sensible heat transport, western North America (Europe) is projected to 

experience less (more) heat transport by ARs.  The mechanism driving the changes in meridional 

heat transport by ARs can be primarily tied to upper-level meridional winds, although regional 

differences exist. Coastal domains provide a focused view of heat transport by landfalling ARs, 

while the broader domains inform the larger-scale response.  Mechanistic differences between 

regional ARs in the context of heat transport are evident, in particular for LHT, and illustrate the 

importance of evaluating ARs from a regional perspective where the climate change response 

depends on the flavor of AR. 
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Figure 1. ARTMIP spread for MERRA-2 (1980-2016) heat transport via atmospheric river (AR) 
for sensible heat (left panels, red) and latent heat (right panels, green). ARTMIP median values 
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are dashed with the maximum and minimum highlighted with shading. Black dashed lines 
indicating where the Shields and Kiehl algorithm lies relative to the ARTMIP spread. Dark solid 
lines indicate full heat transport for All-days. WNAM (Western North America, top panels), UK 
(United Kingdom, middle panels), and Ib (Iberian Peninsula, bottom panels) are plotted 
(longitude range included in mean is given in parenthesis). Transport is computed as an annual 
mean and the units are in PW.  

 

This article is protected by copyright. All rights reserved.



 

 

  
 

This article is protected by copyright. All rights reserved.



 

 

Figure 2. Similar to Figure 1 except MERRA-2 Shields-Kiehl AR catalogue (SK2016; black dashed 
line, years 1980-2016)) is compared to CESM1.3 historical simulations (red lines for sensible heat and 
green lines for latent heat, years 1991-2005). AR-days (dashed) are compared to All-days (solid).  
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Figure 3. Similar to Figure 2 CESM1.3 historical simulations (red lines for sensible heat and green lines 
for latent heat, years 1991-2005) are compared to RCP8.5 simulations (purple lines, years 2070-2099). 
AR-days (dashed) are compared to All-days (solid). 

This article is protected by copyright. All rights reserved.



 

 

 

Figure 4. Western North American climate change (RCP8.5 – historical) mean annual cycle for 
300hPa meridional wind (left panels), 850mb meridional wind (left-center panels), sensible heat 
term (right-center panels), and latent heat term (right panels). Energy terms are computed using 
AR-days for events making landfall over coastal regions where ARs make landfall (upper panels, 
averaged from 110W-130W), and the broad Pacific Ocean region upwind to landfalling ARs 
(lower panels, averaged from 180W – 90W). Units for wind and energy terms are ms-1 and kgm-3 
x 109, respectively. Meridional wind differences significant at the 95% level are stippled whereas 
the energy terms are stippled at 90%. Meridional wind data is computed from monthly mean 
data, years 2070-299 (RCP8.5) and 1960-2005 (Historical). 

 

 

This article is protected by copyright. All rights reserved.



 

 

 

Figure 5. Same as Figure 4, except for European coastlines (averaged from 30W-0E) and the 
upwind Atlantic O cean region (50W-30E).   
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