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Overview
We investigate links between transient, poleward atmospheric 

heat transport and the atmospheric circulation in the North 
Atlantic sector.


 We look at the Northern Hemisphere but special emphasis is 
given to heat transport crossing the 70 °N wall. 


Results are base on an atmospheric reanalysis, extended cold 
season. 


Synoptic

Intra-seasonal

FIG. 3. Top) Climatological mean (shading) and day-to-day standard deviation (contours) of variance of

meridional velocity (V 0
V

0) and meridional transport of moist static energy (m0
V

0) divided by c

p

, for synoptic

eddies. Bottom) As in top) but for intra-seasonal eddies.
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Synoptic
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FIG. 2. Top) Climatological mean (shading) and day-to-day standard deviation (contours) of variance of meridional velocity (V 0
V

0) and meridional
transport of moist static energy (m0

V

0) divided by c

p

, for synoptic eddies. Bottom) As in top) but for intra-seasonal eddies.



Introduction
1) Heat transport performed by eddies is fundamental, transient 

eddies are a key (if not the dominant) component of AHT in the 
polar cap and its surroundings (Overland et al. 1990, Miletta et 
al. 2000).  

Overland et al . 1996



Introduction

2) Storminess changes accordingly 
with the low-frequency, large-
scale flow of the atmosphere. The 
variability of the storm track is 
l a rg e l y a s c r i b a b l e t o t h e 
alternating phases of the NAO/
AO, but no clear evidence is 
found of any modulation (by the 
NAO) of high latitude transient 
eddy heat transport. (Miletta et al. 
2000)

Novak et al . 2015



Introduction

3) There is emerging and growing evidence of 
impulsive and regional injections of heat and 
moisture into the Arctic. These phenomenon is 
deemed to be linked with the large scale circulation 
of the atmosphere and with poleward propagation of 
storms. (Messori and Czaja 2013, Woods et al. 2013) 

WOODS ET AL.: MOISTURE INTRUSIONS DURING ARCTIC WINTER

Figure 3. Composites of potential temperature on the (a–d) 2 PVU surface and (e–h) sea level pressure at the time of max-
imum intensity for intrusions occurring within each of the four sectors: Labrador (Figures 3a and 3e), Atlantic (Figures 3b
and 3f), Barents/Kara (Figures 3c and 3g), and Pacific (Figures 3d and 3h). Black lines show the sector boundaries. Dashed
black lines indicate the median location of the intrusions at maximum intensity, respectively. Dotted circles show latitude
lines at 70ıN and 80ıN.

4. Statistics of Moisture Intrusions and Impact
on Surface Energy Budget

[14] The final part of this study focuses on the interannual
variability of the intrusions and their relation to variability
in the surface energy budget. To do this, we define an annual
index E which is simply the total mass of water transported
by all intrusions into the Arctic in a given winter, and can
be written

E = N I (4)

where N is the total number of intrusions occurring in a par-
ticular year and I is the mean intensity of the intrusions,
i.e., the average amount of water transported across 70ıN by
intrusions in that year. If N and I are weakly correlated, we
can write

!E
bE ! !N

bN +
!I
bI (5)

where a hat denotes the climatology and ! a departure
therefrom. Each of the terms in (5) is plotted in Figure 4a.
There is a statistically insignificant positive correlation
(r = 0.45) between the number and average strength of intru-
sions, with each term explaining about half the total variance
in E.

[15] Turning to the surface energy budget, we compute
winter-mean anomalies of surface downward longwave radi-
ation RL and skin temperature Ts averaged over the region
north of 70ıN. These time series are shown in Figure 4b.
As expected, there is an very tight correlation between RL
and Ts. More interestingly, the intrusion index E is positively
correlated with RL (r = 0.61) and Ts (r = 0.54), both of
which are significant at the 1% level neglecting serial corre-
lation (the correlations are significant at the 3% level if serial

dependence is taken into account by assuming a reduced
sample size N (1–"1)/(1+"1), where N = 21 is the number of
years and "1 = 0.2 is the lag-1 autocorrelation of the predic-
tor time series E). We find similarly significant correlations
between E and RL (r = 0.56) and Ts (r = 0.52) if the fields
are instead averaged over the area north of 80ıN. These cor-
relations are consistent with the physical picture whereby
increases in the number and/or intensity of moisture intru-
sions drive increased downward radiation and higher surface
temperatures. Recall, however, that E—the total water car-
ried by intrusions—only accounts for around 28% of the
total poleward moisture flux, and one may wonder about the
impact of the remaining 72%. We find that the correlation
between this remainder and RL is in fact negative (r = –0.27),
albeit statistically insignificant. This result suggests a pic-
ture where much of the background moisture flux occurs
in weak events which have little radiative impact, or fails
to penetrate deeply into the Arctic, instead quickly exiting
the 70ıN boundary. It is only the deep, strong intrusions
identified above that drive significant impacts on the surface
energy budget.

[16] We note that a positive trend is apparent in RL and Ts,
as well as a weaker one in E. These trends must be treated
with some care, as artifacts related to observation system
changes are always possible in reanalyses, especially in data-
sparse regions such as the Arctic. We will not consider the
issue further here, but it remains an interesting avenue for
future research in light of recent work exploring trends in
moisture transport to the Arctic [Zhang et al., 2013; Inoue
et al., 2012]. In any event, removing linear trends from the
respective time series results in correlations of RL and Ts
with E of 0.65 and 0.64, respectively, so that the control of
the surface energy budget by moisture intrusions is certainly
robust on an interannual basis.

4720

Woods et al . 2013



Introduction
1) Heat transport performed by eddies is fundamental, transient 

eddies are a key (if not the dominant) component of AHT in the 
polar cap and its surroundings (Overland et al. 1990, Miletta et 
al. 2000).  


2) Storminess changes accordingly with the low-frequency, 
large-scale flow of the atmosphere. The variability of the storm 
track is largely ascribable to the alternating phases of the NAO/
AO, but no clear evidence is found of any modulation (by the 
NAO) of high latitude transient eddy heat transport. (Miletta et 
al. 2000)


3) There is emerging and growing evidence of impulsive and 
regional injections of heat and moisture into the Arctic. These 
phenomenon is deemed to be linked with the large scale 
circulation of the atmosphere and with poleward propagation of 
storms. (Messori and Czaja 2013, Woods et al. 2013) 




Methodology



Data

Data used are obtained from ERA-Interim

 

6-hourly on a 1°x1° regular longitude-latitude 
grid 


10 selected pressure levels (between 100 and 
925 hPa) 


Period: 1980-2017, extended cold season 
(NDJFM)




Methodology

Moist static energy:


c_p is specific heat of dry air, Lv latent heat of vaporisation

1. Introduction16

Eddy transport of heat is fundamental energy conversion term. Out of baroclinic conversion17

regions, transport of moist static energy is a key component of balance... Weather regimes are18

recurring states of the atmospheric circulation and provide a useful description of the atmospheric19

variability Michelangeli et al. (1995); Corti et al. (1999).20

2. Methodology21

a. Data22

We have used era-Interim (?) covering the period 1980-2017. Data of temperature (T), zonal23

wind (U), meridional wind (V), geopotential (F), specific humidity (Q), data are obtained 6-hourly,24

on pressure levels, on a 1x1 regular longitude-latitude grid and then daily averaged. Pressure levels25

used in the analysis are 850, 500 ... hPa. The analysis is focused on the extended winter season,26

from November to March (NDJFM).27

b. Moist static energy28

Moist static energy (m or MSE) is defined as29

m = c

p

T +L

v

Q+F (1)

where c

p

is the specific heat of dry air at constant pressure and L

v

is the latent heat of vaporization30

at a reference temperature.31

Weather regimes have been computed following the methods of Michelangeli et al. (1995)32

and Yiou et al. (2008). The first ten Empirical Orthogonal Functions (EOFs) of z500 and the33

corresponding Principal Components (PCs) are computed. Then a k-means algorithm is applied,34

with the choice of four weather regimes, over the North Atlantic region [80�W – 50�E; 20 –35

3

Transient eddy heat flux is defined as the product V`m`

Prime denotes a bandpass filter 

Synoptic 2-9 days

Intra-seasonal 10-90 days


A 2d blocking index is based on Tibaldi and Molteni (1990) 
A jet latitude index is computed following Woollings et al. (2010)




Methodology: Weather regimes

a )        erai NDJFM Reg. 1 ( 27.3 %)                
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FIG. 1.
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SCAND RIDGE

NAO-NAO+

Weather regimes have been computed following the methods of Michelangeli et al. (1995) and Yiou et 
al. (2008).  


The first ten Empirical Orthogonal Functions (EOFs) of Z at 500 hPa. A k-means algorithm is applied,


4 weather regimes, over the North Atlantic region [80°W - 50°E; 20 - 70°N] on daily data over the 
period 1980-2017, in NDJFM. 


Daily data classifications are obtained by the minimum of the Euclidean distances to the centroids



Results

Weather regimes



SYNOPTIC EDDIES TRANSIENT V`M` 850 hPa

FIG. 6. As in figure 4 but for meridional moist static energy flux by transient synoptic eddies (V 0
m

0, K ms�1).

12

FIG. 4. Composites of mean anomalies (shading) of variance of meridional velocity for synoptic eddies (V 02,

m

2
s

�2) for the 4 weather regimes. Anomalies are computed from a daily climatology. Contours indicate the

mean field associated with the weather regime, obtained adding the anomalies and the mean NDFJM value.
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SYNOPTIC EDDIES TRANSIENT V`M` 850 hPa

FIG. 6. As in figure 4 but for meridional moist static energy flux by transient synoptic eddies (V 0
m

0, K ms�1).

12

SCAND RIDGE

NAO-NAO+

Synoptic eddies heat transport

FIG. 4. Composites of mean anomalies (shading) of variance of meridional velocity for synoptic eddies (V 02,

m

2
s

�2) for the 4 weather regimes. Anomalies are computed from a daily climatology. Contours indicate the

mean field associated with the weather regime, obtained adding the anomalies and the mean NDFJM value.
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Anomaly Full field



INTRA-SEASONAL EDDIES TRANSIENT V`M` 850 hPa 

FIG. 7. As in figure 6 but for transient intra-seasonal eddies.
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Intra-seasonal eddies heat transport

SCAND RIDGE

NAO-NAO+

FIG. 4. Composites of mean anomalies (shading) of variance of meridional velocity for synoptic eddies (V 02,

m

2
s

�2) for the 4 weather regimes. Anomalies are computed from a daily climatology. Contours indicate the

mean field associated with the weather regime, obtained adding the anomalies and the mean NDFJM value.
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Anomaly Full field



FIG. 8. Anomalies of meridional flux of moist static energy by synoptic eddies and intraseasonal eddies.

Shadings indicate the interval where differences are not statistical significant at 99% confidence level according

to an unpaired, two-tailed t-test.
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Zonal mean heat transport



Vertical profile at 70 °N

50 °N Zonal mean

Strong Modulation by 

the NAO with opposite sign 

in the subtropics.


  

70 °N Zonal mean

Both phases of NAO 

correspond to weak transport 
Scand and Ridge to  
intensified transport 



Results

Jet Latitude Index



Heat transport and Jet speed

Jet speed measured in the sector 60W-0 15-75N at 850 hPa 22 J O U R N A L O F C L I M A T E

S 1. SUPPLEMENTARY Histogram and smooth pdf of Jet latitude index in NDJFM in the North Atlantic sector (15-75 �N 60-0 �W).

S 2. SUPPLEMENTARY Climatology of blocking days in DJF 1979-2014. Values are dimensionless and expressed as fraction of total days.



Heat transport and Jet speed

Heat transport decreases linearly with jet speed 

Jet speed measured in the sector 60W-0 15-75N at 850 hPa 



Heat transport and Jet latitude
Jet latitude measured in the sector 60W-0 15-75N at 850 hPa 

Trimodal distribution

“Threshold” behaviour, strong HT with Northern regime



Results

Blocking Index



Blocking

22 J O U R N A L O F C L I M A T E

S 1. SUPPLEMENTARY Histogram and smooth pdf of Jet latitude index in NDJFM in the North Atlantic sector (15-75 �N 60-0 �W).

S 2. SUPPLEMENTARY Climatology of blocking days in DJF 1979-2014. Values are dimensionless and expressed as fraction of total days.Blocking is a well known feature of extratropical circulation that comes

with a perturbation of the jet

Count of blocking days based on reversal of geopotential gradient



Heat flux associated with blocking

22 J O U R N A L O F C L I M A T E

S 1. SUPPLEMENTARY Histogram and smooth pdf of Jet latitude index in NDJFM in the North Atlantic sector (15-75 �N 60-0 �W).

S 2. SUPPLEMENTARY Climatology of blocking days in DJF 1979-2014. Values are dimensionless and expressed as fraction of total days.

Identify days with  
blocked grid point in a


2.5°x2.5° grid

Average 

zonal mean V’m’ at 70°N


for identified days


Synoptic and 
Intraseasonal  
frequencies

Synoptic

Intra-seasonal

FIG. 3. Top) Climatological mean (shading) and day-to-day standard deviation (contours) of variance of

meridional velocity (V 0
V

0) and meridional transport of moist static energy (m0
V

0) divided by c

p

, for synoptic

eddies. Bottom) As in top) but for intra-seasonal eddies.
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Synoptic

Intra-seasonal

FIG. 2. Top) Climatological mean (shading) and day-to-day standard deviation (contours) of variance of meridional velocity (V 0
V

0) and meridional
transport of moist static energy (m0

V

0) divided by c

p

, for synoptic eddies. Bottom) As in top) but for intra-seasonal eddies.



Blocking and heat flux

18 J O U R N A L O F C L I M A T E

FIG. 12.

18 J O U R N A L O F C L I M A T E

FIG. 12.

18 J O U R N A L O F C L I M A T E

FIG. 12.

Total heat flux explained by blocked days 



Blocking and heat flux

18 J O U R N A L O F C L I M A T E

FIG. 12.

18 J O U R N A L O F C L I M A T E

FIG. 12.

18 J O U R N A L O F C L I M A T E

FIG. 12.Heat flux per blocking day



Summary

1) Transient eddy heat flux (TEHF) is substantially 
modulated by WRs on a regional scale.


2) Zonally average TEHF at 70°N is not significantly 
modulated by the phases of the NAO. It is on 
average stronger during Scand and Ridge and 
weaker in both phases of the NAO


3) TEHF at 70°N depends linearly on the North 
Atlantic jet speed. It also depends on jet latitude, 
being significantly large in the case of northern jet. 
This is associated with specific locations of 
blocking.



The winner is…

a )        erai NDJFM Reg. 1 ( 27.3 %)                
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c )        erai NDJFM Reg. 3 ( 31.6 %)                
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b )        erai NDJFM Reg. 2 ( 22.5 %)                
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d )        erai NDJFM Reg. 4 ( 18.6 %)                
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Extremes
Longitudinal profile of synoptic eddy heat flux  

anomalies at 70° N in very strong zonally averaged 
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FIG. 11. As in figure 10 but for individual weather regimes.
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FIG. 4. Composites of mean anomalies (shading) of variance of meridional velocity for synoptic eddies (V 02,

m

2
s

�2) for the 4 weather regimes. Anomalies are computed from a daily climatology. Contours indicate the

mean field associated with the weather regime, obtained adding the anomalies and the mean NDFJM value.
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INTRA-SEASONAL EDDIES TRANSIENT V`M` 850 hPa 

FIG. 7. As in figure 6 but for transient intra-seasonal eddies.
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FIG. 9. Anomalies of eddy tendencies to air temperature at 850 hPa for synoptic eddies, intraseasonal eddies

and their sum composited for the 4 weather regimes.
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