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PREFACE 

A collection of papers and their synthesis are presented in partial fulfillment of the 
requirement for the degree of philosophiae doctor at the University of Bergen, Norway. 

The thesis is organized into six chapters. The first chapter is an introduction that 
highlights the principal motivation for the thesis. Chapter two presents the general scientific 
background of the primary questions addressed in the thesis. An overview of the climatic 
data used in the thesis is presented in chapter three. The fourth chapter gives the objectives 
and summarizes the studies that constrain the thesis. Concluding remarks and future 
perspectives are given in chapter five. Chapter six is composed of the original research as 
follows:  

 
Paper I: Sorokina, S.A. and I.N. Esau, 2011: Meridional energy flux in the Arctic from data 

of the IGRA. Izvestiya, Atmospheric and Oceanic Physics, 47 (5), 572–583, 
doi:10.1134/S0001433811050112. 

Paper II: Esau, I.N. and S.A. Sorokina, 2010: Climatology of the Arctic planetary boundary 
layer. Atmospheric turbulence, meteorological modeling and aerodynamics. Lang, 
P.R. and F.S. Lombargo (eds.), Nova Science Publishers, pp. 3–58. 

Paper III: Alexeev, V.A., I.N. Esau, I.V Polyakov, S.J. Byam, and S.A. Sorokina, 2012: 
Vertical structure of recent Arctic warming from observed data and reanalysis 
products. Climatic Change, 111 (2), 215–239, doi:10.1007/s10584-011-0192-8. 

Paper IV: Sorokina S.A, J.J. Wettstein, C. Li , and N.G. Kvamstø, 2014: Two-way coupling 
between the Barents Sea ice and anomalous Eurasian winters. Manuscript (in prep. for 
submission to J. Climate). 
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I. INTRODUCTION  

Significant changes in the climate have occurred during the twentieth century 
worldwide, but the largest changes have been observed at northern high latitudes (ACIA 
2005, Serreze and Francis 2006, IPCC 2007). An enhanced high-latitude near-surface 
warming (up to 2.5 °C decade-1) called Arctic amplification has been particularly evident 
over the most recent decades (Serreze et al. 2009); this warming is possibly unprecedented 
over the last 2000 years (Kaufman et al. 2009). Figure 1 shows a map of surface air 
temperature (SAT) anomalies for 2000 to 2009 and time series of global annual-mean SAT 
from 1880 to 2009. 

Arctic amplification manifests itself in a number of ways. A faster-than-linear decline 
(up to 13 % decade-1) in Arctic sea ice extent (e.g., Screen and Simmonds 2010, Stroeve et 
al. 2012) and Greenland ice sheet melting (e.g., Tedesco et al. 2013) have been the most 
visible signals of the recent warming. In addition to the regional consequences of high-
latitude warming, there are global effects, including a rise in the global sea level (IPCC 
2007) and an increased probability of mid-latitude extreme weather events and natural 
hazards (e.g., IPCC 2007, Rahmstorf and Coumou 2011, Coumou and Rahmstorf 2012, 
Francis and Vavrus 2012, Rhines and Huybers 2013). The impact of these changes on 
different ecosystems, and human societies is large and projected to grow throughout this 
century and beyond. 

 
a)       b) 

 
 
Figure 1. a) Annual SAT anomalies for 2000 to 2009 compared to the norm for that region from 1951 to 1980. 
Credit: NASA, image by R. Simmon, based on GISS surface temperature analysis data including ship and buoy 
data from the Hadley Centre, http://earthobservatory.nasa.gov. b) Global annual-mean SAT anomalies, 
relative to the base period 1951–1980, derived from the meteorological station network. Uncertainty bars (95 
% confidence limits) are shown for both the annual and five-year means, account only for incomplete spatial 
sampling of data. Credit: NASA/Goddard Institute for Space Studies, http://data.giss.nasa.gov/gistemp. 

 
The occurring changes represent not only new challenges, but also new opportunities 

(e.g., Ivanov 2000, AMAP 2007, Heininen 2013). The Arctic Ocean holds possibly the 
world's largest remaining untapped gas reserves and some of the largest undeveloped oil 
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reserves. A potential decline in Arctic sea ice will open new opportunities for the energy 
sector and will attract more shipping and commercial exploitation.  

To respond to these challenges and opportunities, an accurate prediction of future 
changes is required. However there is significant uncertainty about the magnitude and rate 
of the projected high-latitude climate changes (Holland and Bitz 2003, Stroeve et al. 2007, 
2012). This uncertainty arises in part due to incomplete knowledge of the natural climate 
processes, including the processes that are intrinsic to the atmosphere, the ocean, and the 
coupled ocean-atmosphere system. To minimize the uncertainty, an understanding of these 
processes that are associated with the natural climate variability and determine the region’s 
climate is required. The primary motivation of this thesis is to contribute to the 
understanding of these processes. 
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II. GENERAL BACKGROUND 

The climate of high-latitude regions is determined by complex interactions between 
the atmosphere, ocean, sea ice, and land, and by the strong connection with low-latitudes. 
Radiative processes continuously act to warm the low latitudes, whereas the high latitudes 
experience a lack of incoming solar radiation and longwave cooling (Figure 2a); only the 
meridional energy transport compensates for this contrast.  

1. MERIDIONAL ENERGY TRANSPORT  

A number of studies have investigated global and hemispheric meridional energy 
transport (e.g., Savijärvi 1988, Michaud and Derome 1991, Trenberth and Solomon 1994, 
Trenberth and Caron 2001, Trenberth et al. 2001a, Trenberth and Stepaniak 2003a, 
Trenberth and Stepaniak 2003b, Trenberth and Fasullo 2009, Vallis and Farnetti 2009), 
whereas other studies have concentrated on the northern high-latitude region, estimating 
the meridional energy transport or the meridional energy flux (MEF) across a hypothetical 
atmospheric wall at 70 °N (Nakamura and Oort 1988, Overland et al. 1996, Serreze and 
Barry 2005, Semmler et al. 2005, Serreze et al. 2007). The average magnitude of the total 
meridional energy transport into the high latitudes at 70 °N is approximately 1.58 PW 
(Figure 2b, Trenberth and Caron 2001), which corresponds to ~105 W m–2 of MEF (watts 
per square meter of the horizontal area of the surface poleward of 70 °N). At 70 °N, the 
atmosphere transports approximately 95 % of the energy, whereas the ocean transports only 
5 % of total energy amount. The transport in the atmosphere and the ocean may partially 
compensate each other particularly on multidecadal time scales (Bjerknes 1964, Shaffrey 
and Sutton 2006, Yang 2013). However, the atmospheric heat transport still plays a primary 
role in maintaining the climate of high latitudes.  

The most important components of the MEF at 70 °N are the sensible heat, potential 
energy, and latent heat fluxes, while the kinetic energy account for less than 1 % of the total 
energy flux (Nakamura and Oort 1988, Overland and Turet 1994, Overland et al. 1996, 
Trenberth and Stepaniak 2003, Semmler et al. 2005, Serreze et al. 2007). However the 
quantitative estimates of these components differ almost by 50 % in different data sources 
(e.g., Nakamura and Oort 1988, Overland et al. 1996, Semmler et al. 2005). For example, 
Overland and Turet (1994) have estimated the potential energy flux to be 48 W m-2, 
whereas estimation by Semmler et al. (2005) was 25 W m-2. The estimations of the sensible 
heat fluxes differ by 25 % in these two studies. 
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a)       b) 

 
 
Figure 2. a) The annual values of the incoming net shortwave and ongoing net longwave radiation from the 
South Pole to the North Pole. Credit: http://www.physicalgeography.net. b) The northward energy transport 
(in PW [1015 W]) and its partition between the atmosphere and ocean plotted against latitude. Modified from 
Trenberth and Caron (2001). 

 
The MEF exhibits considerable spatial and temporal variations, contributing 

substantially to climate variability across high latitudes. These variations in the MEF are 
associated with the position of stationary planetary waves and cyclonic activity at middle 
and high latitudes (Nakamura and Oort 1988, Overland et al. 1996, Serreze and Barry 
2005), which are in turn controlled by a number of factors, including variability in 
incoming solar radiation, the earth’s rotation, land mass distribution and zonal variability in 
the topography 

A number of studies (e.g., Nakamura and Oort 1988, Overland et al. 1996, Serreze 
and Barry 2005) have attempted to quantify the spatial and temporal variability in the MEF 
at 70 °N. The MEF can be separated into the following four parts: (1) the stationary eddy 
energy flux, (2) the transient eddy energy flux, (3) the mean meridional circulation energy 
flux, and (4) the net mass flow. It has been shown (Nakamura and Oort 1988, Overland et 
al. 1996) that the stationary eddy flux accounts for 13–21 % of the total MEF. The stationary 
eddy flux has a strong annual cycle, and is stronger during winter than during summer. The 
transient eddy heat flux carries approximately 50 % of the total value (Nakamura and Oort 
1988, Overland et al. 1996) and is the largest component of the MEF in both summer and 
winter. The seasonal cycle of the transient eddy heat flux is relatively small. The stationary 
eddy and the transient eddy fluxes largely control the zonal variability in the MEF, leading 
to an alternation of directions of the MEF across 70 °N.  

The mean meridional circulation flux accounts for 24–32 % of the total MEF 
(Nakamura and Oort 1988, Overland et al. 1996). A signature of the mean meridional 
circulation flux clearly highlights a thermally direct circulation, namely, a Polar circulation 
cell. Circulation within the Polar cell is driven by the aforementioned equator-to-pole 
temperature gradient.  Within the Polar circulation cell energy is transported into the Arctic 
in the upper atmosphere and out of the Arctic near the surface.  
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Overland and Turet (1994) have shown total mean spatial (longitudinal and vertical) 
structure of the MEF, for the winter season of earlier (1964–1989) decades. The authors 
have concluded that the major transport of heat into the Arctic occurs at 0° (Greenland 
Sea), 110 °W (north-central Canada) and 180 °W (Bering Strait) with a smaller center of 
poleward flux at 70 °E (Kara Sea). The only major energy transfer out of the Arctic is 130 °E 
(Siberia). The mean spatial structure of the MEF however was not updated since this study 
and may have experienced changes because of the recent warming of the high latitudes 
(ACIA 2005, Serreze and Francis 2006, IPCC 2007). In the current thesis we will highlight 
the mean spatial structure of the MEF over the recent years both for winter and summer 
seasons and estimate its linear trends. Quantification of the contribution from the stationary 
eddy, transient eddy, and mean meridional circulation fluxes is beyond the scope of our 
study. 

On time scales of one month and longer, the net mass flux across the Arctic boundary 
is assumed to be zero according to the principle of mass conservation. However, 
calculations of the mass budget using real data reveal that the mass is not conserved by the 
analyses (Boer and Sargent 1985, Nakamura and Oort 1988, Alexander and Schubert 1990, 
Trenberth 1991, Trenberth et al. 1995, Overland et al. 1996), and this lack of conservation 
introduces significant errors into the estimations of the MEF. Different approximations have 
been made to account for this problem. For example, Oort (1983) has used values of the 
zonal mean meridional wind that were computed indirectly from the zonally averaged 
balance equation of angular momentum. Other studies (Nakamura and Oort 1988, 
Overland et al. 1996) have subtracted a value of the net mass flux from the vertical profiles 
of the original data. In addition, Overland and Turet (1994) have replaced the 50 hPa wind 
value with a climatological mean value because of the inexplicably large variability of 
fluxes compared to their contribution to the mean flux at this level. Trenberth (1991, 1997) 
has proposed a mass correction method for uniform gridded data (reanalysis or model data) 
that minimizes the mass budget residual and provides more accurate estimations of the 
MEF. However, the characteristics of models output that are important for the MEF 
estimations (e.g., air temperature or winds) are not always well simulated and quality of 
reanalysis data might be poor, especially over areas with sparse observations (Beesley et al. 
2000, Bengtsson et al. 2004 a, Bengtsson et al. 2004 b, Simmons et al. 2004, Bromwich 
and Wang 2005, Rinke et al. 2006, Byrkjedal et al. 2008, Bitz and Fu 2008, Grant et al. 
2008, Thorne 2008, Screen and Simmonds 2011). These factors might add different types of 
uncertainties to the MEF estimations. 

In summary, the meridional energy transport plays a primary role in shaping the high-
latitude climate and its variability over a range of spatial and temporal scales. The concept 
of the meridional energy transport is generally well understood. However, significant 
uncertainties remain in the quantitative estimations of meridional energy transport, 
including the primary components of the MEF and its spatial and temporal variations. The 
uncertainties primarily stem from discontinuities in the observational systems and the 
quality of the data. 
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2. TELECONNECTION PATTERNS 

Atmospheric flow variability is often described using a set of Northern Hemisphere 
‘‘teleconnection patterns’’, including the Arctic Oscillation (AO), North Atlantic Oscillation 
(NAO), eastern Atlantic (EA), Pacific–North America (PNA), western Atlantic (WA), western 
Pacific (WP), Eurasian (EU) and the North Pacific (NP) patterns (Walker and Bliss 1932, van 
Loon and Rogers 1978, Wallace and Gutzler 1981, Barnston and Livezey 1987, Hurrell 
1995, Thompson and Wallace 1998, Thompson and Wallace 2000). These patterns display 
a strong co-variability between different climatic variables at widely separated points, which 
are associated with standing oscillations in the Northern Hemispheric planetary waves. The 
teleconnection patterns display variability over a range of time scales, and can be 
associated with changes in the strength and location of energy and moisture transport 
(Lorenz 1950, Kutzbach 1970, Thompson and Wallace 1998, Thompson and Wallace 
2000, Thompson et al. 2000), temperature, wind and precipitation patterns (Walker and 
Bliss 1932, van Loon and Rogers 1978, Rogers and van Loon 1979), and the ocean surface 
condition, including ocean-to-atmosphere heat fluxes (Bjerknes 1964, Cayan 1991, Gulev 
et al. 2013) and sea ice  (Rigor et al. 2002, Rigor and Wallace 2004, Belchansky et al. 
2005, Ogi and Wallace 2007, Ogi et al. 2010, Stroeve et al. 2011, Ogi and Wallace 2012). 
The patterns emerge in all of the months, but appear to be strongest during the winter 
season. In the current thesis, the following patterns will be introduced: the AO, the NAO 
and the EA patterns. Discussion of other patterns is beyond the scope of this study. 

a. The Arctic Oscillation and the North Atlantic Oscillation 

The AO (Figure 3a) can be defined as the first mode of the winter Northern 
Hemisphere (20 °N–90 °N) sea level pressure (SLP) variability (Kutzbach 1970, Trenberth 
1981, Wallace and Gutzler 1981). The AO is associated with 23 % of the variance and is 
characterized by a SLP dipole with one anomaly center over the Arctic and with opposite 
anomalies centered near 45 °N. In the North Atlantic the AO is clearly dominated by 
another teleconnection pattern, namely, the NAO (Figure 3b). The NAO (Hurrell 1995, 
Thompson et al. 2000) manifests itself as a meridional seesaw between the Icelandic Low 
and the Azores High and is associated with the intensity and position of these 
quasistationary circulation systems. The NAO can also be defined as the first mode of 
variability in the winter SLP anomalies over the North Atlantic (20 °N–80 °N, 90 °W–40 °E) 
and accounts for 30 % of the total SLP variability in this region. The AO and NAO patterns 
are highly correlated and often used synonymously. However, there are certain subtle 
differences between these patterns, such as larger amplitude anomalies over the North 
Pacific (Wallace 2000, Ambaum et al. 2001). A discussion of the differences between these 
patterns is beyond the scope of our study. 
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Figure 3. a) AO, b) NAO, and c) EA patterns, defined respectively as the EOF1 of winter (December–
February) Northern Hemisphere (NH, 20 °N–90 °N), and the EOF1 and EOF2 of winter North Atlantic SLP 
anomalies (NA, 20 °N–80 °N, 90 °W–40 °E). Anomalies in SAT (color shading), SLP (contours: orange and 
violet denotes positive and negative values, interval 1 hPa), and near-surface 10 m winds (arrows) defined as 
regressions onto standardized indices of (a) SLPNH PC1, (b) SLPNA PC1, and (c) SLPNA PC2. Only significant 
values are plotted for near-surface 10 m winds and SLP, which were defined using a two-sided t-test at the 
0.05 significance level. The data are from ECMWF reanalysis product ERA-Interim, 1979–2012. 

 
When pressure is low over the pole and high in the subpolar belt, we refer to a 

positive state of the AO / NAO (Figure 3a, 3b). The positive AO / NAO leads to abnormally 
strong westerlies at 45 °N and easterly anomalies centered at 35 °N. The strengthening 
occurs mostly in the Atlantic sector, but there is also a small Pacific contribution. An 
important aspect of AO / NAO variability is its relationship to the SAT. Figure 3 shows the 
SAT pattern for the AO / NAO from ERA-Interim reanalysis from 1979–2012. The positive 
AO / NAO state is accompanied by cold SAT anomalies over eastern Canada, Western 
Greenland and Southern Europe, whereas warm conditions prevail over Northern and 
Western Europe, Siberia and parts of the United States in the subpolar belt (Hurrell 1995). 
For a negative state of the AO / the NAO the westerlies are relatively weaker and more 
zonal and the temperature and precipitation patterns are reversed compared with the 
positive phase (Hurrell 1995).  

The AO and the NAO also affect the Arctic sea ice. The positive phase of the AO and 
NAO is associated with enhanced ice export through the Fram Strait and thinner ice cover 
over the eastern Arctic (Kwok and Rothrock 1999, Rigor et al. 2002, Zhang et al. 2004, 
Kwok et al. 2004). Conversely, when the AO / NAO state is negative, there is a clockwise 
circulation pattern centered in the Beaufort Sea, which maintains sea ice in the cold central 
Arctic, leading to a yearly increase in the sea ice thickness. The NAO also influences the 
winter sea ice variability over the Labrador and Nordic Seas. The positive NAO leads to 
positive sea ice anomalies over the Labrador Sea and negative sea ice anomalies over the 
Greenland and Barents Seas (Deser et al. 2000, Vinje 2001). 
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b. The eastern Atlantic Pattern 

The EA pattern (Wallace and Gutzler 1981, Barnston and Livezey 1987) manifests 
itself as the second dominant mode of variability in the winter SLP anomalies over the 
North Atlantic (20 °N–80 °N, 90 °W–40 °E). The EA pattern (Figure 3) consists of a well-
defined monopole in the sea-level pressure field to the south of Iceland and west of the 
United Kingdom near 52 °N, 22 °W and is associated with a north-south migration of the 
NAO pattern (Woolings et al. 2010). The positive phase of the EA pattern is associated with 
above-average surface temperatures in Northern Europe and Norwegian, Barents and Kara 
Seas, and below-average temperatures over the Southern Europe and mid-latitude Eurasia. It 
is also associated with above-average precipitation over northern Europe and Scandinavia, 
and with below-average precipitation across southern Europe (Murphy and Washington 
2001). The reciprocal argument can be made for the negative phase of the EA pattern.  

3. THE ARCTIC SEA ICE AND ITS INTERACTION PROCESSES 

Climate variations are communicated through fluxes of heat, moisture, and 
momentum. In the high latitudes sea ice plays a critical role in these communications. Sea 
ice influences the albedo, the surface turbulent heat flux (THF) and the surface wind drag 
and responds to local atmospheric features and large-scale atmospheric variability. The 
ocean–sea ice–atmosphere interaction processes are not limited by the high-latitude region, 
but extends to global scales (Holland et al. 2001, ACIA 2005, Liu and Alexander 2007).  

Generally the extent of Arctic sea ice ranges from 14 to 16 million km2 in March and 
from 5 to 7.5 million km2 in September (Comiso 2006), responding to the seasonal cycle of 
the incoming solar radiation (Figure 4a). The area of major sea ice variability – a so-called 
marginal ice zone is located in the Labrador, Greenland and Barents Seas, as well as the 
Bering Sea and the Sea of Okhotsk (Deser et al. 2000). Ocean–sea ice–atmosphere 
interaction is particularly strong in the marginal ice zone of the Atlantic basin during the 
cold season because of relatively large vertical temperature gradients and the enhanced 
variability of the NAO and storm track. The Barents Sea has been shown to be one of the 
“hot spots” in these interactions (e.g., Smedsrud et al. 2013). 

In the recent decades, the Arctic sea ice has experienced significant changes during all 
of the seasons, including diminishing in extent, thickness, and shifting from multiyear to first 
year ice. The most significant decline in Arctic sea ice extent has been observed in late 
summer (up to 10 % decade-1). Whereas the multiyear ice cover is decreasing more rapidly 
in winter (Comiso 2012). A significant interannual sea ice variability (Figure 4b) is 
superimposed on the observed sea ice trend, including extreme events such as the 2005 
(5.32 million km2, NSIDC), the 2007 (Figure 4a, 4.17 million km2, NSIDC), and 2012 (Figure 
4a, 3.41 million km2, NSIDC) sea ice minima.  
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a)      b) 

 
 

Figure 4. a) 1979–2012 climatological mean Arctic sea ice concentration (shadings, %) and sea ice extent 
(contours) indicated by different colors: white – climatological mean March sea ice extent, blue – 
climatological mean September sea ice extent, green – 2007 September sea ice extent, yellow – 2012 
September sea ice extent. Sea ice extent is defined as the total area of Arctic grid cells with at least 15% sea ice 
concentration. The data are obtained from the NSIDC. b) Arctic sea ice extent standardized anomalies for 
January 1953 through December 1979, relatively to 1981–2010 mean. For January 1953 through December 
2012, data have been obtained from the UK Hadley Centre and are based on operational ice charts and other 
sources. For January 1979 through December 2012, data are derived from passive microwave (SMMR / 
SSM/I). Credit: figure 4b is modified from an image by Meier W. and Stroeve J., NSIDC, 
http://nsidc.org/cryosphere/sotc/sea_ice.html.  
 

Variability in the Arctic sea ice has been attributed to a number of processes 
including, regional (Vinje 2001, Tsukernik et al. 2010) and hemispheric-scale (Rigor et al. 
2002, Rigor and Wallace 2004, Belchansky et al. 2005, Overland and Wang 2005, Wu et 
al. 2006, Ogi and Wallace 2007, L’Heureux et al. 2008, Wang et al. 2009, Overland and 
Wang 2010, Ogi et al. 2010, Screen et al. 2011, Stroeve et al. 2011, Smedsrud et al. 2011, 
Ogi and Wallace 2012) atmospheric circulation patterns, the thermodynamic energy 
exchange across the ice-ocean-atmosphere interface (Francis and Hunter 2007, Perovich et 
al. 2007), and anomalies in ocean heat transport (Vinje 2001, Kauker et al. 2003, Polyakov 
et al. 2005, Shimada et al. 2006, Francis and Hunter 2007, Schlichtholz 2011, Åurtun et al. 
2012). 

Although the atmosphere forces sea ice, according to a zero-order approximation, sea 
ice changes can also have an effect on the atmosphere, primarily because of its insulating 
effect and high albedo values. A number of observational and model studies have been 
conducted to investigate the atmospheric anomalies associated with sea ice changes in 
various regions of the Arctic. The model studies have prescribed the sea ice conditions, 
ranging from realistic (e.g., Alexander et al. 2004, Singarayer et al. 2006, Liptak and Strong 
2014a) to more idealized (Magnusdottir et al. 2004, Deser et al. 2004, Kvamstø et al. 2004) 
values, associated with present-day sea ice conditions (Magnusdottir et al. 2004, Deser et 
al. 2004, Alexander et al. 2004, Kvamstø et al. 2004, Honda et al. 2009, Petoukhov and 
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Semenov 2010, Blüthgen et al. 2012, Orsolini et al. 2012, Liptak and Strong 2014a) or 
projected future changes (Singarayer et al. 2006, Seierstad and Bader 2009, Deser et al. 
2010, Screen et al. 2012). Observational studies (e.g., Deser et al. 2000, Francis et al. 2009, 
Overland and Wang 2010, Jaiser et al. 2012, Overland et al. 2011, Hori et al. 2011, Inoue 
et al. 2012, Outten and Esau 2012, Hopsch et al. 2012, Tang et al. 2013, Tang et al. 2014) 
have been performed to investigate the atmospheric anomalies associated with either sea 
ice variability (including extreme cases) or sea ice trends. In addition, some of the 
aforementioned model and observational studies have concentrated on a simultaneous 
changes associated with winter sea ice anomalies (e.g., Magnusdottir et al. 2004, Deser et 
al. 2004, Alexander et al. 2004, Kvamstø et al. 2004, Singarayer et al. 2006, Seierstad and 
Bader 2009, Petoukhov and Semenov 2010, Liptak and Strong 2014a, among others), 
whereas others, investigated delayed atmospheric anomalies in response to the diminishing 
autumn sea ice (e.g., Honda et al. 2009, Blüthgen et al. 2012, Orsolini et al. 2012). 
Furthermore, sea ice–atmosphere feedbacks were illuminated in a number of studies (e.g., 
Magnusdottir et al. 2004, Strong et al. 2009, Strong and Magnusdottir 2010, Liptak and 
Strong 2014b), but this will not be trended in our thesis. 

The local simultaneous atmospheric anomalies associated with reduced sea ice in all 
of the aforementioned studies are largely consistent, exhibiting the enhanced ocean-to-
atmosphere THF and the corresponding local surface warming. The strongest response of 
the surface THF was found during winter (Deser et al. 2010), over the Nordic Seas. 

The large-scale atmospheric anomalies and effects associated with sea ice changes in 
the aforementioned studies, in turn, varies significantly, depending on the location and 
polarity of the sea ice changes, and the time of the year. For example, declining summer 
and autumn sea ice cover, primary in the Pacific sector has been associated with enhanced 
snowfall over Eurasia and the United States in the following winter (Ghatak et al. 2010, Liu 
et al. 2012), and extreme weather conditions over the northern continents, including 
summer heat waves (e.g., Tang et al. 2014) and cold air outbreaks in the following winter 
(e.g., Francis et al. 2009, Honda et al. 2009, Overland and Wang 2010, Blüthgen et al. 
2012, Jaiser et al. 2012, Tang et al. 2013). The simultaneous response to reduced winter sea 
ice cover in the Barents, Norwegian and Greenland Seas has been associated with the 
negative NAO pattern (e.g., Magnusdottir et al. 2004, Deser et al. 2004, Deser et al. 2007, 
Strong and Magnusdottir 2010, Seierstad and Bader 2009, Liptak and Strong 2014a), 
decreased extratropical storm activity, particularly in March (Seierstad and Bader 2009) and 
extremely cold Eurasian winters (e.g., Petoukhov and Semenov 2010, Inoue et al. 2012, 
Outten and Esau 2012). 

The associations between the mid-latitude extreme weather events and the reduced 
Arctic sea ice cover have received a significant amount of attention, particularly in the 
recent observational studies. However, whether and how enhanced Arctic warming, 
reduced sea ice and the extreme mid-latitude weather are related remains one of the most 
controversial questions in the scientific community (e.g., Barnes 2013, Screen and 
Simmonds 2013, Barnes et al. 2014, Wallace et al. 2014, Overland 2014).  

In summary, the Arctic sea ice is an integral player both in the high-latitude and the 
global climate systems because of its ability to influence the exchange of radiation, heat, 
and momentum between the atmosphere and the ocean. Over the last decades, the sea ice 
has experienced significant changes, responding to and affecting the local atmospheric 
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features and large-scale variability. Although numerous studies have addressed the 
relationship across the ice-ocean-atmosphere interface, many questions remain 
unanswered, because of the complex nature of the ocean–sea ice–atmosphere interactions.  

4. THE ARCTIC PLANETARY BOUNDARY LAYER 

The strongest vertical heat, moisture and momentum exchange between Earth’s 
surface and the atmosphere occurs in the planetary boundary layer (PBL). Generally, the 
PBL responds to surface changes within an hour or less, and the flow within the PBL is 
dominated by turbulence. In the mid-latitudes, the PBL is typically deep, because of the 
relatively large amount of incoming solar radiation, whereas in the high latitudes, it is 
shallow (typically a few hundred meters or less) and stably stratified. A lack of incoming 
solar radiation, longwave cooling, and the vertical structure of the meridional heat transport 
in the high latitudes are responsible for the unique shallow and stably stratified PBL, which 
is also often dynamically isolated from the free atmosphere. The shallowness and dynamical 
isolation of the Arctic PBL have been suggested as particularly important factors for the 
increased Arctic near-surface warming (ACIA 2005). The PBL processes have received a 
relatively significant amount of attention in theoretical studies (e.g., Steeneveld et al. 2006, 
Mauritsen et al. 2005, Zilitinkevich and Esau 2005, Esau 2007, Mauritsen et al. 2007), 
however, these processes have only been marginally highlighted in observational studies, 
particularly in the high latitudes.  

Pan-Arctic estimations of the PBL have been assembled in certain studies (Treshnikov 
1985, Khrol 1992); however, they were based on fragmentary observations in the pre-
satellite era, and are relatively inconsistent with more recent findings. Other observational 
studies (e.g., Holzworth 1964, Holzworth 1967, Uttal et al. 2002, Tjernström 2005, 
Tjernström and Mauritsen 2009) also attempted to understand the Arctic PBL. These studies 
highlighted the PBL structure and stratification, temperature inversions, diurnal cycle, the 
PBL clouds and mesoscale circulation within the PBL. However, the majority of the 
published studies have evaluated the Arctic PBL in a limited spatial area and over a very 
short time interval (occasionally, just a few days). There are a number of complete 
climatologies of the PBL over areas in the continental United States and Europe (Seidel et al. 
2010, Seidel et al. 2012, Jacobson and Medeiros 2012) that highlight various features of the 
PBL, including the PBL depth, patterns of diurnal and seasonal cycle, surface-based 
inversion frequency, as well as compare different methods of the PBL depth estimation. 
However, the Arctic high-latitude PBL features have not been highlighted in these studies. 
Only a few stations from Alaska belong to the Arctic region in these studies.  

One major issue in this context is the lack of observational datasets that are able to 
resolve the PBL processes and that are suitable to study the PBL. The atmospheric PBL has 
been difficult to observe from space, impeding a detailed understanding of its properties at 
large spatial scales. This fact also explains the relatively poor representation of the PBL 
processes in climate models, among which many schemes have yet to be evaluated.  
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III. CLIMATE DATA IN THE HIGH LATITUDES 

A thorough investigation of the high-latitude climate critically depends on systematic 
and high-quality, long-term observations. There are a variety of data sources available for 
the Arctic region. However, a certain amount of the climate data is incomplete, inconsistent 
and even contradictory and has different levels of quality and uncertainty. This fact 
complicates investigations of climate processes in the high latitudes. The datasets used in 
this study along with a short description and references are presented in Table 1. A more 
detailed description of the datasets can be found in the original research, presented in the 
chapter six. 

One of the primary data sources used in this study is the Integrated Global Radiosonde 
Archive (IGRA). The IGRA contains observations from radiosondes and pilot balloons at 
more than 1 500 stations distributed worldwide (Table 1). In this study, the IGRA data have 
been sampled for the Arctic region at latitudes poleward of 60 °N. There are 113 
radiosonde stations in the selected region. The meridional energy transport at 70 ºN (Paper 
I), the Arctic PBL climatology (Paper II), and certain details of the vertical structure of the 
Arctic temperature trends (Paper III) have been explored using the IGRA dataset. To ensure 
that the observations were representative, we performed a statistical analysis of the IGRA 
dataset, examining the length and quality of the time series, and estimating the vertical 
resolution (see Paper II for more details). We found two major problems in using the IGRA 
data to reconstruct Arctic climate processes. First, the observation period varies significantly 
from station to station (Table 3 in Paper II). Therefore, it is difficult to study a particular 
climate phenomenon using only the radiosonde data. For example, in Paper III, the area of 
the largest disagreement between the temperature trends in different reanalysis datasets 
could potentially be tested at several high-latitude stations, but there was only one station 
with a sufficiently long radiosonde record located in the area of interest. Second, the 
vertical and horizontal resolution of the observation is coarse, which can result in 
significant errors (up to 30 %) in estimations and shorten the time series (Paper I and Paper 
II). For example, because the Arctic PBL is expected to be shallow, processes at the 925 hPa 
level are of particular importance. Therefore, the reconstructions of the MEF (Paper I) and 
the Arctic PBL (Paper II) from the IGRA data were performed only since 1992 due to the 
absence of the 925 hPa level prior to 1992. Moreover, many records of the IGRA do not 
include a complete set of the required variables, e.g., pressure, temperature, humidity, 
geopotential height, and wind speed, or may not include these variables on standard levels 
(Table 3 in Paper II). For example, station Murmansk (WMO ID 22113) launched 47 540 
radiosondes from 1946 to 2008. Only 11 % of the radiosonde profiles were complete. 
Stations that did not include variables required for the calculations were excluded from the 
analysis. Consequently, 52 of the 113 stations (46 %) were used for the analysis of the 
climate processes in the Arctic region.  

The second important source of data in this thesis is the satellite products. The satellite 
products are advantageous for reconstruction of climate processes due to their global spatial 
data coverage. The disadvantages of satellite products are the presence of relatively large 
data gaps and a substantial inaccuracy in certain meteorological characteristics because 
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they are retrieved using proxy radiometer data and a set of analytical bulk algorithms (e.g., 
Xiong et al. 2002, Chen et al. 2002). 

The third important source of data in this thesis is the atmospheric reanalysis products 
(Table 1). The reanalysis products combine the available observations with a numerical 
model using data assimilation techniques (http://reanalysis.org/). The reanalysis products 
include a set of global data, which describes the state of the atmospheric, land and oceanic 
conditions. The reanalysis products typically extend over several decades, covering often 
the entire globe. In the data-sparse regions such as high northern latitudes, the reanalysis is 
largely dependent on numerical model, assumptions and assimilation procedures, leading 
into large disagreements in output characteristics (e.g., Covey et al. 2002, Bromwich and 
Wang 2005).  

Significant discrepancies among the reanalysis products are discussed in the current 
thesis (Paper III). However, the reanalysis products are, by construction, one of the most 
suitable data sources for studying spatial and temporal variability of the large-scale 
atmospheric processes (Paper I, IV) and certain PBL processes (Paper II, Paper IV), because 
of their high temporal and spatial resolution, global coverage and absence of observational 
gaps.  
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Table 1. Datasets used in this study. 
 
Name Type Coverage Period Resolution Reference 

IGRA  Radiosonde Globe Varies  Varies  
Gaffen (1996), 
http://ncdc.noaa.gov/oa/climate 
/igra/index.php 

SHEBA Radiosonde  
Central 
Arctic 

11.1997–
10.1998 
 

Varies 
Uttal et al. (2002), 
http://eol.ucar.edu/projects/sheba/ 

ERA-40  Reanalysis Globe 
1957–
2002 

2.5°×2.5° 
23 
pressure 
levels 

Uppala et al. (2005), 
http://data-
portal.ecmwf.int/data/d/era40_moda 

ERA-Interim 
 

Reanalysis Globe 
1979–
present 

1.5°×1.5° 
37 
pressure 
levels 

Dee et al. (2011), 
http://data.ecmwf.int/data/index.html 

NCEP-1  
 

Reanalysis Globe 
1948–
present 

2.5°×2.5° 
17 
pressure 
levels 

Kalnay et al. (1996), 
http://esrl.noaa.gov/psd/ 

NCEP-2 
 

Reanalysis Globe 
1979–
2009 

2.5°×2.5° 
17 
pressure 
levels 

Kanamitsu et al. (2002), 
http://esrl.noaa.gov/psd/ 

JRA-25 Reanalysis Globe 
1979–
2004 

2.5°×2.5° 
23 
pressure 
levels 

http://jra.kishou.go.jp/JRA-25/ 

OAFlux 
Objective 
analysis 

Globe 
1958–
2006 

2.5°×2.5° 
Yu et al. (2008), 
http://oaflux.whoi.edu/ 

IABP/POLES 
Objective 
analysis 

Arctic 
Ocean 

1979–
2004 

1.0°×1.0° 
Rigor et al. (2000), Chen et al. (2002), 
http://iabp.apl.washington.edu  

NSIDC Satellite Globe 
1979–
2012 

25×25 km 
Cavalieri et al. (1996),  
Meier et al. (2006), 
http://nsidc.org/ 

HOAPS-3 Satellite 
World 
Ocean  

1987–
2005 

1.0°×1.0° 
Andersson et al. (2007), 
http://www.hoaps.zmaw.de/ 

GCC 
(HIRHAM4) 

Regional 
climate 
model  

Greenland  
1961–
1990 

25×25 km 
Christensen et al. (1996),  
Stendel et al. (2007), 
http://klimagroenland.dmi.dk/datauk.html 
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IV. OBJECTIVES AND SUMMARY OF THE ORIGINAL RESEARCH 

The thesis aims to gain a more detailed knowledge on certain processes that are 
associated with the natural climate variability and determine the high-latitude region’s 
climate. In addition we address uncertainty issues related to data quality. 
• The first paper investigates the meridional energy transport between the middle and 
high latitudes, which is one of the most important factors for Arctic climate formation.  
• The second paper is dedicated to the Arctic PBL, which properties have been 
suggested as particularly important factors for the increased Arctic surface warming (ACIA 
2005), however were relatively little highlighted in the climatological studies.  
• The third paper investigates the robustness of the temperature trends throughout the 
Arctic atmosphere, which has been a controversial topic. We also suggest possible 
mechanisms responsible for those trends. 
• The fourth paper is focused on the understanding of the observed Arctic/mid-latitude 
linkages, which has been one of the most debatable questions in the scientific community. 
Namely, we investigate simultaneous co-variability between winter Barents Sea THF and 
sea ice anomalies and anomalies in Eurasian SAT. 

PAPER I: MERIDIONAL ENERGY FLUX IN THE ARCTIC FROM DATA OF THE 

IGRA  

This study presents an evaluation of the climatological mean meridional energy flux 
(MEF) at 70 °N from 1992 to 2007. We highlight MEF annual mean and seasonal spatial 
structures, which received relatively less attention in the earlier studies and might undergo 
significant changes during the recent decades. We use radiosonde observations from the 
IGRA and compare the estimates with those from the NCEP-1 reanalysis (Kalnay et al. 
1996). One of the original objectives of this study was to estimate the MEF from “clean” 
observational data and to highlight potential errors and uncertainties that may stem from the 
model or reanalysis data, in which the quality was questioned in a number of studies 
(Beesley et al. 2000, Bengtsson et al. 2004 a, Bengtsson et al. 2004 b, Simmons et al. 2004, 
Bromwich and Wang 2005, Rinke et al. 2006, Byrkjedal et al. 2008, Bitz and Fu 2008, 
Grant et al. 2008, Thorne 2008, Screen and Simmonds 2011). However, we found that 
errors and uncertainties in the MEF estimations from the radiosonde data are significantly 
larger compared with those in the reanalysis data. Therefore, in the current thesis, we 
highlight the applicability of the radiosonde and reanalysis data for the MEF estimations and 
compare our results with earlier studies. 

 
The results of this study can be summarized into the following key findings. 

• The integrated climatological annual MEF based on the radiosonde data is 70.6 W m–

2, which is smaller than the NCEP-1 value (103 W m–2 [current thesis, see also Serreze et al. 
2007]) and values from other data sources (98±6 W m–2, e.g., Semmler et al. 2005). We 
suggest that this inconsistency is likely attributed to the lack of conservation of the mass 
budget and the inhomogeneity and low spatial resolution of the radiosonde data. 
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• The annual and seasonal mean spatial structures (longitudinal and vertical distribution) 
agree fairly well in the radiosonde and reanalysis data, although there are certain subtle 
differences particularly in the areas between 0–30 °E and 120–210 °E. The spatial structure 
of the MEF shows that the main poleward energy transport occurs in the mid-troposphere–
lower stratosphere layer, whereas the energy is mainly transported out of the Arctic in the 
lower troposphere. The key regions of a poleward MEF are located near 160 °E (the 
northeastern part of Eurasia, Pacific sector) and 50 °W (Greenland sector). The regions of a 
negative (directed out of the Arctic) MEF are located near 120 °W (Canadian Arctic 
Archipelago) and from 20 °E to 90 °E (the northwestern part of Eurasia). The regions of 
positive and negative MEFs remain for the winter and summer seasons; however, during the 
winter, the MEF is stronger and shows larger regional contrasts.  
• During the period from 1992 to 2007, we found the overall tendency toward 
weakening of the MEF (–0.26 W m–2 yr–1) based on the radiosonde data. The estimations are 
in agreement with those based on the reanalysis data (Smedsrud et al. 2008). Considering 
the spatial structures of MEF liner trends one can note the following: the MEF displays a 
tendency toward weakening in the middle and upper troposphere and in the stratosphere. 
Simultaneously, there is a tendency toward strengthening in the lower troposphere. The 
MEF increased in the region of the Canadian Arctic Archipelago and over the North 
Atlantic. Large negative trends were observed over northeastern Eurasia, Greenland, and 
near Novaya Zemlya Island. The spatial distribution of the linear MEF trends is consistent in 
both datasets, except for the region between 40 °E and 120 °E (the Barents and Kara Seas). 
In this region, the trends based on the radiosonde data display positive values, whereas the 
estimations from the reanalysis data are negative.  
• Determination of the mechanisms behind the MEF trends is beyond the scope of this 
study. However, the overall negative MEF trend might be attributed to changes in large-
scale atmospheric patterns, including the AO and NAO (Hurrell 1995, Thompson and 
Wallace 1998, Thompson and Wallace 2000). The negative MEF trend is also in agreement 
with atmospheric adjustments associated with the enhanced high-latitude warming (Hwang 
et al. 2011, Yoshimori et al. 2014). 

As a general note on the usability of the reanalysis and radiosonde data in the 
estimations of the MEF, although reanalysis data might be poor, especially over areas with 
sparse observations (Bengtsson et al. 2004 a, Bengtsson et al. 2004 b, Simmons et al. 2004, 
Bromwich and Wang 2005, Bitz and Fu 2008, Grant et al. 2008, Thorne 2008, Screen and 
Simmonds 2011, Alexeev et al. 2012 [Paper III in the current thesis]), they appear to be 
more suitable for the investigation of large-scale processes, such as the meridional energy 
exchange between high and low latitudes. Radiosonde data might be useful for the 
validation of processes over a specific narrow region in which the reanalysis data diverge or 
fail to provide accurate information. 

PAPER II: CLIMATOLOGY OF THE ARCTIC PLANETARY BOUNDARY LAYER 

The shallowness and dynamical isolation of the Arctic planetary boundary layer (PBL) 
have been suggested as particularly important factors for the increased Arctic surface 
warming (ACIA 2005). The PBL processes have received a relatively large amount of 
attention in theoretical studies; however the observed climatology of the high-latitude PBL 
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has received relatively little attention, partly because of a lack of the observations. The 
second paper is dedicated to the observed climatology of the Arctic PBL, aiming to provide 
summary of our current understanding of the high-latitude PBL climatology. We summarize 
already published efforts as well as perform new estimations. We aim to highlight different 
aspects of the Arctic PBL, including the PBL depth and its associations with various 
atmospheric and surface parameters. We also show the PBL depth spatial and temporal 
variability, and the most recent PBL trends. Because different types of observations may 
reveal different aspects of the PBL structure, we attempt to characterize the Arctic PBL from 
radiosonde (1992–2007), reanalysis, and satellite products, as well as from episodic 
turbulence field campaigns (different time periods). An additional purpose of the current 
study is to combine climate data that might be used in the characterization of the Arctic PBL 
and to discuss their accessibility, strengths, limitations and applicability. 

 
The results of this study can be summarized into the following key findings: 

• The Arctic PBL is stably stratified and shallow, usually below 200 m. We suggested 
that both radiation and dynamical processes support the atmospheric stable stratification of 
the Arctic PBL. The lack of incoming solar radiation and longwave cooling create the 
required condition for the stable atmospheric stratification. Simultaneously, a thermal-loop-
like circulation within the polar cell (previously mentioned in the thesis) reinforces this 
stratification.  
• Variations in the PBL depth and stratification are closely related to the strength and 
direction of the surface turbulent heat fluxes (THF), which are in turn strongly dependent on 
the presence of sea ice. We distinguished 10 regions by the similarities of the PBL physical 
processes as follows: (i) European Sub-Arctic, (ii) Siberian Sub-Arctic, (iii) Siberian, (iv) 
Canadian, (v) Greenland, (vi) Alaska Sub-Arctic, (vii) Sub-Atlantic, (viii) Atlantic, (ix) Pacific 
and (x) Baffin Bay regions. These 10 regions may be combined into continental (i-vi) and 
maritime groups (vii–x). 
• The Arctic PBL climate has experienced significant changes over recent years. 
Generally, the PBL has become deeper in the maritime Arctic and shallower in the 
continental sub-Arctic. The trends in the PBL depth in the continental Arctic are in 
agreement with a reduction in the sensible heat flux and the near-surface wind speed. 
However the trends in the maritime Arctic cannot be as easily explained. Perhaps the 
deepening of the PBL in this region might be attributed to an increase in precipitation or 
more intensive cyclonic activity.  
• The out-of-phase signature of the PBL trends between the continental (e.g., north of 
Eurasia) and maritime (the North Atlantic) regions is in agreement with the aforementioned 
linear trends in the MEF (Paper I) and might be also related to changes in large-scale 
atmospheric patterns, including the AO / NAO (Hurrell 1995, Thompson and Wallace 
1998, Thompson and Wallace 2000) or perhaps to sea ice and SAT changes and associated 
circulation adjustments (e.g., Overland et al. 2011, Inoue et al. 2012, Outten and Esau 
2012). However, further investigation is required for quantification of possible reasons 
responsible for the PBL trends. 

A thorough investigation of the Arctic PBL critically depends on systematic and high-
quality observations. However, the climate data, which can be used for estimations of the 
PBL processes, were found to be often incomplete, inconsistent and even contradictory. 
Much of the existing climate data poorly resolve the PBL processes. The available data 
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sources for estimations of the Arctic PBL can be found in the associated section of the Paper 
II. We suggest that the Pan-Arctic datasets, such as reanalysis, satellite products and regular 
radiosonde observations, are best suited for characterizing the general properties of the 
Arctic PBL climate. Satellite products are advantageous for the reconstruction of THFs 
within the Arctic PBL. Whereas field turbulent campaigns provide high-quality and high-
resolution data, allowing a more detailed investigation of various small-scale processes of 
the Arctic PBL. Data accessibility and quality increase rapidly each year, allowing the 
investigation of a topic in far more detail. A comprehensive overview of the climate data at 
the current time can be found at https://climatedataguide.ucar.edu. 

PAPER III: VERTICAL STRUCTURE OF RECENT ARCTIC WARMING FROM 

OBSERVED DATA AND REANALYSIS PRODUCTS 

The recent surface temperature trend in the Arctic is approximately twice as large as 
the Northern Hemisphere trend (IPCC 2007). However, the relative rates of the temperature 
trends throughout the Arctic atmosphere and the possible mechanisms responsible for those 
trends are controversial topics. A number of studies have suggested that the surface 
warming in the Arctic should be preceded by a warming in the troposphere above the PBL 
induced by meridional heat transport (Flannery 1984, Schneider et al. 1997, Alexeev 2003, 
Rodgers et al. 2003, Alexeev et al. 2005, Langen and Alexeev 2005, 2007). Graversen et al. 
(2008) have found this type of elevated warming trend. However, subsequently, it has been 
shown that those trends are dataset-dependent and might be caused by the inhomogeneous 
origin of the data (Bitz and Fu 2008, Grant et al. 2008, Thorne 2008, Screen and Simmonds 
2011). 

The primary goal of this study is to highlight the vertical structure of the recent Arctic 
temperature trends and to suggest possible explanations of the observed changes. We 
address the uncertainty issues related to the data quality. Similar to the previous studies (Bitz 
and Fu 2008, Grant et al. 2008, Thorne 2008, Screen and Simmonds 2011), we contrast the 
spatiotemporal patterns of the recent Arctic air temperature trends, but we do so in a larger 
number of datasets, including different reanalysis products (ERA-40, NCEP-1, NCEP-2, and 
JRA-25 [1979–2002]), the IABP/POLES dataset [1979–2004] and radiosonde data from the 
IGRA [various periods]. The choice of different periods is explained by the availability of 
the datasets.  

 
The results of this study can be summarized in the following key findings: 

• The reanalysis datasets show a substantial discrepancy in the spatial patterns of the 
Arctic temperature trends. The disagreement is the largest after 1997 and the area of largest 
disagreement is located poleward of 80 °N. 
• We found that near the surface, NCEP-1, NCEP-2, ERA-40 and JRA-25 disagree 
substantially over the magnitude and even sign of the temperature trend. In the troposphere, 
ERA-40 shows a more rapid warming trend in the central Arctic, which is not found in other 
reanalysis products (NCEP-1, NCEP-2, and JRA-25) and the radiosonde data.  
• In the lower stratosphere (200 hPa to 70 hPa), both the radiosonde and reanalysis data 
show that the winter temperature trends experience a change of sign from negative to 
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positive in the late 1980s, particularly over the Canadian Arctic. The changes are robust in 
the reanalysis data and throughout the array of the available radiosonde stations.  
• The uncertainty in the temperature trends in the troposphere is too significant to make 
any conclusive statements about the elevated warming in the Arctic, and about possible 
physical mechanisms responsible for these elevated trends. Our conclusions are in 
agreement with previous investigations (Thorne 2008, Grant et al. 2008, Bitz and Fu 2008, 
Screen and Simmonds 2011). One possible explanation of the lower stratosphere 
temperature trends is changes in the position and strength of the AO. 

PAPER IV: TWO-WAY COUPLING BETWEEN THE BARENTS SEA ICE AND 

ANOMALOUS EURASIAN WINTERS 

Mid-latitude extremes including the heat waves in 2010 and 2012, and the cold air 
outbreaks in 2009–2010 and 2010–2011 across different parts of Eurasia and North 
America, have received an abundant amount of attention both in the scientific community 
and in the popular media. Skeptics have pointed to the cold weather extremes “as evidence 
that the globe is not warming”. In the scientific community, viewpoints vary concerning 
whether to attribute the mid-latitude extremes to the global changes (e.g., Francis et al. 
2009, Honda et al. 2009, Francis and Vavrus 2012, Jaiser et al. 2012, Inoue et al. 2012, 
Outten and Esau 2012, Tang et al. 2013, Tang et al. 2014, among others) or the 
superimposition of those extremes on a warming climate resulting from the natural climate 
variability (Cattiaux et al. 2010, Wallace et al. 2014, Gerber et al. 2014). Debate on this 
matter continues (Wallace et al. 2014, Overland 2014). One of the aforementioned 
associations is called a “warm-Arctic cold-Siberia” (WACS, Inoue et al. 2012) pattern, 
which links the Barents Sea ice conditions and anomalous Eurasian SATs. A common 
premise is that the Barents Sea ice conditions are communicated to the atmosphere by THF 
and that anomalously cold Eurasian winters result from the large-scale atmospheric 
response associated with changes in the meridional SAT gradient, storm tracks, Rossby 
waves and the Siberian High (Honda et al. 2009, Petoukhov and Semenov 2010, Inoue et 
al. 2012, Outten and Esau 2012). 

This study seeks to characterize the interannual variability in the winter Barents Sea 
ice cover, the THF, and its association with the large-scale atmospheric flow, focusing on 
the WACS pattern. We apply an empirical orthogonal function (EOF) and a composite 
analysis to the reanalysis (ERA-Interim, 1979–2012) and satellite products (NSIDC). 
Whereas previous observational studies have suggested that the WACS pattern is a result of 
negative Barents Sea ice anomalies (Hori et al. 2011, Inoue et al. 2012) or Barents Sea ice 
trends (Outten and Esau 2012). We evaluate whether the WACS pattern can be also 
attributed in part to atmospheric variability. Specifically, we concentrate on the co-
variability of the winter Barents Sea THF and the large-scale atmospheric flow, comparing 
evidence to determine whether the THF anomalies are altered by changes in sea ice or 
atmosphere. 
 

Our findings include the following: 
• The EOF analysis of the THF anomalies in the Barents Sea (THFBar EOFs) yields 
physically meaningful patterns in which the spatial structures imply different governing 
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processes. We conclude that the first leading mode of the winter Barents Sea THF variability 
(THFBar EOF1) is associated with the variability in the large-scale atmospheric circulation. 
Only the second mode (THFBar EOF2) reflects a more direct local atmospheric response to 
the Barents Sea ice variability. The THFBar EOF2 consistently presents in all of the winter 
months. However its hemispheric-scale associations are not robust for the individual winter 
months and are inconsistent with a linear atmospheric response to an enhanced local 
heating.  
• A WACS-like pattern appears independently of THFBar EOF2 or the Barents Sea ice 
composites and emerges as the second mode of the SAT variability over a Eurasian sector 
(SATEur EOF2). The THF anomalies in the Barents Sea associated with the WACS-like pattern 
are negative. The relationship is inconsistent with the idea of sea ice reduction driving 
ocean-to-atmosphere THF and forcing the large-scale atmospheric anomalies. 
• The collective results of our study, including lead-lag analysis between the WACS-like 
pattern and a variety of causal Barents Sea indicators, show that atmospheric variability 
contributes substantially to the observed anomalies in the Barents Sea THF, sea ice cover 
and the WACS pattern.  
• The results highlight the complex, two-way coupling between the surface and the 
atmosphere and suggest that the WACS pattern is likely more complicated than a pure 
atmospheric response to the negative anomalies in the Barents Sea ice. The role of the 
Barents Sea ice variability in forcing the WACS pattern appears to be minor in the 
detrended analysis we performed. The conclusions of the current study hold true when 
tested against satellite (OAFlux and HOAPS) and reanalysis (NCEP1) THF products. The 
interpretation and comparison of the results with existing studies might be different if the 
recent trend in certain fields was included. Loss of the Barents Sea ice could potentially 
trigger anomalies that could reinforce the preexisting atmospheric circulation, which causes 
the WACS pattern 

Our results are contradictory to certain previous observational studies (Hori et al. 
2011, Inoue et al. 2012, Outten and Esau 2012), but they are more consistent with other 
studies, suggesting that anomalous cold winters in different parts of Eurasia are a 
consequence of the atmospheric circulation phenomena such as wave propagation, winter 
atmospheric blocking (e.g., Takaya and Nakamura 2005, Croci-Maspoli and Davies 2009, 
Park et al. 2011, Cheung et al. 2012), a weak polar vortex (e.g., Kolstad et al. 2010), and 
large-scale modes of internal atmospheric variability, including the NAO, AO, and EA 
patterns (e.g., Wallace and Gutzler 1981, Barnston and Livezey 1987, Hurrell 1995, Jeong 
and Ho 2005, Cattiaux et al. 2010) or combination of those patterns (Moore and Renfrew 
2011).  

A detailed comparison of our results with those from modeling studies (Honda et al. 
2009, Petoukhov and Semenov 2010, Liptak and Strong 2014a, Liptak and Strong 2014b, 
Gerber et al. 2014; see also Magnusdottir et al. 2004, Deser et al. 2004) is not 
straightforward and is beyond the scope of our study. However our conclusions are in 
agreement with certain recent modeling studies (Liptak and Strong 2014a, Gerber et al. 
2014) and relatively contradictory to other studies (Honda et al. 2009, Petoukhov and 
Semenov 2010).  

Because the analysis is based on observations, a more rigorous diagnosis of causality 
between the WACS pattern and reduced sea ice cover in the Barents Sea requires further 
investigations, possibly in the form of a carefully designed coupled modeling experiment. 
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However this study makes a first step towards a better understanding of a two-way coupling 
between the observed sea ice changes and extreme weather conditions in the mid-latitudes, 
demonstrating that the proposed direct causal link between the variability in the Barents Sea 
ice and the WACS pattern is, at best, an incomplete characterization of nature.  
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V. CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

High northern latitudes are particularly sensitive to the ongoing climate changes; 
however understanding of the processes that are intrinsic to the atmosphere and the 
coupled ocean-atmosphere system is relatively poor in this region. Improving our 
knowledge of high-latitude climate require close collaboration among climatologists, 
oceanographers, and ice physicists, as well as combination of observational and model 
studies. New sets of high-quality climate data are also necessary.  

This thesis investigates certain physical processes that shape the high-latitude climate 
based on available observational data. Additionally we address questions related to 
uncertainty issues related to data quality. 
• The first paper improves our understanding of the spatial structure of the meridional 
energy transfer at 70 ºN, including its recent changes. We compare estimations of the MEF 
from “clean” observational data and reanalysis product and conclude that reanalysis data, 
by construction, are more suitable for the MEF estimation. 
• In the second paper we synthesize knowledge about climatological aspects of the 
Arctic PBL. We illuminate variability and recent changes of the PBL depth over the high-
latitudes and its relationship to different surface and atmospheric parameters. In addition we 
give an overview of existing datasets that are suitable for assessment of the PBL properties. 
• In the third paper we test vertical structure of the recent high-latitude warming in a 
number of observational datasets and reanalysis products. We show substantial 
disagreement in the near-surface and tropospheric temperature trends. We conclude that 
the uncertainty is too great to make any assumption on physical mechanism that might be 
responsible for the positive tropospheric temperature trends, found in the ERA-40. In the 
stratosphere however, we found robust changes, which are likely associated with changes 
in the AO. 
• In the fourth paper we examine nature of the recent apparently cold Eurasian winters, 
which have been commonly presumed to be a resultant response to the enhanced heating 
in the Barents Sea, associated with reduced sea ice. We highlight the two-way coupling 
between the winter Barents Sea ice, heat fluxes and the large-scale atmospheric circulation. 
We suggest that the WACS pattern has a complex nature and includes significant 
contribution from the natural atmospheric circulation variability. The study contributes to 
understanding of the Arctic/mid-latitude linkages, which are currently one of the most 
debatable issues in the scientific community. 

There are many potential issues that may be addressed in a future study, but one of the 
most interesting questions, in my opinion, is how interactions between the changing Arctic 
sea ice cover and the atmosphere contribute to the climate variability. In the future we plan 
to investigate the potential influence of Arctic warming, associated with sea ice retreat on 
wintertime stationary wave activity, using an idealized approach. We will evaluate the 
atmospheric response of the mid-latitude stationary waves to the heating in a region, 
matching the observed thermal anomaly maxima during the record sea-ice minimum event 
of 2012, and identify the driving mechanisms.  
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SOROKINA S.A. AND I.N ESAU 

ABSTRACT 

The meridional energy transport into high latitudes of the Northern Hemisphere is an 
important climate-forming factor in the Arctic. This work presents the results of calculating 
the meridional energy flux across 70 °N based on the Integrated Global Radiosonde Archive 
(IGRA) data from the radio-sounding of the atmosphere. For checking accuracy, we 
performed a parallel MEF70 calculation from the NCEP-1 reanalysis data. The long-term 
mean energy flux over the period 1992–2007 in the layer from the Earth’s surface to 30 hPa 
is 70.6 W m–2. The fraction of the sensible heat flux is 23.2 W m–2, i.e., 33 % of the total 
energy flux; the fraction of the latent heat flux is 28.0 W m–2 (40 % of the total energy flux); 
the fraction of the potential energy is 20.0 W m–2 (27 %); and the fraction of the kinetic 
energy is 0.53 W m–2, i.e., less than 1 % of the total energy flux. The vertical structure of the 
flux shows that the main energy transport into the Arctic takes place in the middle 
troposphere–lower stratosphere layer, whereas the energy is transported mainly out of the 
Arctic in the lower troposphere, which agrees well with the schematic notion about the 
polar circulation cell. The spatial structure of the flux shows that the key regions with a 
positive (directed into the Arctic) energy flux are located in the vicinity of 160 °E (the 
northeastern part of Eurasia, Pacific sector) and 50 °W (Greenland sector). The regions with 
a negative (directed out of the Arctic) energy flux are located near 120 °W (Canadian Arctic 
Archipelago) and from 20 °E to 90 °E (Atlantic sector). In the period from 1992 to 2007, the 
meridional energy transport into the Arctic weakened by –0.26 W m–2 yr–1. The changes 
were consistent; namely, positive and negative energy fluxes weakened in amplitude, 
almost without changing their locations. 
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1. INTRODUCTION 

Any regional climatic system depends on the transboundary energy exchange. For the 
Arctic climatic system, the transboundary energy exchange is one constitutive factor for 
climate formation. For definiteness, let us designate the Arctic as a region bounded by 70 
°N on the south, which approximately coincides with the boundaries of the Arctic Ocean 
(Figure 1).  

Transboundary meridional energy fluxes across 70 °N (MEF70s) have been analyzed 
by many authors. MEF70 calculations were based on both data from an objective analysis 
of observations [1–3] and from models and reanalysis [4–8]. These works will be considered 
below and compared with the calculations based on the Integrated Global Radiosonde 
Archive (IGRA) data from radio-sounding of the atmosphere.  

One of the first estimates of energy flux variations across 70 °N was proposed in work 
[1]. For the MEF70 calculation, the authors of the cited work used the Geophysical Fluid 
Dynamic Laboratory (GFDL) statistical data on the global atmospheric circulation over 
1963–1973 based on an objective analysis of observations, mainly on the data of radio-
sounding of the atmosphere. It was revealed in subsequent investigations that the 
meridional energy flux into the Arctic has a clearly pronounced annual cycle with a 
minimum in summer and a maximum in winter [4, 9]. The main contribution to the 
meridional energy flux is made by sensible heat, potential energy, and latent heat [1, 5]; 
however, the quantitative estimates of these components differ almost by 50 % if different 
data sources are used [1, 5]. The kinetic energy flux amounts to less than 1 % of the total 
energy flux [5] and is often disregarded in calculations [1–3, 5, 6].  

There is reason latitude 70 °N was chosen for calculations. As is shown in work [10], 
at 70 °N, models predict the strongest linear relation (correlation) between the Arctic 
climate presented by the surface air temperature and the meridional energy flux. In 
addition, the boundary 70 °N largely coincides with the boundary of the region of influence 
of the northern annular mode 1of the high latitude climate variability known as the Arctic 
Oscillation [11, 12]. It is generally acknowledged that the meridional energy flux is one of 
the main mechanisms of sustaining the energy balance of the Arctic. The facts supporting 
the predominant MEF70 influence on the tropospheric climate in the Arctic are presented in 
a number of works [13–15]. However, quantitative estimates of this influence (compared 
with other mechanisms) remain a subject matter of discussion. We should preliminarily 
note the following. The MEF70 value and variability are largely controlled by the climate of 
midlatitudes through the intensity of cyclonic activity. In this case, the MEF70, due to its 
influence on temperature, wind, and cloudiness, controls the dynamics and climatology of 
sea ice in the Arctic [8]. We should also note the interrelation between the MEF70 and the 
Bjerknes mechanism of dynamic compensation [16] for sensible heat fluxes. This 
mechanism suggests that, on decadal time scales, the heat flux into the atmosphere 
decreases in response to the increase of such fluxes in the upper ocean layer [10, 17, 18].  

Therefore, the MEF70 and its temporal variability seem to be valuable information for 
a complex understanding of the role of the atmosphere, cryosphere, and ocean in the 
formation of the climate of the Arctic and the whole globe. This work has the following 
structure. The initial data and the procedure of MEF70 calculation are described in Sections 
                                            
1 A misprint in the original paper was corrected 19.03.2014. Please see Errata for more details. 



MERIDIONAL ENERGY FLUX IN THE ARCTIC FROM DATA OF THE IGRA  

 56 

2 and 3, respectively. The results of a calculation of the mean MEF70 and its comparison 
with the calculations of previous investigations are presented in Section 4. Section 5 is 
devoted to an analysis of the spatial MEF70 structure and its change from the winter to the 
summer season. The linear MEF70 trends are presented in Section 6. 

2. INITIAL DATA 

This work presents estimates of the meridional energy flux across 70 °N (MEF70) over 
the period from 1992 to 2007. The initial data are the wind velocity and direction, air 
temperature, specific humidity, geopotential heights at the Earth’s surface and at 15 
standard isobaric surfaces 1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 
70, 50, and 30 hPa. For estimating the meridional energy flux, we used the data from radio-
sounding of the atmosphere collected in the IGRA and available at [19] (checked on June 
16, 2010). The IGRA contains data of 1485 stations distributed over the entire globe [20]; 
49 of 1485 IGRA stations are concentrated near the latitude 70 °N (±5°). The periods of 
observations are different at different stations, with the densest time series from 1970 until 
now [19].  

For controlling the representativeness of observations, we performed a statistical 
analysis (checking the length and quality of the time series and estimating the vertical 
resolution) of the time series of 49 IGRA stations concentrated near the Arctic border. The 
results of estimating the vertical resolution showed that the information for the isobaric 
surface 925 hPa is absent in a large number of radio-soundings before 1992;  

 
Figure 1. Map showing the position of the radio-sounding stations whose data are used in this work. The 
dashed line is drawn along the latitude 70 °N. Data from the numbered stations, which were selected in 
accordance with the results of a statistical analysis of the data representativeness, are used in the calculations. 
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therefore, for a more accurate calculation of the heat fluxes, we used only the information 
from 1992 to 2007. Based on an analysis of the quality of the time series, we selected 26 
aerological stations (Figure1, Table 1) near the latitude 70 °N (±5°), which contained the 
information most valuable for our work. The data of these radio-sounding stations, for the 
convenience of presentation and a comparison with the results of earlier works, were 
linearly interpolated into nodes of the regular grid with a step of 10° in longitude. However, 
we admit that such a method can give inaccuracies into the MEF70 estimate. It should also 
be noted that the use of the data obtained at the stations from band 10° can yield a certain 
difference in the results during their comparison with previous investigations, which were 
performed strictly for 70 °N, due to deviations in the temperature and wind regimes at 
places located some distance from this latitude.  

For checking the accuracy and the procedure of analyzing the IGRA data, we 
performed a parallel MEF70 calculation from the NCEP-1 reanalysis data [21] over a 
specified time period. The NCEP-1 reanalysis data are obtained with the use of the 
mathematical procedure of assimilation of the existing data bases with the atmospheric 
general circulation model [21]. As a result, most disagreements in fields of different 
meteorological parameters are eliminated, the data are interpolated onto a regular and finer 
grid in space, and the time resolution of the data improves. The NCEP-1 reanalysis has a 
high spatial resolution of 2.5°×2.5° and contains information about various characteristics 
of the atmosphere and ocean over the period from 1948 to 2008. In this work we used the 
daily mean values of the wind velocity and direction, air temperature, specific humidity, 
and geopotential heights at the Earth’s surface and standard isobaric surfaces from 1000 to 
30 hPa in a 2.5°×2.5° grid2 over the period from 1992 to 2007. We reached an acceptable 
agreement between the MEF70 results based on the IGRA data and the NCEP-1 data 
processed by us. Our results also agree with independent calculations based on the 
reanalysis data, which were found in the published literature [4, 7, 8].  

3. ANALYSIS METHOD 

According to work [1], the integral meridional energy flux across the hypothetic Arctic 
border (MEF70) can be presented in the form: 

  

€ 

MEF70 = Cp∫∫ (υT) dp
g
dx + L(υqυ )∫∫ dp

g
dx + g(υz)∫∫ dp

g
dx +

1
2∫∫ (υ |v |2) dp

g
dx

,  (1) 
 

Where MEF70 is the energy flux across70 °N (Watt); υ is the meridional component of 
the wind velocity (m s–1), which is positive from south to north; is the specific humidity 
(kg/kg); x is the coordinate axis directed eastward along the parallel 70 °N; p is the pressure 
(Pa); g is the gravitational acceleration, g = 9.80665 (m s–2); Cp is the specific heat capacity 
of moist air at constant pressure, Cp = 1003.5 (J (kg K)–1); T is the absolute temperature (K); L 
is the specific heat of vaporization, 2.501 × 106 (J kg–1); z is the geopotential height (m); is 
the module of the wind velocity vector (m s–1); the overbar means the time averaging. The 
right side in formula (1) contains the terms, which correspond to the flows of sensible heat 

                                            
2 New text was added for clarification. Please see Errata for more details. 
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(enthalpy) and latent heat, potential energy, and kinetic energy. If the sum of these terms is 
positive, an energy flux across the specified boundary takes place; consequently, the 
integral MEF70 is directed into the Arctic (northward). The averaging  yields the annual 
mean meridional flux of the calculated characteristic  (temperature, humidity, 
geopotential height, and kinetic energy). The calculations were performed separately for 
each atmospheric level (from the surface to 30 hPa), and then the summation along the 
latitudinal circle was performed for each level. At the last stage, the summation was 
performed for all levels with allowance for the weight of each layer. Note that, when the 
potential energy was found for each layer, we determined the difference Δz between the 
layers i and i + 1. Multiplied by the meridional wind velocity υ, this difference is used for 
calculating the mean value of the potential energy flux for each layer. For the convenience 
of making a comparison with the results of earlier works, the MEF70 is calculated per unit of 
the Arctic area located to the north from 70 °N (1.5 × 1013 m2). Therefore, the MEF70 and its 
components are expressed in Watts per square meter (W m-2) of the area of the horizontal 
surface of the Arctic. 

For an exact calculation of the energy flux, the law of conservation of mass in the 
atmosphere has to be fulfilled:3  

 

€ 

υ( )∫∫ dp
g
dx →0 ,  (2) 

In other words, on time scales of one month and longer, the mass flux across the 
Arctic boundary must tend to zero, because the mass of the atmosphere in the Arctic is 
approximately constant. The procedure of mass correction requires high spatial and 
temporal resolutions in the initial data. For using the data presented by 26 stations of radio-
sounding, this condition is almost impracticable due to the spatial and temporal 
heterogeneity of data. According to the IGRA data, the integral mass flux over the period 
under investigation was negative. Consequently, the MEF70 value calculated with the use of 
the presented radio-sounding data is underestimated because the integral mass flux is less 
than zero. In the previous investigations [5, 6, 24], the mass correction was applied to the 
MEF70.4 

 

                                            
3 A misprint in the original paper was corrected 19.03.2014. Please see Errata for more details. 
4 A misprint in the original paper was corrected 19.03.2014. Please see Errata for more details. 
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Table 1. World Meteorological Organization (WMO) aerological stations near the Arctic boundary at the 
latitude 70 °N (±5°) selected from the results of a statistical analysis for the MEF70 calculations. 

 

No. Station 
WMO 

number 
Latitude Longitude 

Period of 
observation 

Number of 
soundings 

1 Bodo 01152 14.4 67.3 1963–2008 30809 

2 Bjornoya 01028 19 74.5 1963–2008 31223 

3 Lulea/Kallax 02185 22.1 65.6 1964–2008 36400 

4 Kandalaksa 22217 32.4 67.2 1957–2008 37947 

5 Murmansk 22113 33.1 69 1946–2008 47540 

6 Kanan nos/Sojna 22271 43.3 68.7 1962–2008 34169 

7 Narjan-Mar 23205 53.1 67.7 1963–2008 38046 

8 Pechora 23418 57.1 65.1 1953–2008 43201 

9 Salehard 23330 66.7 66.5 1948–2008 45131 

10 Ostrov Dikson 20674 80.2 73.5 1948–2008 34768 

11 Turuhansk 23472 88.0 65.8 1963–2008 37833 

12 Zhigansk 24343 123.4 66.8 1950–2008 39546 

13 Tiksi 21824 128.9 71.6 1948–2008 37858 

14 Verkhoyansk 24266 133.4 67.5 1963–2008 33885 

15 Zyryanka 25400 150.9 65.7 1954–2008 26952 

16 Kotzebue 70133 197.4 66.9 1948–2008 41997 

17 Barrow 70026 203.2 71.3 1948–2008 43324 

18 Inuvik  71957 226.5 68.3 1963–2008 31686 

19 Norman Wels 71043 233.2 65.3 1955–2008 28613 

20 Cambridge Bay  71925 254.9 69.1 1970–2008 27461 

21 Resolute 71924 265.0 74.7 1948–2008 44862 

22 Hall Beach  71081 278.8 68.8 1957–2008 26982 

23 Egedesminde 04220 307.3 68.7 1963–2008 31087 

24 Angmagssalik 04360 323.3 65.9 1963–2008 30638 

25 Scoresbysund 04339 338.0 70.5 1963–2008 30722 

26 Janmayen 01001 351.3 71 1963–2008 30981 

 
Table 2. The total MEF70 (W m-2) across the vertical section of the atmosphere along 70 °N calculated per unit 
area of the Arctic. 

 
Data 

source 
GFDL[1] GFDL[2] REMO[5] ERA40[6] NCEP-1[4] IGRA 

MEF70 98 103 99 100 103 71 
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4. MEAN MERIDIONAL ENERGY FLUX AT 70 °N 

Using the presented radio-sounding data, we calculated the annual mean climatic 
value of the MEF70 based on formula (1). According to the data of radio-sounding of the 
atmosphere, the annual mean meridional energy flux is 70.6 W m-2 (Table 2).  

The quantitative estimations of the MEF70 components obtained from radio-sounding 
data showed that the main contribution is made by the fluxes of latent heat (28.0 W m-2), 
sensible heat (23.2 W m-2), and potential energy (20.0 W m-2), which amount to 40, 32, and 
20 %, respectively, of the total MEF70. The kinetic energy flux is –0.53 W m-2, i.e., less than 
1 % of the total MEF70. The percentage ratio of the MEF70 components5 agrees fairly well 
with the calculations presented in preceding works [1, 5, 7].  

However, it should be noted that the annual mean MEF70 value obtained from the 
IGRA data was 30 % smaller than the estimates of previous investigations based on the data 
of the GFDL objective analysis, reanalysis, and models (Table 2). Such a difference is in 
compliance with the estimates obtained in [22, 23] for the meridional humidity flux, which 
were based on the NCEP-1 reanalysis and radio-sounding data. According to [22, 23], this 
difference is mainly caused by a small number or a complete absence of stations, especially 
in the Canadian Arctic Archipelago, Greenland, and North Atlantic regions. Additionally, 
the investigations performed in [24] showed that, even if the procedure of mass correction 
was used, the humidity fluxes at the latitude 70 °N from radio-sounding data were 20 % 
smaller than the estimates from reanalysis data due to distinctions in the spatial resolutions 
of data. In our case, the vertical and horizontal spatial resolutions of radio-sounding data 
are, respectively, 1.7 and 5.5 times smaller than for most reanalysis data, objective analysis, 
and model calculations. Therefore, it can be inferred that the 30 % distinction of the mean 
MEF70 based on the presented radio-sounding data is explained by distinctions in the 
spatial resolution of data and by the absence of a mass balance correction in the MEF70.  

5. SPATIAL STRUCTURE OF THE MERIDIONAL ENERGY FLUX AT 70 °N 

Figures 2 and 3 show the distributions of the mean (over the period 1992–2007) 
spatial structure of the MEF70 calculated from the IGRA data and from the NCEP-1 
reanalysis data, respectively. The MEF70 has a clearly pronounced vertical structure. The 
maximal energy transport is observed in the middle troposphere–lower stratosphere layer.  

Table 3 gives the integral climatic values of the MEF70 distributed over the calculated 
layers. The southward (negative) energy flux prevails in the troposphere up to 700 hPa and 
has its maximum amplitude in the 925 to 1000 hPa layer.6 The northward (positive) energy 
flux with the maximal amplitude in the layer from 300–400 hPa is observed beginning from 
the height of 700 hPa. 

 

                                            
5 Corrected for clarification. Please see Errata for more details. 
6 Corrected for clarification. Please see Errata for more details. 
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Figure 2. Longitude–height distribution of the IGRA MEF70 values (W m–2) interpolated onto the 10° 
longitudinal grid and averaged over the entire period from 1992 to 2007. The MEF70 contours are drawn at an 
interval of |2 × 105| (W m–2). The negative MEF70 values are indicated by dashed lines. A map of adjacent 
territories is presented below. The IGRA stations used for calculations are marked by dots on the map.  

 
Figure 3. The same as in Figure 2, but for the NCEP-1 reanalysis data. The calculations were performed at the 
Earth’s and standard isobaric surfaces, in a 2.5°×2.5° grid over the period from 1992 to 2007 (c.f., Section 2. 
Initial data).7 

 
The vertical pattern of the distribution agrees well with the previous investigations [2, 

7] and corresponds to the notions about the polar circulation cell, where the northward 

                                            
7 New text was added for clarification. Please see Errata for more details. 
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transport takes place in the upper part of the atmosphere and the southward transport takes 
place near the Earth’s surface.  
 
Table 3. MEF70 values (W m–2) and linear trends (W m–2 yr–1) for different atmospheric layers from the IGRA 
data. 

 

Earth’s surface 1000 925 850 700 500 400 
Layer thickness, hPa 

1000 925 850 700 500 400 300 

MEF70 (W m–2) -23.9 -98.3 -71.4 -81.8 36.2 63.7 91.7 

Trend (W m–2 yr–1) 0.81 1.58 -0.32 2.44 1.06 -1.00 -0.54 

300 250 200 150 100 70 50 
Layer thickness, hPa 

250 200 150 100 70 50 30 

MEF70 (W m–2) 41.4 21.6 15.7 24.4 20.7 16.4 13.9 

Trend (W m–2 yr–1) -0.85 -1.53 -1.34 -1.52 -0.79 -0.63 -0.97 

 
Considering the distribution of the climatic MEF70 along the latitudinal circle, it is 

necessary to pay attention to the almost identical patterns obtained for the IGRA data 
(Figure 2) and for the NCEP-1 reanalysis data (Figure 3). Each atmospheric layer has a clear 
zonal asymmetry. According to Figure 1, the most distinctly pronounced region of energy 
influx into the Arctic is located near 50° W. The flux intensifies at the height from 800 to 
600 hPa. The eastern axis of the North American basin and the Icelandic low have the 
biggest influence on the formation of the positive flux in this region. According to Figures 4 
and 5, this flux intensifies in the cold time of the year and weakens in the warm seasons.  

The region of the negative energy flux is located near 80 °W. This region experiences 
an influence from the downward flux in the western part of the North American ridge. The 
flux intensity increases in winter and decreases in summer (Figures 4, 5). The region of the 
positive energy flux in the cold part of the year and the weakly negative flux in the warm 
part of the year is located over the eastern part of Eurasia near 160 °E (Figures 4, 5). In 
winter, this region experiences the influence of the northeastern branch of the Siberian high. 
The strong positive flux extending from 30° to 120 °E in the lower troposphere (from the 
Earth’s surface to 850 hPa) is produced due to the formation of the western branch of the 
Siberian high. The vast region of the negative energy flux, whose maximum varies in 
longitude during the year, is located in the middle troposphere and upper stratosphere from 
30° to 120 °E. This feature is explained by the predominant wind directions in the western 
branch of the Ural basin. The East Siberian anticyclone weakens in spring, gradually 
transforming into the Asiatic depression, which changes the predominant flux direction in 
the lower troposphere and weakens the total integral flux in this region (Figures 4, 5). The 
qualitative structure of the MEF70 distribution along the latitudinal circle agrees well with 
the preceding works [2, 6, 7]. 

Figures 4 and 5 show the winter and summer MEF70 fluxes based on the IGRA and 
NCEP-1 data. As can be seen from these figures, the flux structure, on the whole, is retained 
from winter to summer. We can note the following tendency: in winter, the heat influx into 
the Arctic due to external factors (solar radiation and longwave fluxes) is much smaller than 
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at midlatitudes [6]; consequently, high gradients of temperature and pressure are formed 
between high and middle latitudes, leading to a high intensity of the meridional flux. In 
spring, the meridional energy flux considerably decreases. Beginning from February, the 
Arctic atmosphere is heated due to a rapid increase in the solar radiation flux and the heat 
(sensible and latent) flux from the Earth’s surface, and the total energy balance in the 
atmosphere becomes positive [6]. Consequently, the zonal mean temperature gradient 
between high and middle latitudes starts to decrease, which decreases the meridional flux 
intensity. 

6. LINEAR TREND OF THE MERIDIONAL ENERGY FLUX AT 70 °N AND ITS 

SPATIAL STRUCTURE 

Considering the linear trends in the spatial structure of MEF708, one can note the 
following. The linear trend of the MEF70 calculated from the IGRA data for the atmospheric 
layer from the Earth’s surface to 30 hPa is –0.26 W m–2 yr–1, which indicates that the 
meridional flux into the Arctic, on the whole, becomes weaker. This tendency agrees well 
with the previous calculations based on the NCEP-1 reanalysis data [18], which yielded a 
linear MEF70 trend equal to –0.11 W m–2 yr–1 [8]. This tendency also qualitatively agrees 
with the results of work [7]. Table 3 gives the linear MEF70 trends over the period 1992–
2007 separately for each atmospheric layer. The vertical structure of the linear MEF70 
trends displays a tendency toward the weakening of the northward transport in the middle 
and upper troposphere and in the stratosphere and, simultaneously, a tendency toward the 
weakening of the southward transport in the lower troposphere.  

Considering the distribution of the linear MEF70 trends along the latitudinal circle 70 
°N (Figure 6), one can note the following features. During 1992–2007, the MEF70 increased 
in the region of the Canadian Arctic Archipelago, over the North Atlantic, and in the region 
of the Norwegian Sea. Large negative trends were observed over northeastern Eurasia, 
Greenland, and in the vicinity of Novaya Zemlya Island (Barents and Kara seas). Therefore, 
the signs of the flux trends are, on the whole, opposite the signs of the fluxes themselves; 
i.e., the tendency toward the weakening of the southward flux is observed in regions where 
the southward flux prevails, and the tendency toward the weakening of the northward flux 
exists in regions with a predominant northward flux (Figure 6). This feature points to the 
weakening of the meridional circulation within the polar cell as a whole. It should be noted 
that the redistribution of fluxes (their decrease in some sectors and increase in others) could 
affect the local temperature regime of the Arctic and, consequently, change the processes in 
the cryosphere. For example, the positive MEF70 tendency in the Atlantic sector and Europe 
and the negative tendency over northeastern Eurasia and Greenland would strengthen the 
influence of warm air from the Atlantic Ocean and, contrary, decrease the influence of cold 
continental air from northwestern Eurasia and Greenland. Although further efforts are 
necessary for a quantitative estimation of the influence that MEF70 redistribution has on 
changes in the temperature regime and processes in the cryosphere, it can be supposed that 

                                            
8 A Misprint in the original text was corrected 19.03.2014. Please see Errata for more details. 
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changes in the MEF70 spatial structure are associated9 with the mean temperature rise [25–
25] and the substantial decrease in the ice cover area in the Arctic [8, 28]. 

 

(a)  

(b)  
Figure 4. Longitude–height distribution of the IGRA MEF70 values interpolated onto the 10-degree longitudinal 
grid (a) in the winter period from November to March and (b) in the summer period from May to September. 
The MEF70 contours are drawn at an interval of |2 × 105| (W m–2). The negative MEF70 values are indicated 
by dashed lines. A map of adjacent territories is presented below. The IGRA stations used for calculations are 
marked by dots on the map. 
 

                                            
9 Corrected for clarification. Please see Errata for more details. 
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(a)  

(b)  
Figure 5. The same as in Figure 4, but for the NCEP-1 reanalysis data. The calculations were performed at the 
Earth’s and standard isobaric surfaces, in a 2.5°×2.5° grid over the period from 1992 to 2007 (c.f., Section 2. 
Initial data).10 

                                            
10 New text was added for clarification. Please see Errata for more details. 
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(a)  

(b)  
Figure 6. Longitude–height distribution of the MEF70 linear trends (W m–2 yr–1) according to (a) IGRA and (b) 
NCEP-1 data. The IGRA stations used for calculations are marked by dots on the map. The linear trends from 
the IGRA stations were interpolated onto and plotted at the 10° longitudinal grid, whereas the linear trends 
from the NCEP-1 data were obtained in and plotted at the original 2.5°×2.5° grid. 11The contours of the 
MEF70 trends are drawn at an interval of |1 × 104| (W m–2 yr–1). The negative MEF70 trends are indicated by 
dashed lines. A map of adjacent territories is presented below.  
 

 

                                            
11 New text was added for clarification. Please see Errata for more details. 
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7. CONCLUSIONS 

This work presents the spatial–temporal structure of the meridional energy flux at the 
latitude 70 °N (MEF70) based on the IGRA data and its comparison with the MEF70 
structure based on the NCEP-1 reanalysis data and the preceding investigations. The mean 
MEF70 obtained from the IGRA data over the period of 1992–2007 is 70.6 W m–2, which is 
30 % less than the estimates obtained in the preceding investigations on the basis of the 
GFDL objective analysis, reanalysis, and models. Such a difference between the MEF70s is 
hypothetically explained by distinctions in the spatial resolutions of data and by an absence 
of the mass balance correction in the radio-sounding data. However, it should be noted that 
the quantitative estimation of the MEF70 structure according to the IGRA data agrees12 fairly 
well with the results of preceding investigations and the NCEP-1 reanalysis data.  

The presented estimates of the vertical MEF70 structure showed noticeable variations 
in the flux distribution over height. The MEF70 has a clear vertical structure. The main 
energy flux into the Arctic takes place in the middle troposphere–lower stratosphere layer 
(700–30 hPa). In the lower atmospheric layer (to 700 hPa), the energy is predominantly 
carried out of the Arctic. This inference qualitatively agrees with the notions about the air 
circulation within the polar cell [3, 4]. 

An analysis of the spatial MEF70 structure shows that the key regions with the positive 
(directed into the Arctic) energy flux are located in the regions of 160 °E (the northeastern 
part of Eurasia and the Pacific sector) and 50 °W (the Greenland sector), whereas the 
regions with a negative (directed out of the Arctic) energy flux are located near 120 °W 
(Canadian Archipelago) and from 20° to 90 °E (Atlantic sector). It was shown that the 
cyclonic activity at middle and high latitudes substantially affects the meridional energy 
transport. This factor leads to an alternation of directions of the meridional energy flux at 
the same level. Northward fluxes prevail along some meridians, and southward fluxes 
prevail along other, neighboring, meridians. Distinctions between the patterns of the 
meridional energy fluxes in the cold and warm times of the year are noted. On the whole, 
the qualitative structure of the positions of positive and negative energy fluxes is retained 
from winter to summer. However, the following tendency is observed: due to the 
weakening of the zonal mean temperature and pressure gradients between high and middle 
latitudes in the warm time of the year, the meridional flux intensity decreases, the maxima 
of fluxes become smoothed, and the MEF70 field becomes more diffuse. When these 
gradients increase in the cold time of the year, the meridional flux intensifies and the spatial 
MEF70 structure becomes more contrasting. 

The general tendency toward the MEF70 weakening was detected in 1992–2007. The 
total linear trend is –0.26 W m–2 yr–1, which qualitatively agrees with the estimates obtained 
by the authors of works [7, 8]. An analysis of the spatial structure of the linear MEF70 trend 
showed considerable changes in the distribution of the meridional air transport between 
Arctic and middle latitudes over the period from 1992 to 2007. These changes manifested 
themselves both in the vertical distribution of the total MEF70 and in its horizontal 
distribution along the latitude 70 °N. During 1992–2007, the MEF70 increased in the area 
of the Canadian Arctic Archipelago, over the Atlantic, and in the region of the Norwegian 
Sea and decreased in the region of northeastern Eurasia, Greenland, and Novaya Zemlya 
                                            
12 A Misprint in the original paper was corrected 19.03.2014. Please see Errata for more details. 
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Island (Barents and Kara Seas). Such a redistribution of the MEF70 may enhance the 
influence of warm air from the Atlantic Ocean water areas and, on the contrary, reduce the 
influence of cold continental air from northeastern Eurasia and Greenland. It can be 
supposed that changes in the MEF70 spatial structure are associated with13 the mean 
temperature rise [25–27] and a substantial decrease in the ice-cover area in the Arctic [27, 
28]. It is necessary to note in conclusion that the question concerning the causes of the 
accelerated warming of the Arctic remains among the questions most hotly discussed by the 
world scientific community, for example, at the congress concluding the International Polar 
Year (Oslo, June 8–12, 2010). One of the most complex and still unclear questions is the 
relationship between14 the MEF70 and changes in the Arctic climate. Various hypotheses 
predict both a decrease [10, 16] and an increase [29, 30] in MEF70. The results of our 
calculations, in spite of a significant uncertainty, point more likely to the MEF70 weakening 
in over the last few decades. Therefore, the meridional energy flux at the Arctic border and 
its long-term variability possibly allow us not only to understand climate changes in the 
Arctic itself, but also point to the mechanisms of these changes and their relation to the 
processes at low latitudes. 
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ERRATA 

Certain corrections and clarifications were applied to the original version of the paper: 
Sorokina, S.A. and I.N. Esau, 2011: Meridional energy flux in the Arctic from data of the 
IGRA. Izvestiya, Atmospheric and Oceanic Physics, 47 (5), 572–583, 
doi:10.1134/S0001433811050112. The changes are specified bellow. The numeration is in 
agreement with numeration in the footnotes and continuous throughout the thesis. 

 
1. “… the boundary 70 °N largely coincides with the boundary of the region of influence 
the circular stationary mode …” – corrected to: “… the boundary 70 °N largely coincides 
with the boundary of the region of influence of the northern annular mode …” 
2.  “… from 1000 to 30 hPa over the period from 1992 to 2007.” – corrected to: “… from 
1000 to 30 hPa in a 2.5°×2.5° grid over the period from 1992 to 2007.” 
3.  “… it is necessary that the law of the mass balance in the atmosphere be fulfilled.” – 
corrected to: “the law of conservation of mass in the atmosphere has to be fulfilled.” 
4.  “In the previous investigations [5, 6, 24], the MEF70 value is given with allowance for 
the mass balance law.” – corrected to: “In the previous investigations [5, 6, 24], the mass 
correction was applied to the MEF70.” 
5. “Such a percentage relation of the significance of the MEF70 components…” – corrected 
to: “The percentage ratio of the MEF70 components…” 
6. “The southward (negative) energy flux with the maximal amplitude in the 925- to 1000-
hPa layer, i.e., at the Earth’s surface, prevails in the tropospheric layer to a height of 700 
hPa” – corrected to: “The southward (negative) energy flux prevails in the troposphere up to 
700 hPa and has its maximum amplitude in the 925 to 1000 hPa layer.” 
7.  Certain text was added to the capture of Figure 3: “The calculations were performed at 
the Earth’s and standard isobaric surfaces, in a 2.5°×2.5° grid over the period from 1992 to 
2007 (c.f., Section 2. Initial data).” 
8.  “Considering the long-term tendencies in MEF70 variations…” – corrected to: 
“Considering the linear trends in the spatial structure of MEF70…” 
9.  “… it can be supposed that this feature, which characterizes circulation variations, is 
one of the factors responsible for the mean temperature rise...” – corrected to: “… it can be 
supposed that changes in the MEF70 spatial structure are associated with the mean 
temperature rise ...” 
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10. Certain text was added to the capture of Figure 5: “The calculations were performed 
at the Earth’s and standard isobaric surfaces, in a 2.5°×2.5° grid over the period from 1992 
to 2007 (c.f., Section 2. Initial data).” 
11. Certain text was added to the capture of Figure 6: “The IGRA stations used for 
calculations are marked by dots on the map. The linear trends from the IGRA stations were 
interpolated onto and plotted at the 10° longitudinal grid, whereas the linear trends from the 
NCEP-1 data were obtained in and plotted at the original 2.5°×2.5° grid.” 
12.  “… the quantitative estimation of the MEF70 structure according to the IGRA data 
correlates fairly well” – corrected to: “… the quantitative estimation of the MEF70 structure 
according to the IGRA data agrees fairly well ...”  
13.  “… this feature of changes in the circulation is one of the factors responsible for the 
mean temperature rise...” – corrected to: “ changes in the MEF70 spatial structure are 
associated with the mean temperature rise…” 
14.  “One of the most complex and still unclear questions is associated with the 
response magnitude in the MEF70 mechanism to changes in the Arctic climate.” - corrected 
to: “One of the most complex and still unclear questions is the relationship between the 
MEF70 and changes in the Arctic climate.” 
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CLIMATOLOGY OF THE ARCTIC PLANETARY BOUNDARY LAYER 

ESAU I.N. AND S.A. SOROKINA 

ABSTRACT  

 
One of the central problems of the state-of-the-art climatology is to understand the 

relationship between the observed near-surface processes, first of all the processes 
dependent on such meteorological quantities as temperature, humidity and wind, and the 
general atmospheric circulation and its long-term variability. Complications arise from the 
fact that the near-surface processes are affected by the vertical turbulent exchange. This 
study provides climatological estimates of the turbulent exchange and quantifies aspects of 
the turbulent exchange that are important for the Arctic climate. By definition, the planetary 
boundary layer (PBL) is the lowermost atmospheric layer where the vertical turbulent 
exchange (mixing) is non-negligible in description of meteorological processes. The study 
focuses on the unique Arctic PBL features rarely observed at lower latitudes, namely, 
turbulence development and mixing under conditions of strong atmospheric static stability 
and under strongly negative surface radiation balance. The proposed reconstruction of the 
Arctic PBL climatology is based on episodic turbulence field campaigns as well as on 
regular radio-sounding, reanalysis and satellite data. We found that the main difficulty of 
the data analysis appears not from data scarcity as it has been traditionally claimed, but 
from data inconsistency and low quality. The reconstruction reveals that the Arctic PBL is 
stably stratified in 70 % to 100 % of observations. But the continues periods of stably 
stratified PBL (SBL) development are typically less than 100 hours (4 days). The Arctic PBL is 
shallow. Its depth is typically less than 200 m and frequently less than 50 m. But over the 
Arctic Ocean, this shallow PBL is often well mixed due to the conductive heat transport 
through ice and the convection over polynyas. The Arctic PBL can often dynamically 
decouple from the rest of the atmosphere. During the periods of decoupling the temperature 
variability within the PBL is much larger (in wintertime) or smaller (in summertime) than in 
the air aloft. Stability of the PBL and developing of the temperature inversions maintain high 
relative humidity (often above 90 %) and the Arctic haze and fog. Models are sensitive to 
the Arctic PBL dynamics. However the model resolution is usually inadequate to the 
requirements of the employed turbulence parameterization schemes.  
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I. INTRODUCTION 

One of the central problems of the state-of-the-art climatology is to understand the 
relationship between the observed near-surface processes, first of all the processes 
dependent on such meteorological quantities as temperature, humidity and wind, and the 
general atmospheric circulation and its long-term variability. This dependence is often 
referred to as surface-to-atmosphere coupling. The strength of the coupling is one of the 
most important factors responsible for shaping the Earth’s Climate System. In the Arctic, the 
coupling is achieved through a general atmospheric circulation pattern known as the polar 
cell; the vertical turbulent mixing and radiation transfer processes. Due to generally low 
temperatures, elements of hydrological cycle, which are important at lower latitudes, do not 
play a significant role in the Arctic surface-to-atmosphere coupling [Koster et al., 2004; Guo 
et al., 2006]. Low temperatures however result in the intimate coupling between the 
atmosphere and different cryospheric components [Serreze et al., 2007] such as sea ice, 
snow, permafrost etc. These cryospheric components force the atmospheric response on a 
variety of scales from meter-scale radiation heating inversions near the surface [Savijarvi, 
2006] to region-scale tele-connections in the atmospheric circulation patterns [Adachi and 
Yukimoto, 2006].  

This study is focused on the climatological aspects of the coupling through the vertical 
turbulent mixing. The turbulent mixing is a dynamical process in the Earth’s Climate 
System, which generally reduces differences in temperature, humidity and momentum 
between the surface and different layers in the atmosphere. The lowermost atmospheric 
layer where the vertical turbulent mixing is indispensible to description of the 
meteorological processes is known as the planetary boundary layer (PBL). There are some 
complications however. If the time scale of turbulent mixing is comparable with the time 
scale of a non-turbulent process, e.g., the radiation heating or horizontal temperature 
advection, the adjacent mixed and non-mixed layers may evolve independently. In result, 
the turbulent mixing may sharpen the meteorological gradients at the top and bottom of the 
PBL and may cause its mechanical decoupling from the adjacent layers.  

The direction of the vertical turbulent mixing is an important question to be addressed 
in this study. The Arctic obtains on average 100 W m–2 of the heat flux through the 
atmospheric and 5 W m–2 through the oceanic meridional advection [Semmler et al., 2005; 
Serreze et al., 2007]. This is comparable in magnitude with the components of the radiation 
balance. Arguably, the meridional advection is the largest source of heat and moisture in 
the wintertime Arctic. The bulk amount of heat and moisture is transported in the mid-
troposhere, [Chase, 2002] which makes it potentially warmer and more humid than the 
near-surface layer. This feature of the temperature and humidity profiles is reinforced by the 
negative surface radiation balance and the differential radiation cooling in the atmosphere 
below about 3 km. In result, the Arctic PBL is usually stably stratified or at least develops 
against the stably stratified non-turbulent atmosphere. The turbulence has to transport heat 
downward acting against buoyancy force in a process called a top-down turbulent mixing. 
The top-down turbulent mixing is less effective than the bottom-up turbulent mixing 
(convection) as the stable stratification damps the vertical extend of turbulent eddies and 
their vertical velocities. 
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The Arctic PBL is shallow. The question arises whether the observed large temperature 
fluctuations on annual, decadal and century scales [Overpeck et al., 1997; Polyakov et al., 
2003; Bengtsson et al., 2004] are the PBL confined feature, possibly skewed and magnified 
(damped), or accurate [Langen and Alexeev, 2005] reflection of the circulation variability. 
The recent surface temperature trend in the Arctic is about twice as large as the Northern 
Hemisphere trend [ACIA, 2005]. The trends are also the largest in the shallow near-surface 
layer [Serreze et al., 2008] while this feature is still disputable [Graversen et al., 2008]. 
Manabe and Wetherald [1975] suggested that one reason for the larger by magnitude and 
shallow by vertical extend Arctic temperature trends is the trapping of temperature 
anomalies in the Arctic PBL. Although, these PBL trapped anomalies often comprise less 
than 100 m of the atmosphere, their impact on the Arctic ecosystems and cryosphere could 
be pronounced [Serreze et al., 2000; Serreze and Francis, 2006]. Sophisticated turbulence 
observational campaigns, e.g., the Arctic Ocean Experiment [Tjernstroem et al., 2005], have 
demonstrated that the Arctic PBL isolation is asymmetric. The PBL tends to be insulated 
from synoptic warming events, but the cooling events can effectively influence the PBL 
characteristics, including the SATs. This remarkable asymmetry leads to considerably lower 
the SATs compared to those observed under invariable PBL mixing.”15  

Unfortunately, the Arctic PBL processes, effects and related feedbacks are difficult to 
study. Arctic is a remote, sparsely populated place with no or very limited available 
infrastructure. Direct turbulence measurements require stable platform, electricity supply for 
instruments and data storage, frequent outdoor work with tethered balloons and radio-
soundings, temporary landing strips for research aircrafts to study the inversion and clouds. 
The turbulence observational campaigns are expensive, difficult to organize and therefore 
fragmentary. Moreover, the turbulence measurement campaigns tend to be organized in 
summertime and in a few preferable locations where the logistics is relatively easy. Thus, 
there is rather detailed turbulence data in the Atlantic region of the Arctic around 
Spitsbergen Archipelago (see Figure 1) and in the Beaufort Sea in the Central Arctic region. 
At the same time, the direct turbulence observations in inland Canadian, Greenland, and 
Siberian Arctic and sub-Arctic regions are scarce. In recent years, international efforts and 
advancement of the on-line data services, especially in the National Data Centers in USA, 
improved data availability and open possibility to combine data from different campaigns, 
satellite data and the regular meteorological measurements to obtain better reconstruction 
of the Arctic PBL climatology. The reconstruction in this study is based on a limited 
selection of the best available data sources. A more comprehensive reconstruction study 
will be developed in future.  

The models (algorithms) help to reconstruct the PBL climatology. The models are 
however imperfect [Mahrt, 1998; Cuxart et al., 2006; Brunke et al., 2006] and sensitive to 
the turbulence parameterization [Dethloff et al., 1997; Byrkjedal et al., 2008] and numerical 
resolution [Roekner et al., 2006; Esau and Byrkjedal, 2007]. As essentially the same models 
are used in climate model simulations, their deficiency causes problems for the Arctic 
climate change projections. The largest discrepancy and the largest inter-model scatter in 
the Intergovernmental Panel for Climate Change (IPCC) model simulations were found in 
high latitude regions, in particular over the Arctic Ocean [ACIA, 2004; Sorterberg et al., 

                                            
15 Corrected for clarification. Please see Errata for more details. 
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2007; Wang et al., 2007; Walsh, 2008]. At the same time the largest changes, mainly strong 
warming, are also projected in the Arctic north of 60 oN. In several studies [e.g., Bengtsson 
et al., 2004; Lawrence et al., 2008; Serreze et al., 2008], these changes are linked to 
altering state of the surface, primarily to the reduction of the sea ice, and hence the strength 
of the surface-atmospheric coupling. In order to evaluate credibility of such projections as 
well as to assess the impact of the human activity, actual or potential, on the Arctic 
environment, the better understanding of the Arctic PBL climatology is needed.  

 
Figure 1. The Arctic region map. The map includes boundaries of the climate regions following the Atlas of the 
Arctic [Treshnikov, 1985]. The regions are identified by roman numbers I to IX according to Table 2. 
Geographical positions of 52 IGRA stations (Table 3) are marked with colour dots where colours (right colour 
bar) denote the total number of soundings in thousands. The station number is given near its location for each 
station. Geographical positions of the field turbulence campaigns (Table 4) are given by black squares. The 
black thin lines represent the Russian North Pole drift stations during 1979–2007. 

 
In this study, we do not attempt to repeat or summarize the traditional aspects of the 

Arctic climatology that can be found elsewhere [e.g., Orvig, 1970; Fetterer and Radionov, 
2000; Polyakov et al., 2003; Przybylak, 2003a, 2003b; ACIA, 2004; Serreze and Barry, 
2005; Macdonald et al., 2005; IPCC, 2007; Walsh, 2008]. Web sites in Table 1 will help 
readers to obtain more detailed information on the Arctic climatology. It is worth to 
emphasize that even the traditional aspects of the Arctic climatology are established rather 
uncertainly. For instance, Overland et al. [2007] and Kuzmina et al. [2008] have 
demonstrated that the mean surface air temperature (SAT) patterns differ significantly from 
publication to publication and from database to database. In part this can be explained by 
scarcity and lower accuracy of the meteorological data in the Arctic as well as by 
interpolation and gap filling methods. But in part, this uncertainty should be also attributed 
to strong variability, both temporal and spatial, of the Arctic climate [Overpeck et al., 1997; 
Johannessen et al., 2003; Polyakov et al., 2003]. As the traditional climatology is largely 
based on the assessment of the surface meteorological characteristics, this enhanced 
variability may indicate the trapping and/or amplification of the anomalies in a shallow PBL 
and the other PBL related features. 
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Table 1. Web sites devoted to the Arctic climatology. 
 

 
Web site title 

 

 
URL 

 
Arctic Climate Research at the 
University of Illinois. Leading 
authors: J. Walsh and W. 
Chapman 
 

 
http://arctic.atmos.uiuc.edu/ 

"Greenland Climate" is part of 
the research project "Regional 
Climate Change in Greenland 
and Surrounding Seas".  A 
data and knowledge base on 
the expected climate change 
in the Arctic, based on 
regional climate modeling, 
where the projections cover 
both meteorology and 
oceanography. 

http://klimagroenland.dmi.dk/datauk.html 

A special report on the Arctic 
climate research by the 
National Science foundation 
(USA) 

http://www.nsf.gov/news/special_reports/arctic/index.jsp 

Arctic Climate System Study 
(project finished in 2003) 

http://acsys.npolar.no/ 

Arctic meteorology and 
climatology atlas 

http://nsidc.org/arcticmet/basics/arctic_climate.html 

A near real-time Arctic change 
indicators 

http://www.arctic.noaa.gov/detect/ 

An international project of the 
Arctic Council and the 
International Arctic Science 
Committee (IASC), to evaluate 
and synthesize knowledge on 
climate variability, climate 
change, and increased 
ultraviolet radiation and their 
consequences. 

http://www.acia.uaf.edu/ 

Arctic Monitoring and 
Assessment Programme 
(AMAP) is an international 
organization established in 
1991 to implement 
components of the Arctic 
Environmental Protection 
Strategy (AEPS). 

http://www.amap.no/ 

 
Majority of published works on the PBL climatology attempted to assess the turbulent 

mixing in a limited spatial area and over very short, sometime just a few days, time interval. 
A pan-Arctic picture of the turbulent fluxes has been assembled in Russian publications 
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[Treshnikov, 1985; Khrol, 1992], but this picture, based on fragmentary observations in the 
pre-satellite era, is somewhat inconsistent with more recent findings.  

The Arctic consists of regions with very different physical and geographical conditions. 
There are several methods to classify the Arctic regions. For reference purposes, we adopt 
the classification of Arctic climate regions after the “Atlas of the Arctic” [Treshnikov, 1985]. 
We also include several sub-Arctic regions so that to complete the PBL climatology north of 
60 oN (see Figure 1). The regions are identified in Table 2. It should be noted however that 
the study is organized following physical, but not geographical principles. Therefore 
Treshnikov’s geographical climate regions are grouped by similarity of the physical 
processes. 
 
Table 2. Geographical climate regions according to the “Atlas of the Arctic” [Treshnikov, 1985]. 

 
Continental regions: Marine regions 

I. European Sub-Arctic 
II. Siberian Sub-Arctic 
III. Siberian 
IV. Alaska 
V. Canadian region 
VI. Greenland region 

VII. Atlantic Sub-Arctic region 
VIII. Atlantic region 
IX. Pacific region 
X. Baffin Bay region 
XI. Central Arctic region  

 
The logical flow of this study is as follows. Section 2 describes the physical structure of 

the Arctic PBL obtained through the theoretical analysis and turbulence-resolving 
simulations. Also in this Section, the models (algorithms) are presented to relate the 
observable meteorological quantities with the turbulent characteristics such as fluxes. 
Section 3 characterizes datasets used in the study. Here, the special attention is paid to the 
data uncertainties and quality, in particular, to algorithms utilized to derive non observable 
quantities such as turbulent fluxes. Section 4 presents the reconstruction of the Arctic PBL 
climatology. The presentation consists of a general, pan-Arctic overview of the PBL 
climatology, more detailed discussions of the PBL features in each climatological region, 
and discussions of the cloud turbulence interaction and the PBL features over strongly 
heterogeneous surface. Section 5 presents the recent (1992–2007) trends in the PBL 
climatology and future projections for the Arctic PBL change. Section 6 summarizes the 
study. 

II. THEORETICAL STRUCTURE OF THE ARCTIC PBL 

Interpretation of often incomplete, inconsistent, noisy and biased observational data as 
well as time averaged data products requires certain physical understanding of the vertical 
structure and evolution of stratified boundary layers. This understanding is obtained from 
controllable laboratory experiments, theoretical considerations and, in recent years, from 
turbulence-resolving simulations. In particular, it has been understood that the dry, 
barotropic, statistically stationary PBL over homogeneous surface is controlled by a few 
external, relative to the PBL, parameters. The parameters are: the surface stability parameter
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€ 

µ = u∗ f L( )−1; the imposed stability parameter

€ 

µ = f −1N ; the Rossby number 

€ 

Ro =
U
f L

; 

where, 

€ 

u∗ [m s–1] is the surface friction velocity or the square root of the amplitude of the 
vertical momentum flux; 

€ 

f = 2Ωsinϕ  [s–1] is the Coriolis parameter; 

€ 

Ω = 7.27 10–5 [rad s–1] 

is the Earth’s angular velocity; 

€ 

ϕ [degrees] is the latitude; 

€ 

L =
−u∗

3

gβ H
Cpρ

 [m] is the Monin-

Obukhov length scale; 

€ 

H  [W m–2] is the sensible heat flux;  = 9.81 [m s–1] is the 
acceleration due to gravity;  = 0.003 [K] is the thermal expansion coefficient of air; 

€ 

Cp  = 
1005 [J kg–1 K–1] is the specific heat of air at constant pressure; 

€ 

ρ  [kg] is the air density; 

€ 

N =
g
Tυ
∂θ
∂z

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1
2

 [s–1] is the Brunt-Vaisala frequency; 

€ 

θ  [K] is potential temperature;  [m] is 

the height above the surface; 

€ 

U  [m s–1] is the Geostrophic wind speed; and 

€ 

z0u [m] is the 
aerodynamical roughness length for momentum. These parameters are related to each other 
through the PBL resistance laws [Zilitinkevich and Esau, 2005; Esau and Zilitinkevich, 
2006]. In principal, the resistance laws give the relation between the climatological 
quantities, such as temperature, humidity, wind speed and direction, at any level within the 
PBL. However, the set of resistance laws consists of non-linear equations and therefore 
cannot be easily resolved with respect to observable surface and atmospheric parameters. 
The resistance laws read  
 

€ 

κ
Cg

cosα = ln h
z0u

− A

 

€ 

κ
Cg

sinα = −
fh
u∗

B

 

€ 

κT
CTR

= ln h
z0u

−C, and
κq

CqR

= ln h
z0u

−D  

(1) 
 
 
(2) 
 
 
(3) 

 
The coefficients, A, B, C, and D are considered as universal functions of 

€ 

h /L, where 
=0.4 is von Karman constant,  is the PBL depth. The geostrophic drag coefficient is 

€ 

Cg = u∗ /U . In the limit of non-stratified, truly neutral PBL, the Rossby number and the 
geostrophic coefficient are related as 

€ 

h /z0u = CgRo . The thermal and humidity resistance 
coefficients are 

€ 

CTR = θ∗ / θ z=h −θ z=0( )  and 

€ 

CqR = q∗ / qz=h − qz=0( ) . The theoretical approach 
becomes far less treatable if the atmospheric baroclinicity, microphysics, air subsidence and 
surface heterogeneity are taken into account. 

The theoretical difficulties could be alleviated to some degree if the PBL depth is 
considered as the integral measure of the turbulent mixing [Zilitinkevich et al., 2002]. The 
prognostic PBL depth equation with the PBL entrainment rate  is usually formulated as a 
relaxation equation: 

 



CLIMATOLOGY OF THE ARCTIC PLANETARY BOUNDARY LAYER 

 

 83 

€ 

dh
dt

= wh + hE − h( )tE−1 
(4) 

 
The equilibrium PBL depth, , is given for idealized stably stratified conditions 

[Zilitinkevich et al., 2007] as: 
 

€ 

hE = CR
u*
f
1+CCNµN +CNSµ( )−

1
2  (5) 

 
where  = 0.6,  = 1.3 and  = 0.5 are empirical constants fitted to the large-

eddy simulations. For unstably stratified, convective conditions, the formulation reads 
[Fedorovich et al., 2004] as 

 

€ 

hE =
C'Ht
cpρ

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

1
2

N −1 , where =1.67. 
(6) 

 
Therefore, the theory suggests the following set of key parameters for the PBL 

climatology: the surface momentum flux (

€ 

u*), the sensible (

€ 

θ*) and latent (

€ 

q*) heat fluxes, 
the stability of the free atmosphere above the PBL, and the PBL depth.  
These parameters are often not observed, which makes necessary to invoke additional 
assumptions on the turbulent mixing from the theoretical analysis. In this case, gradient 
measurements near the surface may help providing the required information through flux-
gradient models, e.g., TOGA-COARE bulk flux model [Fairall et al. 2003],  
 

€ 

θ∗ = −τθ s /u∗ = ρcpCθUz θ s −θa( ) /u∗  

€ 

q∗ = −τ qs /u∗ = ρcpLqCqUz qs − qa( ) /u∗  

€ 

u∗ = τ s = ρCM Uz  

(7)  

(8) 

(9) 

 
Where: 

€ 

θ*, 

€ 

q*, and 

€ 

u* are sensible, latent and momentum turbulent heat fluxes, 
respectively; 

€ 

ρ  is the air density; C is the specific heat of dry air at constant pressure 
(1003.5 J (kg К)–1); L is the latent heat of vaporization, 2.501 ×  106 (J kg–1); U is the wind 
speed usually at 10 m above the surface; 

€ 

qs and 

€ 

θ s  are the specific humidity and 
temperature of air near the surface (2 m); 

€ 

qa  and 

€ 

θa  are specific humidity and temperature 
of air 10 m above the surface. The exchange coefficients, 

€ 

CM , Cθ , and Cq are determined 
utilizing Monin-Obukhov similarity theory as:16 
 

                                            
16 The original text was corrected for clarification 28.03.2014. Please see Errata. 
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(10) 
 
 
(11) 
 
 
(12) 

 
Here , , are the universal Monin-Obukhov stability functions; 

€ 

z0T , 

€ 

z0qare 

the aerodynamic roughness lengths for temperature and moisture correspondingly. These 
functions and coefficients need to be determined empirically albeit several works have tried 
to establish functional relationships for them [e.g., Andreas, 1987; Andreas et al., 2004]. 
The empirical Monin-Obukhov similarity functions in the integral form read  
 

€ 

ΨM (z /L) = 2ln 1+ x
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ + ln

1+ x 2

2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ − 2arctan x +π /2 , for 

€ 

z /L < 0  

€ 

ΨM (z /L) = −βM z /L , for 

€ 

z /L > 0 

(13) 

(14) 

 

€ 

ΨT (z /L) =Ψq (z /L) = 2ln 1+ y
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ , for 

€ 

z /L < 0 

€ 

ΨT (z /L) =Ψq (z /L) = −βT z /L , for 

€ 

z /L > 0 

(15) 

(16) 

 

€ 

x = (1−γM z /L)
1/ 4 , 

€ 

y = (1−γT z /L)
1/ 2  (17) 

 
And the constants are taken 

€ 

γM = γT ≈16 and 

€ 

βM = βT ≈5 in many applications. 
As the vertical profiles of the turbulent fluxes are unavailable from the regular 

meteorological measurements as well as from the majority of the dedicated turbulence 
campaigns, indirect methods based on interpretation of coarse resolution vertical profiles of 
the wind speed and temperature have to be used in the PBL depth calculations. One of the 
most robust and popular methods is a bulk Richardson number algorithm proposed by 
Troen and Mahrt [1986]. In the method,  is defined as the lowest height 

€ 

z = h  at which 
the bulk Richardson number exceeds the critical Richardson number, i.e. 

€ 

Rib > Ricr . 
 

€ 

Rib =
g
Tυ

ΔθυΔz
ΔU( )2 + ΔV( )2

 (18) 

 
The choice of is rather arbitrary and varies from 0.15 to 0.5.  
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III. DATASETS AND PROXIES  

Data coverage of the Arctic is rapidly improving in the satellite era. At the same time, 
snow, ice and low level cloud cover create significant difficulties for the satellite data 
retrieval. It may explain why many “global” satellite products practically do not present data 
north of 60 ºN [e.g., Chen et al., 2008]. 

The Arctic climatology also struggles from uneven geographical distribution of the 
observations as well as their tendency to be denser in summer and spring seasons and along 
coastal lines. A subsequent research publication tends to use springtime (April, May) 
observations as proxy for the winter season data and the summertime (July, August) 
observations as proxy for the summer and autumn seasons. Although the use of summertime 
data to characterize the warm season is probably reasonable, especially over the 
permanently snow and ice covered surface, because still low springtime temperatures 
cannot justify the extrapolation toward the cold season due to significant differences in the 
atmospheric vertical structure and energy balance. 

In this study, we try to characterize every group of climate regions with in situ direct 
turbulence measurements from at least one field campaign. The used sources of information 
are presented in Figure 1. These measurements are combined with the gridded data, mainly 
with the reanalysis data, and satellite data products. 

PAN-ARCTIC 

Pan-Arctic datasets are reanalysis and satellite products. They could be used to 
characterize general properties of the PBL climate as well as to outline regional specifics. 
The primarily source of the in situ meteorological information is a network of stations, 
which carry out regular radio-soundings of the atmosphere. We utilized the Integrated 
Global Radiosonde Archive (IGRA), [ftp://ftp.ncdc.noaa.gov/pub/data/igra/data-por] that 
comprises globally 1485 stations and includes over 28 million soundings of temperature, 
pressure, humidity and wind speed, with a total of 800 million levels [Gaffen, 1996]. 
Observations are available for the standard levels (1000, 925, 850, 700, 500, 400, 300, 
250, 200,150, 100 hPa), surface, tropopause and significant levels for temperature, 
geopotential height, dew point depression, and wind direction and speed. The period of 
record varies from station to station, with many extending from 1970 to 2008. All the 
soundings are processed with quality controls using the method described in 
[http://www.ncdc.noaa.gov/oa/climate/igra]. 

For the Arctic PBL climatology, the IGRA data were sampled at latitudes north of 60 
°N. There are 113 stations in the selected region. However, many records do not include a 
complete set of variables necessary to PBL climatology, namely, pressure, temperature, 
geopotential height, and wind speed for each sounding, at least at standard and surface 
levels. Those records were excluded from the dataset. Table 3 lists the stations included in 
the presented analysis. Table 3 also provides information about the station number in this 
study (Number), their World Meteorological Organization index (WMO ID), latitude and 
longitude, period of data coverage (Time span), total number of launched soundings 
(Soundings), and the fraction of soundings with complete set of variables for this study. 



CLIMATOLOGY OF THE ARCTIC PLANETARY BOUNDARY LAYER 

 

 86 

Totally, there are 52 IGRA stations to be used for PBL climatology reconstruction. The 
amount of data at every station is shown in Figure 1. The major problem with IGRA is its 
coarse vertical resolution. Many stations did not report 925 hPa level before 1992. As the 
Arctic PBL is expected to be shallow, 925 hPa level is of particular importance. Therefore, 
we reconstruct the IGRA PBL climatology only for 1992–2007. The exceptions are four 
stations with WMO ID (01028, 71043, 71925, 04270) where the complete data are 
available only for 1995–2007. Nevertheless, the vertical resolution of IGRA profiles is not 
sufficient to obtain the PBL depth with desired accuracy. We compromise on the PBL depth 
by setting it equal to the mean height of the level between two lowest standard isobaric 
levels where 

€ 

Rib > Ricr= 0.5. This procedure is expected to exaggerate somewhat the PBL 
depth computed from IGRA soundings. 

The regional PBL climatology is enhanced with short-term turbulence campaigns. The 
campaigns are enlisted in Table 4. Although the campaigns do not provide climatologically 
significant data time series, they provide a deeper insight on the PBL structure and its short-
term variability thus constraining the errors and possible misinterpretation of the related 
information in the climatological datasets. 

Satellite products are advantageous for the climatology reconstruction due to their 
regular and dense spatial data coverage. The disadvantage is their somewhat shorter time 
coverage and relative inaccuracy as they retrieve the requested meteorological quantities 
using proxy radiometer data and set of analytical bulk algorithms. There were several 
attempts to quantify uncertainties in the products, including studies related to the Arctic 
region [e.g., Chen et al., 2002], but more efforts are clearly needed. In particular Chen et al. 
[2002] found large temperature biases between the television-infrared observation satellite 
operational vertical sounder polar pathfinder (TOVS) and the International Arctic Buoy 
Program/Polar Exchange at the Sea Surface (IABP/POLES). TOVS temperatures were 
generally colder (up to –6 K) over snow/ice surfaces and warmer (up to +7 K) over tundra 
and open water surfaces. They recommended rejecting the TOVS retrievals in summer 
when the retrieved cloud cover is over 95 %.  

The third version of 49-year (1958–2006) analysis of latent and sensible heat fluxes, 
ocean evaporation, and flux-related surface meteorological variables was released by the 
Objectively Analyzed Air-Sea Heat Fluxes (OAFlux) project in January 2008 (Yu et al., 
2008). The product is available from [http://oaflux.whoi.edu/]. The OAFlux products are an 
optimal blending of satellite retrievals and three atmospheric reanalyses. Daily fluxes are 
computed from the optimally estimated variables using the COARE bulk flux algorithm 3.0 
[Fairall et al., 2003]. 

The Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite Data set 
version 3 (HOAPS-3) contains basic state variables for the derivation of the fluxes [Grassl et 
al., 2000]. Except for the NODC/RSMAS Pathfinder sea surface temperature dataset, all 
variables are derived from SSM/I passive microwave satellite data over the ice free global 
ocean. HOAPS-3 covers 18 complete years of data from July 1987 to December 2005. Both 
OAFlux and HOAPS provide data only for open water ocean. 

There are several regional and global reanalysis products available to reconstruct the 
PBL climatology. In this study, only the European Centre for Medium-Range Weather 
Forecasts (ECMWF) reanalyses ERA-40 is utilized. As it has been announced, the Arctic 
Regional Reanalysis based on a polar version of the Weather Research and Forecast (WRF) 
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model will be available by 2010. Up to date, only independent regional reanalysis are 
available and will be discussed in the regional data sections. ERA-40 is the second 
generation reanalysis [Uppala et al., 2005]. It assimilates data from the terrestrial global 
observational system, rawinsondes, including those in IGRA, but with different quality 
control and correction procedures, and from the late 1970s the satellite observational 
system data. Temporal and spatial heterogeneity of observational sources creates difficulties 
in homogenization of the ERA-40 data over longer time periods. Bengtsson et al. [2004] 
questioned quality of trends computed from the ERA40 reanalysis for the period 1958–2001 
in the context of changes to the global observing system. They found that changes in the 
observational system causes errors in the climate trends if calculated throughout 1979. 
Another known problem is a cold temperature bias caused by HIRS satellite in 1979–1997. 
Both problems however have primary effect on the troposphere above the PBL.  

ERA-40 data contains considerable errors in the PBL too. Beesley et al. (2000) 
compared ECMWF forecast model with instrumental, lidar and radar measurements during 
the SHEBA field campaign for November and December of 1997. They found near-surface 
winds and surface downward longwave irradiance in the model were in good agreement 
with SHEBA data. The largest discrepancies between the ECMWF model and the 
observations were in surface temperature (up to 15 K) and turbulent sensible heat fluxes (up 
to 60 W m–2). This is due to slow response in the model of the air temperature to the cold 
advection and clear-sky radiative cooling. The slow response could be in part due to too 
deep PBL in the model [Cuxart et al., 2006]. Although ECMWF model stands behind the 
ERA-40 reanalysis, the PBL problem in the reanalysis may be less pronounced as it is 
constrained by observations. Nevertheless, ERA-40 to in situ data comparisons have 
revealed that discrepancies in ERA-40 could be also large. Renfrew et al. [2002] compared 
observations taken on board of the research vessel Knorr during the period 6 February to 13 
March 1997 in the Labrador Sea Deep Convection Experiment with ECMWF and the 
National Centers for Environmental Prediction (NCEP) reanalysis. The PBL generally 
compares well with the reanalysis. The biases that exist are mainly related to discrepancies 
in the sea surface temperature or the relative humidity of the analyses. The bulk estimates of 
the turbulent surface fluxes were compared with the corresponding fluxes in reanalysis (see 
Table 5). ERA-40 overestimates the observationally derived convective fluxes only by about 
10 %. This result is much better than for the NCER reanalysis where fluxes were 
overestimated by 25 % to 50 %. 

ERA-40 generally overestimates the surface turbulent flux both for open water and 
ice/snow covered surfaces. Moreover, ERA-40 overestimates the fluxes in the lower 
troposphere making the PBL considerably deeper than it was observed in the turbulent 
campaigns. Byrkjedal et al. [2008] suggested on the basis of general circulation simulations 
with a greatly refined vertical resolution that a part of this bias could be explained by too 
coarse resolution of ERA-40. A part of the bias should be also attributed to the turbulence 
closure in the ECMWF model as the first order turbulence closure schemes in combination 
with coarse vertical mesh tend to overestimate the surface fluxes [Cuxart et al., 2006; Esau 
and Byrkjedal, 2007]. At the same time, Bromwich and Wang [2005] work admonishes 
from overwhelming reliance on the in situ and campaign data as they also could be biased. 
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Table 3. Information about IGRA stations north of 60 °N, included into the present PBL climatology analysis. 
The stations are sorted by East longitudes. 
 

Soundings 
Complete 

Soundings, 
% 

Soundings 
Complete 

Soundings, 
% 

Number Station WMO ID 
East  
lon 

North 
lat 

Time 
span 

Total period 1992–2007 
1 ORLAND 

01241 9,4 63,7 
1963–
2008 

30929 
33,9 

11072 
74,4 

2 NY–ALESUND II 
01004 11,9 78,9 

1993–
2008 

5396 
76,5 

4997 
79,4 

3 BODO 
01152 14,4 67,3 

1963–
2008 

30809 
28,9 

10923 
68,6 

4 SUNDSVALL/HA
RNOSAND 

02365 17,5 62,5 
1965–
2008 

42426 
36,1 

14380 
77,0 

5 BJORNOYA 
01028 19 74,5 

1963–
2008 

31223 
25,1 

11272 
61,2 

6 LULEA/KALLAX 
02185 22,1 65,6 

1964–
2008 

36400 
35,6 

12662 
75,9 

7 JOKIOINEN 
02963 23,5 60,8 

1957–
2008 

47880 
16,6 

11532 
50,6 

8 JYVASKYLA  
02935 25,7 62,4 

1964–
2008 

41577 
12,7 

11517 
33,8 

9 KANDALAKSA 
22217 32,4 67,2 

1957–
2008 

37947 
24,5 

8943 
77,7 

10 MURMANSK 
22113 33,1 69 

1946–
2008 

47540 
11,0 

10249 
34,1 

11 ARKHANGEL'SK 
22550 40,5 64,5 

1946–
2008 

49724 
24,9 

10382 
83,6 

12 KANIN 
NOS/SOJNA 

22271 43,3 68,7 
1962–
2008 

34169 
21,3 

6845 
78,1 

13 SYKTYVKAR  
23804 50,9 61,7 

1947–
2008 

47944 
11,9 

9906 
46,1 

14 NAR'JAN–MAR 
23205 53,1 67,7 

1963–
2008 

38046 
25,9 

8442 
80,0 

15 PECHORA  
23418 57,1 65,1 

1953–
2008 

43201 
15,8 

7391 
68,3 

16 SALEHARD 
23330 66,7 66,5 

1948–
2008 

45131 
28,1 

9137 
82,6 

17 OSTROV 
DIKSON 

20674 80,2 73,5 
1948–
2008 

34768 
16,4 

5869 
69,4 

18 TURUHANSK 
23472 88,0 65,8 

1963–
2008 

37833 
31,5 

9186 
79,8 

19 OLEKMINSK 
24944 120,4 60,4 

1950–
2008 

41131 
15,2 

6675 
46,8 

20 VILYUYSK 
24641 121,6 63,8 

1950–
2008 

39616 
18,1 

7015 
52,6 

21 ZHIGANSK 
24343 123,4 66,8 

1950–
2008 

39546 
17,7 

6659 
67,6 

22 TIKSI 
21824 128,9 71,6 

1948–
2008 

37858 
30,1 

7296 
92,6 

23 YAKUTSK  
24959 129,8 62 

1957–
2008 

42847 
25,8 

9997 
53,6 

24 VERKHOYANSK 
24266 133,4 67,5 

1963–
2008 

33885 
17,7 

8558 
43,6 

25 ZYRYANKA 
25400 150,9 65,7 

1954–
2008 

26952 
29,6 

6985 
83,2 

26 KORF 
25954 166,0 60,4 

1952–
2006 

40789 
18,6 

5097 
86,3 

27 NOME  
70200 194,6 64,5 

1948–
2008 

43612 
35,5 

11538 
71,7 
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Table 3. Continued. 
 

Soundings 
Complete 

Soundings, 
% 

Soundings 
Complete 

Soundings, 
% 

Number Station WMO ID 
East  
lon 

North 
lat 

Time 
span 

Total period 1992–2007 
28 KOTZEBUE 

70133 197,4 66,9 
1948–
2008 

41997 
38,9 

11568 
79,7 

29 BETHEL  
70219 198,3 60,8 

1948–
2008 

43337 
25,3 

11480 
60,0 

30 BARROW 
70026 203,2 71,3 

1948–
2008 

43324 
43,7 

11698 
87,4 

31 MCGRATH 
70231 204,4 63 

1948–
2008 

43373 
19,6 

11415 
34,4 

32 ANCHORAGE  
70273 210,2 61,2 

1948–
2008 

44086 
28,3 

11688 
57,0 

33 FAIRBANKS  
70261 212,3 64,8 

1948–
2008 

43845 
14,0 

11605 
24,1 

34 INUVIK  
71957 226,5 68,3 

1963–
2008 

31686 
28,7 

11334 
57,2 

35 NORMAN 
WELLS 

71043 233,2 65,3 
1955–
2008 

28613 
34,6 

11141 
53,6 

36 CAMBRIDGE 
BAY  

71925 254,9 69,1 
1970–
2008 

27461 
46,6 

11484 
80,9 

37 BAKER LAKE  
71926 264,0 64,5 

1949–
2008 

37086 
36,8 

10966 
72,6 

38 RESOLUTE 
71924 265,0 74,7 

1948–
2008 

44862 
32,2 

11324 
72,9 

39 EUREKA  
71917 273,8 80,2 

1948–
2008 

43323 
55,4 

11468 
88,3 

40 CORAL 
HARBOUR  

71915 276,6 64,2 
1950–
2008 

40385 
28,9 

10597 
69,7 

41 HALL BEACH  
71081 278,8 68,8 

1957–
2008 

26982 
46,8 

11305 
77,5 

42 IQALUIT 
71909 291,6 63,7 

1946–
2008 

44049 
36,4 

11288 
77,3 

43 ALERT 
71082 297,3 82,5 

1950–
2008 

40312 
40,4 

11296 
69,7 

44 EGEDESMINDE 
04220 307,3 68,7 

1963–
2008 

31087 
32,6 

11305 
66,5 

45 NARSSARSSUAQ 
04270 314,6 61,2 

1963–
2008 

30159 
38,2 

11412 
71,2 

46 ANGMAGSSALIK 
04360 323,3 65,9 

1963–
2008 

30638 
34,4 

11159 
58,5 

47 KEFLAVIK  
04018 337,4 64 

1946–
2008 

53082 
15,0 

10924 
46,9 

48 SCORESBYSUND 
04339 338,0 70,5 

1963–
2008 

30722 
37,7 

11105 
64,4 

49 DANMARKSHAV
N 

04320 341,2 76,8 
1963–
2008 

30180 
46,8 

11184 
84,4 

50 JAN MAYEN 
01001 351,3 71 

1963–
2008 

30981 
33,4 

11273 
74,4 

51 THORSHAVN 
06011 353,2 62 

1963–
2008 

31319 
24,0 

11473 
58,2 

52 LERWICK 
03005 358,8 60,1 

1963–
2008 

50548 
17,3 

16481 
48,1 

 



CLIMATOLOGY OF THE ARCTIC PLANETARY BOUNDARY LAYER 

 

 90 

Table 4. The field turbulence and in-situ meteorological campaigns used in this study. 
 

Name Region Period Latitude Longitude 
AOE-2001  Atlantic 2001 80 ºN–90 ºN 

 
15 ºW–15 ºE  

ARCTEX  Atlantic 2006 79 ºN 12 ºW 

Arctic 
Stratus 
Experiment 

Central Arctic/ 
Beaufort Sea 

June 1980 73 ºN 140 ºW 

ARK-XII Siberian (Laptev, East 
Siberian, Chukchi 
Seas) 

July–September 
1996 

77 ºN–87 ºN 60 ºE–160 ºE  

ARTIST  Atlantic 1997–1998 79 ºN 12 ºW 

BASE Canadian region/ 
Mackenzie Basin, 
Beafort Sea 

September–October 
1994 

60°N –75°N 117 °W–147 °W 

CEAREX Atlantic Sep 1988–May 
1989 

60 ºN–80 ºN 25 ºW–25 ºE 

GAME-
Siberia 

Siberian Sub-Arctic 
1998–2000 72 ºN 128 ºE 

KABEG Greenland (Davis 
strait) 

April–May 1997 67 ºN  49 ºW 

LEADEX Central Arctic March–April 1992 
 

65 ºN–80 ºN 180 ºW–120 ºW 

PARCA  Greenland 2003–2007 67 ºN 48 ºW–50 ºW 

REFLEX Atlantic 1991, 1993, 1995 78 ºN 15 ºE 

SHEBA Central Arctic October 1997–
March 1998 

75 ºN–80 ºN 142 ºW–166 ºW 

SVALEX Atlantic 2005  79 ºN 12 ºW 

WARPS Atlantic 2003 78 ºN  15 ºE 
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Table 5. Comparisons of surface turbulent flux data from research vessel Knorr and from ECMWF model. The 
Knorr data are calculated using bulk surface flux algorithm. In order to account for algorithmic difference in the 
ECMWF and Knorr data, the bulk fluxes (marked with *) were recalculated using the same Knorr algorithm. 
Data are taken from Renfrew et al. [2002]. In Table, SHF is the sensible heat flux, LHF – the latent heat flux, 
STRESS – the momentum flux. All heat fluxes are given in W m–2, the momentum flux is given in N m–2. 

 
 SHF LHF STRESS *Bulk SHF *Bulk LHF  

183.8 136.2 0.28 – – Knorr 
Mean 

208.0 150.4 0.37   ECMWF 
100.0 56.5 0.16 – – Knorr 

RMS 
129.8 74.3 0.24 – – ECMWF 
406.5 243.5 0.72 – – Knorr 

Max 
479.5 287.3 1.11 – – ECMWF 
–43.7 –8.9 0.01 – – Knorr 

Min 
–56.1 –22.2 0.01   ECMWF 

Corr. 0.93 0.90 0.82 0.91 0.87 
Knorr 
ECMWF 

Slope 1.21 1.18 1.27 0.99 0.90 
Knorr 
ECMWF 

Bias  24.2 14.2 0.10 0.8 –7.5 
Knorr 
ECMWF 

Slope error 120.1 66.5 0.20 98.5 50.5 
Knorr 
ECMWF 

Rand. error 110.4 64.9 0.21 109.2 62.9 
Knorr 
ECMWF 

Total RMS  164.9 94.0 0.31 147.0 81.0 
Knorr 
ECMWF 

 

MARITIME ARCTIC REGIONS 

The maritime Arctic comprises the Atlantic Arctic and sub-Arctic regions, Baffin Bay 
and Pacific regions. The Major areas of these regions are ice-free over a large part of the 
year. Thus the PBL in those regions is mostly convective with active turbulent mixing in a 
deep atmospheric layer. The Atlantic regions are the most accessible and the most 
developed regions of the Arctic. The main physical surface feature in the Atlantic Arctic 
region is the permanent presence of the sea ice edge. The location of the edge is changing 
on inter- and intra-annual basis in some places by 1000 km. The ice is good isolator. Hence 
the vertical structures of the PBL over ice (mostly the SBL) and over open water (mostly the 
CBL) are contrasting. Error in determination of the ice margin, e.g., in climate models, leads 
to data misinterpretation and erroneous climatology. Thus, it is important to observe where 
relative to the ice edge the data were obtained. 

Arctic Ocean Experiment (AOE-2001) can be used to characterize the PBL over sea 
ice. It was conducted from the icebreaker Oden [Tjernström et al., 2004; Tjernström, 2005]. 
Oden was moored to a 1.5 km by 3 km ice floe and drifted roughly southward with the ice. 
On Oden and on ice about 300 m from the ship several turbulence measuring instruments 
were deployed including two sodar systems, a tethered sounding system, micro-barographs 
and an 18-m instrumented mast. The Arctic Turbulence Experiment (ARCTEX-2006), the 
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Arctic Radiation and Turbulence Interaction Study (ARTIST-1998) can be used to 
characterize the PBL over open water. The observations were done at Ny-Ålesund in the 
Kongsfjorden (78.933°N, 11.933 °E, 11 m a.s.l.). The instrumentation employed in the 
fieldwork included: a three-axis Doppler sodar, a tethersounding station, a 
micrometeorological station, a sensor to measure the ground flux, and three subsoil 
thermometers. The other experiments are listed in Table 4. 

CENTRAL ARCTIC REGIONS 

The central Arctic comprises the Central Arctic, Canadian and Siberian regions. 
Surprisingly, the Central Arctic region is relatively well covered with data (see Figure 1). In 
part this is because of the permanent sea ice cover, which provides a stable platform for 
measurements and simultaneously allows relatively easy logistics by ships and aircrafts 
throughout the year.  But in part, this is because of the strategic importance of the region 
and hence relatively large funding of scientific program. The observations in the region are 
representative due to general homogeneity of the surface. The problems may appear 
however if the measurements were occasionally done near lee sides of open leads and 
polynyas where the transient convective plumes may significantly distort the representation 
of the turbulent mixing in the data [e.g., Makshtas, 1991]. 

The regular soundings were launched from the Russian drifting North Pole stations 
(NP).  Over the period 1979–1991, there were continues coverage by at least one, usually 
two, stations deployed on the drifting ice. The NP program was renewed in 2003, but the 
data are to be processed yet. The NP data are available from the Arctic and Antarctic 
research institute in Sankt-Petersburg, Russia, as well as on a CD-ROM from the National 
Snow and Ice Data Center (NSIDC).  

There were several dedicated field turbulence campaigns to study the structure of the 
Central Arctic PBL (see Table 4). One of the best sources of high quality PBL data in the 
Central Arctic region is the Surface Heat Budget of the Arctic Ocean (SHEBA) field 
experiment. SHEBA was conducted on drifting ice floe in Beaufort and Chukchi seas north 
of Alaska (75 oN to 80 oN and 142 oE to 166 oW) from 2 October 1997 to 11 October 1998 
with an intensive observational period in May 1998. The data from the SHEBA experiment 
was taken from [http://www.eol.ucar.edu/projects/sheba/] and the experiment description 
has been published by Uttal et al. [2002]. Turbulent flux measurements were made at six 
levels on a 20 m tower in the main camp and at four remote portable automated stations. 

CONTINENTAL SUB-ARCTIC REGIONS 

The continental Arctic regions comprise the European, Siberian, and Alaska sub-Arctic 
regions. Over the most of the year (9–10 months) those regions are covered with ice and 
snow. Low annual mean air temperatures maintain the permafrost in soil. The main feature 
of these regions is a short, but warm summer where relatively deep convective PBL 
develops. Unlike the Arctic PBL, the PBL over continental sub-Arctic regions is less 
comprehensively studied. There are several permanent turbulence observing stations, e.g., 
Sodankyla in Finnland. But the data are collected mostly for specific process studies over 



CLIMATOLOGY OF THE ARCTIC PLANETARY BOUNDARY LAYER 

 

 93 

shorter periods of time. It is difficult to get access to the processed data from those studies. 
One of the most accessible experiments is the GEWEX Asian Monsoon Experiment (GAME) 
– Siberia. The experiment was performed during 1998–2000 in the vicinity of Yakutsk. The 
measurements characterize the northern taiga forest punctuated with large number of open 
water patches like bogs, marshes, lakes and rivers.  

There is a relatively dense network of regular meteorological stations with available 
gradient measurements in the regions, especially in the Europe. Groisman et al. [1997], 
Groisman and Genikhovich [1997] and Groisman et al. [1999] used the network of 223 first 
order stations to compute the PBL climatology utilizing a modified bulk flux. The 
climatology covers 1960 through 1990 period. The approach is based on of the Monin-
Obukhov similarity theory and the integral analysis of the eddy diffusivity. It utilizes the 
surface temperature, which is routinely observed, and the temperature observed at 2 m. As 
the surface temperature is not a good proxy for the aerodynamic surface temperature, the 
errors in the gradient and therefore flux estimations in the methods could be considerable. 
Their estimation could be found in Genikhovich and Osipova [1984]. 

GREENLAND REGION 

The Greenland surface is a high-elevated ice plateau. It gives the Greenland PBL 
climate unique features combining those of the continental and central Arctic regions on 
the plateau, but specific to the mountain valleys on the slopes. Interior of Greenland has 
become more accessible for observations and PBL studies over the recent years. In 1995, 
the Greenland Climate Network (GC-Net), 
[http://cires.colorado.edu/science/groups/steffen/gcnet/], coordinated by CIRES, has begun 
observations with more than 15 automatic meteorological stations. These stations do not 
provide regular data for the flux-gradient turbulent model so that the surface temperature 
should be inferred from the radiation data, e.g., utilizing the surface radiation balance and 
the Stefan-Boltzmann law, and the aerodynamic roughness should be introduced. The 
approach could give only rough estimations as its errors can reach 1.5 K that is larger than 
the expected surface to air temperature difference.  

Comprehensive and probably better quality turbulent fluxes could be extracted from 
the Greenland Climate Change (GCC) [http://klimagroenland.dmi.dk/datauk.html] data 
archive. GCC contains results of a transient climate simulation for the period 1950 to 2080 
using a regional climate model HIRHAM4 covering Greenland and surrounding seas at a 
horizontal resolution of 25 km [Stendel et al., 2007]. 

Several field experiments were conducted on the slope of the ice sheet and on the 
summit (Tables 4). The slope data were collected during the aircraft-based experiment 
“Katabatic Wind and Boundary-Layer Front Experiment around Greenland” (KABEG-1997) 
in April/May 1997. Surface stations were deployed at five positions on the ice sheet and in 
tundra near Kangerlussuaq, West Greenland. In addition, a total of nine flights were 
performed. The measurements could be used for studies of the three dimensional structure 
of katabatic winds and shear-induced turbulent mixing. The summit data were collected 
during the “Investigation of the Greenland Boundary Layer over Summit” experiment 
(IGLOS). The main measurement platform was a research aircraft “Polar2” equipped with 
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turbulence and radiation sensors METEOPOD. At the surface, the measurements of 
turbulent and radiation fluxes were made at Summit Camp, as well as with the turbulence 
measurements from the 50 m tower of the ETH Zurich.  

It should be mentioned that measurements on the ice sheet in the ablation zone are 
complicated by the ice melt. Moreover, the ice is preferably melting under impurities. Masts 
can melt down into the ice by a few tens of cm, deviating from the upright position and 
changing the elevation of sensors. 

IV. ARCTIC PBL CLIMATOLOGY RECONSTRUCTION 

The typical Arctic PBL is shallow, stably stratified and covered with low-level stratus 
(St) and stratocumulus (Sc) clouds. The Arctic PBL has usually enough time (10 to 20 hours 
and often longer) to equilibrate the turbulent mixing with the radiation balance and 
temperature, humidity profiles imposed by the general circulation. In result, the averaged 
cooling/warming rates in the atmosphere are low, which leads to a meteorological 
phenomenon – the “coreless” winter/summer. The Arctic PBL is often thermo-dynamically 
decoupled from the lower atmosphere above and sometimes decoupled from the surface. 
The decoupling means that wind and temperature variability within the PBL does not 
correspond closely to the variability outside the PBL. Over the Arctic Ocean, the shallow 
PBL is often well mixed due to conductive heat through thin ice and convective mixing over 
open water in leads and polynyas. 

The depth of the PBL is readily available in ERA-40 reanalysis product (Figure 2a). 
Utilizing Serafin and Zardi [2005] algorithm based on Troen and Mahrt [1986] method, the 
PBL depth was also computed from IGRA data (Figure 2b). Generally both datasets agree on 
the geographical distribution of the PBL depth. It should be noted however that the PBL 
depth based on the IGRA is likely overestimated because the vertical resolution of the radio-
soundings is too coarse [Beare et al., 2006; Cuxart et al., 2006]. 

The seasonal cycle 17of the PBL depth for each region is presented in Figure 3 
(continental regions) and 4 (maritime regions). For continental regions the PBL is the 
deepest during summer months when the amount of solar radiation maximazes and so does 
the surface radiactive heating. For maritime regions the PBL is the deepest during winter 
and spring months when the air-sea temperature difference is the greatest.  

The static stability and shallowness of the Arctic PBL are important factors of the cold 
climate formation. The buoyancy force in the stably stratified PBL (SBL) damps the turbulent 
exchange so that the cold temperatures at the radiatevely cooled surface cannot be 
effectively mixed with the warmer air advected from the lower latitudes at about 1 km to 3 
km. As the near-surface air is kept below the ice melting point, it initiates the non-turbulent 
climate feedbacks (ice-albedo and emissivity) that decrease the temperature even further. 
Large temperature gradients near the top of the Arctic PBL (the capping inversion) are 
favorable for the cloud formation especially in summertime, which also reduce the PBL 
heating rates. 

                                            
17 A misprint was corrected 19.03.2014. Please see Errata for more details. 
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In the Arctic, both the physical (radiation) and dynamical (meridional advection and 
subsidence in the polar circulation cell) atmospheric processes support the atmospheric 
stable re-stratification. The averaged vertical profiles of temperature and relative humidity 
are shown in Figure 5 for the entire Arctic. Figure 6 for the Atlantic Sub-Arctic and Figure 7 
for the Siberian sub-Arctic regions contrast the transformation of the vertical structure of the 
troposphere. 

 

 
(a)      (b) 

Figure 2. The mean annual PBL depth in (a) ERA-40 during 1979–2001, and (b) IGRA during 1979–2007. The 
depth is given in meters. The depth larger than 300 m is not shown for the ERA-40. 

 
Figure 3. Average seasonal cycle of PBL depth over the climate regions. Continental zone. 
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Figure 4. Average seasonal cycle of PBL depth over the climate regions. Marine zone. 
 

 
Figure 5. The annual mean vertical profiles from the IGRA data averaged over the entire dataset during 1992–
2007. Panel (a) shows the absolute temperature (solid line) in [K], the dry adiabate (dashed line), the Brunt – 
Vaisala frequency N (dotted line) in [1000s–1]. Panel (b) shows The mixing ratio (solid line) in [g kg–1], and 
relative humidity RH (dotted line) in [%]. 
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Figure 6. The same as in Figure 5, but for Atlantic sub-Arctic region only. 
 

 
Figure 7. The same as in figure 5, but for Siberian sub Arctic region only. 
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DYNAMIC RE-STRATIFICATION PROCESSES 

On average, the Arctic north of 70 oN lacks about 100 W m–2 (100 W m–2 by 
Nakamura and Oort [1988] estimations, 100 W m–2 in ERA-40 reanalysis, 103 W m–2 in 
NCEP/NCAR reanalysis, and 99 W m–2 in regional model REMO 5.1 reanalysis) in the 
radiation heat balance as incurred from the difference in the incoming and outgoing solar 
radiation at the top of the atmosphere [Serreze et al., 2007]. Even in summertime, the 
radiation balance at the top of the atmosphere remains negative of –15 W m–2. The heat 
balance is maintained through the meridional heat transport from lower latitudes, which 
varies between 85 W m–2 in summer and 111 W m–2 in autumn according to Nakamura and 
Oort [1988] and between 85 W m–2 and 121 W m–2 according to Overland and Turet 
[1994]. The bulk of the advected atmospheric heat flux is spent to heat the Arctic Ocean, 
the permafrost, and to melt ice and snow.  

The sensible and latent heat in the atmosphere is transported to the Arctic within a 
relatively well mixed layer between 900 hPa and 700 hPa (Figure 8) in the East Arctic 
regions and 700 hPa to 300 hPa in the West Arctic regions. Tsukernik et al. [2004] showed 
that the convection in the Atlantic and Buffin Bay sub-Arctic regions plays an important role 
in formation of the warm core of the advected air. The maximum convective heating is 
located between 900 hPa and 700 mb, which is in good agreement with the observed depth 
of the convective PBL in those regions. The ocean transport is smaller [Trenberth and 
Caron, 2001], but the ocean role is probably more important than previously has been 
thought. The values of the sensible and latent meridional heat transport across 70 oN are 
known with much less certainty. According to Vinogradova [2007] and the authors’ data, 
the annual mean meridional sensible heat transport between surface and 6 km is southward 
of about –34 W m–2. The heat flux is negative because the Central Arctic is generally 
warmer than the surrounding continents. Vinogradova calculated the positive, northward 
heat flux for April. Comparison with Overland and Turet [1994] data suggests that the 
positive, northward fluxes for all seasons are found mostly in mid- and high-troposphere 
above 3 km, which does not contradict the recent analysis in Graversen et al. [2008]. In 
wintertime, the advected sensible heat flux reaches 68 W m–2 in the layer 0 to 10 km 
[Overland and Turet, 1994; Wunsch, 2005; Semmler et al., 2005; Serreze et al., 2007], 
whereas in the layer 0 to 3 km it is –29 W m–2 [Vinogradova, 2007].  
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Figure 8. The annual mean meridional sensible heat flux across 70 °N latitude. The flux is computed from 
IGRA data at standard isobaric levels as 

€ 

MSHF = ρcp (υT)  [W m–2] where  is the meridional (positive 

direction in northward) component of the wind. 

RADIATION RE-STRATIFICATION PROCESSES 

Negative imbalance between outgoing and incoming radiation in the Arctic leads to 
the surface cooling, commonly in winter and night. 18In addition, warm air advected from 
mid-latitudes, remains warmer than the surface. Neglecting the heat storage, the surface 
radiation energy balance during the polar night could be written as:

€ 

LW↓ + LW↑ = 0. The 

longwave thermal radiation (arrows indicate the upward and downward radiation flux 
correspondingly), , is related to the gray body temperature through the Stefan-Boltzmann 

law 

€ 

LW = εσT 4  where  is the gray body emissivity and  is the constant. Then the 
surface, , and air, , temperatures could be related as  

€ 

εairσTa
4 −εsurfσTs

4 = 0, or  

€ 

Ta =
εsurf
εair

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1
4
Ts. 

(19) 

 

(20) 

                                            
18 New text was added for clarification,19.03.2014.  



CLIMATOLOGY OF THE ARCTIC PLANETARY BOUNDARY LAYER 

 

 100 

Under radiative equilibrium, 

€ 

Ta ≥Ts when 

€ 

εa ≤ εs 19 (e.g., if we assume fresh snow or 
ice as an underlying surface). Table 7 gives the emissivity of air and of the different surfaces 
typical for the Arctic environment. Simple estimates give the air-surface temperature 
difference for the snow covered surface at 0 oC of +3.5 oC. This difference, distributed over 
the typical PBL of 100 m depth, corresponds to quite strong stable stratification. 

Thus, the adiabatic (neutrally stratified) atmosphere would not be in radiative 
equilibrium with the radiatively cooled surface, especially covered with snow and ice 
[Overland and Guest, 1991]. The radiative imbalance results in intensive cooling of the 
surface and the near-surface air at the rate of about –5 oC day–1, whereas the advected air 
aloft is cooled at much slower rate of –1.8 oC day–1 [Savijarvi, 2006]. Because of the transfer 
of heat by conduction is much weaker than even weak turbulent mixing in the air; the 
temperature of the surface will be slightly lower than the near surface air temperature.20 
Such a discontinuity may have a big impact on the surface-cooling rate. Raisanen [1996] 
demonstrated utilizing radio-soundings that the air-surface temperature difference of +3 oC, 
which is similar to the rough estimations above, increases the cooling rate to –30 oC day–1 
near the surface and up to –12 oC day–1 at the PBL top. 
 
Table 7. The gray body emissivity of air and of different type of the Arctic surfaces. Adapted from Oke [1987]. 
 

Surface type Emissivity,  
Fresh snow 0.95–0.99 
Old snow 0.82 
Water 0.92–0.97 
Sea ice / Glacier ice 0.92–0.97 
Tundra  0.90–0.98 
Coniferous forest (Taiga) 0.97–0.99 
Air 0.9–0.95 

 

TEMPERATURE INVERSIONS21 

Inversions are frequent features of the Arctic atmospheric boundary layer. Both the 
dynamic and the radiation processes described above lead into formation of the 
temperature inversion (Busch et al., 1982, Bradley et al., 1992). The principal characteristics 

of an inversion layer are an evident static stability (i.e., 

€ 

∂θ
∂z

> 0) and very little turbulent 

exchange. Inversions layer can occur in different height above ground and has different 
strength. If the strong increase of the potential temperature with height is observed the 
turbulent mixing will transport the sensible heat downward. Even this kind of top-down 

                                            
19 A misprint in the original version of the paper was corrected 19.03.2014. 
20 Corrections were made for clarification. Please see Errata for more details. 
21 Certain parts of this section were modified for clarification. Few misprints were corrected. The content has 
not been changed.  
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turbulent mixing is less effective it could still reduce the strength of inversions [Nkemdirim, 
1978]. 

Liu et al., [2006] derived the strength of clear-sky low-level temperature inversions 
during the cold season from High Resolution Infrared Radiation Sounder (HIRS) data using a 
two-channel statistical method (Figure 10). They revealed that the inversions with the 
strength between 10° to 15° are observed under clear-sky conditions in the whole Arctic 
except maritime regions where inversions are destroyed by the deep convection in the PBL. 
Both positive and negative trends are found in the cold season for different areas. The 
changes in the inversion strength and in the surface temperature are strongly coupled. The 
satellite derived inversion statistics was consistent with radiosonde data [Liu et al., 2006]. 

 

 

Figure 9. The mean wintertime (November through March, 1980–1996) absolute temperature inversion 
strength in degrees [°] during clear-sky conditions. The plot adopted from Liu et al., [2006]. 

 
Capping (elevated) inversions are also often observed in the Arctic PBL. Usually this 

type of inversion is developed on the top of a well-mixed PBL. Because the capping 
inversion strength depends upon the time and the background stratification, the long-lived 
Arctic PBL can develop very strong capping inversions and decouple from the rest of the 
atmosphere. In some extreme cases, the gradient of potential temperature may reach 30° m–

1 [Balsley et al., 2003]. However, generally the gradient in the capping inversion does not 
exceed 1° m–1 [Bradley et al., 1992; Liu et al., 2006] and the total temperature jump across 
the capping inversion is between 5° to 15°. Sharpening of the temperature gradients at the 
top of the PBL was illuminated in the study of Nieuwstadt, [1984]. The author suggested 
that the turbulent mixing within the PBL would lead into relatively smoothed temperature 
profiles inside the PBL (i.e. temperature gradients are smaller between different layers), 
while outside the PBL (in a less-mixed sub-layer) the temperature gradient would remain. 
This would lead into sharpening of the temperature gradients at the top of the PBL and 
might cause (or strength) the capping inversion. Potential regions for formation of elevated 
temperature inversion can be recognized from maps of mean atmospheric Brunt-Vaisala 

frequency 
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g
Tυ
∂θ
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2

 in the layer 850 hPa to 500 hPa (Figure 10). A magnitude of 
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changes in PBL depth in response to changes in PBL stratification was discussed in 
Zilitinkevich et al., [2007]. The authors found that under unstable atmospheric conditions 

(i.e.

€ 

µN <100, where 

€ 

µN =
N
f

 is stratification of the atmosphere,  is the Brunt–Väisälä 

frequency, 

€ 

f  is the Coriolis parameter) even small changes in 

€ 

µN  correspond to large 
changes in the PBL depth. However when atmospheric conditions develop towards stable 
stratification (

€ 

µN >100, inversion or isothermal stratification is observed) the PBL depth 
becomes less sensitive to changes in stratification.  

         

     (a)            (b) 
Figure 10. The mean atmospheric Brunt-Vaisala frequency  [10 –4s–1] in the layer 850 hPa to 500 hPa for 
December through February (a) and June through August (b). 

CLOUDS22 

Clouds play an important role in Arctic PBL climate formation, because they trap 
warm temperatures in winter and reflect sunlight in spring and summer. Dynamic 
interaction between the Arctic PBL and clouds is however poorly understood, partly 
because of the limited description of clouds microphysics, sub-grid dynamic and radiation 
transfer processes [Bretherton et al., 1999]. The turbulence-resolving models could 
potentially provide a deeper insight into this understanding however they have been unable 
to simulate the Arctic PBL until recent years.  

Low-level clouds (Stratus clouds, Figure 11) are typical feature of the Arctic PBL. 
Compared to low- and mid-latitudes low-level clouds, the Arctic clouds have often a very 
unusual inverted shape. This inverted (up-side-down) shape of the low-level Arctic clouds 
might be explained by following reasons: (i) location a source of moisture for the cloud 
system; (ii) radiative cooling at cloud top (iii) turbulent entrainment.  

The Arctic surface and near-surface atmospheric layers are generally colder and drier 
than the mid-atmosphere (except the maritime Arctic regions). A source of moisture for the 
cloud system is therefore located in the troposphere. Here moisture is transported by 

                                            
22 Certain parts of this section were modified for clarification. Few misprints were corrected. The content has 
not been changed.  
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horizontal advection in the air aloft from lower latitudes. Cooling of the moisture droplets 
provokes turbulent mixing that carry moisture downward and lead into condensation. 
Radiative cooling at cloud top supports the air entrainment and increase lifetime of the 
cloud system. Below the cloud layer the air remains nearly saturated, because the 
downward humidity flux does not change much. It prevents evaporation of the cloud 
droplets and ice crystals. Therefore Arctic low-level clouds have sharp upper boundary and 
a hazy layer between the PBL top and the surface. This is clearly seen on Figure 12.  

The low-level cloud cover consists mainly of stratiform types of clouds such as Stratus 
and Stratocumulus. In marginal ice zones and over summertime continents, convection is 
more intensive with occasional thunderstorms, but the vertical development of the cumulus 
forms of clouds are still damped by the stability of the free atmosphere. The Arctic Stratus 
Experiment, conducted during June 1980 over the Beaufort Sea [Curry, 1986], provided 
data and determined the properties of the typical Arctic stratus layer. In the experiment, 
elevated humidity inversions were frequently observed which supports the hypothesis that 
the Arctic clouds are maintained through moisture entrainment at the PBL top and 
subsequent radiation cooling of the cloud top level. A portion of this radiative cooling 
drives the mixed layer convection, mixing the droplets downward and creating the Arctic 
haze. The mixing however remains shallow. The turbulent entrainment does not penetrate 
beyond 50 m below mean cloud top. Thus the near-surface visibility improves significantly 
when the cloud top is higher than about 200 m as it has been found in the AOE-2001.  

Wang and Wang, [2004] studied the role of low-level Arctic clouds in modifying the 
thermodynamic and turbulence properties of the PBL using measurements from a research 
aircraft during the Beaufort and Arctic Storms Experiment (BASE). They showed that unlike 
the clear sky regions, the cloudy region was characterized by strong horizontal 
heterogeneity in low-level temperature and moisture that varied with the cloud-top height. 
Also turbulent perturbations prevailed the boundary-layer flow and made large 
contributions to the scalar variances in the cloudy region. The finding of Wang and Wang, 
[2004] are consistent with lidar data analysis performed by Shupe et al., [2008]. The later 
study found the horizontal heterogeneity on the scale of about 5 km, which strongly 
suggests self-organization of turbulent mixing in rolls. In the clear sky regions, the PBL was 
shallow and the maximum turbulent mixing was observed near the surface. In the cloudy 
region, turbulent mixing does not change significantly throughout the PBL or even reveals a 
local maximum near the cloud top.  

Ice crystals (or clear-sky precipitation) are one of the unique low-level clouds that can 
be observed in the Arctic. It composed of small ice crystals and occurs at relatively low 
temperatures (often below –30°C) in conditions of temperature and humidity inversions. 
Formation of ice crystals occurs due to downward transport of moisture that increases the 
relative humidity at the surface and causes crystallization.  
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Figure 11. Winter (19 April 2007) Arctic stratus layer at confluence 64 °N 108 °W  (upper panel), photo by M. 
Sturm at al. Summer (9 August 2004) Arctic stratus layer at confluence 71 °N 80 °W, photo by P. Hundt. Both 
photos from the Degree Confluence Project web site [http://www.confluence.org/index.php]. 
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Figure 12. The low-layer stratus cloudiness near Eastern Greenland cost in summer (left panel). The better 
visibility and sharp upper edge of the clouds are clearly seen. Photo by Knut Lisaeter from the Greenland Fjord 
Cruise 2007. 

WIND SPEED AND AERO-DYNAMICAL SURFACE ROUGHNESS 

In the stably stratified PBL, the wind shear or the vertical gradient of the wind speed is 
the only physical parameter contributing to the turbulence generation. Therefore, variations 
in the wind speed determine the PBL climatology to the large degree. The continental 
regions are under anticyclone influence over the most of the year so that the mean wind 
speed there rarely exceeds 6 m s–1 [Przybylak, 2003a]. The mean surface (at 10 m height) 
wind speed in IGRA data is only 4 m s–1. The minimum wind speed of 2.3 m s–1 is found in 
the Siberian sub-Arctic region and the maximum wind speed of 6.3 m s–1 is in the Atlantic 
sub-Arctic region. The slow surface winds are the direct consequence of the atmospheric 
stability and especially of the PBL stability that impede the vertical momentum transport to 
the surface. The dynamical decoupling between the PBL and the atmosphere aloft was 
demonstrated in the NOAA P-3 research aircraft studies on March 27 and 30, 1989, at 83 
°N, 10 °E in the central Arctic. The surface winds were barely 2 to 3 m s−1, but the winds at 
100 m were between 8 to 12 m s−1. So that the geostrophic drag coefficient were 0.014 to 
0.015 or about 50 % larger than their typical values. Since the PBL was very shallow 
(estimations suggests the depth of 50 m to 75 m), the wind shear reached 0.1 s−1 and the 
ageostrophic angle 35° to 40°. The wind is stronger in coastal areas, where monsoon 
circulation is the most developed, and on mountain slopes, where katabatic drainage flow 
develops.  

An important parameter in the flux gradient relationships is aero-dynamical surface 
roughness. In situ studies [e.g., Brunke et al., 2002] however have found a relative 
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insignificance of the roughness magnitude and variability on the flux calculations. The 
observed roughness lengths for heat,  from the SHEBA data does not exhibit sounded 
dependence on surface temperature or . A constant ~ 5 10–3 m could be used in 
models. The observed at all four sites appear to be an exponential function of the friction 
velocity. Calculations of the wind stresses and sensible heat flux in model schemes 
demonstrated little sensitivity to the roughness variability of the observed magnitude. 

TURBULENT SURFACE FLUXES AND THE PBL LIFE-TIME 

The stably stratified and convective PBL can be distinguished by the sign of the surface 
sensible heat flux. Figure 13 gives the values of this flux for summer (June through August) 
and winter (December through February) months. In accord with the seasonal cycle23 of the 
PBL depth, the sensible heat flux is upward (~ 20 to 40 W m–2) in the continental regions in 
summer, but near-neutral or slightly negative in the maritime regions. In wintertime, the 
sensible heat flux is strongly positive (50 to 100 W m–2) in maritime regions over open water 
whereas the Central Arctic and continents have nearly uniform negative sensible heat flux 
of –20 to –30 W m–2. 

The possible magnitude of the negative (downward) sensible heat flux is limited by the 
negative surface radiation balance and the turbulent intermittency [Derbyshire, 1999] and 
do not exceed 40 W m–2 over any longer period of time. On average, the negative surface 
sensible fluxes have considerably smaller magnitude than the positive fluxes. Hence, the 
straightforward averaging of the fluxes cannot provide meaningful information about the 
typical physical and dynamical conditions in the PBL.  Figure 14 shows the mean annual 
fraction of the stably stratified PBL (SBL) in ERA-40 data. The SBL occurred 70 % to 90 % 
during the period of observations between 1979 and 2001. Figure 15 completes this 
climatology with the averaged persistence of the SBL. The SBL develops on average about 
100 hours in the central Arctic without changing stability. This persistence is in good 
correspondence with the mean duration of the synoptic cycle. Along the Atlantic storm 
track, the persistence significantly reduced to 30 hours and below. The persistence also 
reduced south of the polar cycle where changes of day and night make difference to the 
surface radiation heat balance.  

It is important to remember, that stratification of the PBL might be influenced not only 
by the absolute value of the SAT or the surface heat balance, but also by other factors.24 If 
the SAT is near the radiation equilibrium, which means rather low temperatures of –50 ºC 
and below, even appearance of the sun for a few hours above horizon may cause initiation 
of the PBL convection. Such conditions were documented in Greenland data where the CBL 
frequencies are the highest in spring over the coldest parts of the plateau. 

                                            
23 A misprint in the original version of the paper was corrected 19.04.2014.  
24 The text was corrected for clarification. Please see Errata for more details. 
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Summer (JJA)     Winter (DJF) 

Figure 13. The mean seasonal sensible heat flux in ERA-40 at the surface in June through August (left) and 
December through February (right). 

 

 
Figure 14. Mean annual fraction of SBL in ERA-40. 
 

 
Figure 15. The annual averaged duration (in hours) of continues stably stratified PBL development in the ERA-
40 data over 1979–2001. 
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Table 8. The annual mean wind speed for all selected stations and for each region separately. 
 

Regions height 
(hPa) 

Arctic 
I II III IV V VI VII VIII IX X 

Surface 4.0 2.9 2.3 5.1 3.1 4.3 3.4 6.3 5.5 5.0 4.0 
1000 5.3 5.1 3.4 5.4 3.7 5.8 4.5 7.6 6.8 5.8 4.7 
925 8.0 9.0 7.1 8.1 6.8 7.5 6.7 10.5 9.2 7.6 6.2 
850 8.6 9.6 7.5 8.3 7.7 7.9 8.4 11.1 9.6 8.2 6.7 
700 10.1 11.1 8.9 8.9 9.4 9.5 9.8 12.4 10.7 9.2 9.6 
500 14.1 15.4 13.0 12.5 12.9 13.5 13.7 16.6 14.5 12.5 14.6 
400 17.3 18.9 16.2 15.3 16.0 16.3 17.2 20.3 17.5 15.4 18.2 
300 20.1 22.4 18.7 17.2 18.8 18.2 20.6 24.2 20.1 17.7 21.3 

 

 REGIONAL SPECIFICS OF THE ARCTIC PBL CLIMATOLOGY 

Arctic and sub-Arctic PBL over continents (Canadian, Siberian and Alaska 
Regions) 

The continents in the Northern Hemisphere extend up to approximately 70 oN. At 
their northern edge, the continental PBL remain very much similar to the PBL in the 
maritime Arctic (the Siberian, Central Arctic and Atlantic regions), which it borders. This is 
due to the snow cover in the wintertime (about 9 to 10 months a year) and the large fraction 
of the open water surface in the summertime. At more southern latitudes, the continental 
PBL becomes significantly different.  

In summertime, the continental PBL is affected by vegetation. The vegetation, 
especially taiga forest, has lower albedo, traps larger amount of the absorbed solar heat in 
an aerodynamically protected canopy layer, and has larger aero-dynamical roughness. 
Measurements (e.g., the Baseline Meteorological Data in Siberia Version 3) during the 
GAME-Siberia experiment at a larch forest site near Yakutsk (Siberian sub-Arctic region) 
showed that the latent heat flux is strongly affected by transpiration activity of larch trees 
[Yamazaki et al., 2007]. As transpiration increases toward summer, the sensible heat flux 
drops. High correlation between the vegetation activity and the PBL structure were obtained 
using satellite normalized difference vegetation index (NDVI) data and the meteorological 
mast measurements. The averaged warm season (late April–early September) sensible and 
latent heat fluxes over 1986–2000 were about 50 W m–2. The Bowen ratio remains about 
unity. In July and August, the latent heat flux can exceed the sensible flux by 20 W m–2, 
while generally the difference is much smaller. By contrast, during the months with inactive 
vegetation and thus with no transpiration (April and May), the sensible heat flux was on 
average 75 W m–2 to 100 W m–2 and the latent heat flux remained less than 25 W m–2. Thus, 
despite low forest albedo and strongly positive radiation balance, the continental CBL 
remains relatively shallow. The PBL climatology by Groisman et al. [1997] is summarized in 
Table 9. 
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Table 9. Examples of diurnal and seasonal changes of sensible heat fluxes over bare soil in Tundra zones, 
Nar’yan-Mar, 67.7 °N, 53.1 °E (W m –2). Mean and standard deviations for the 25-yr period 1966–90. 
[Groisman et al, 1997]. 
 

 0000 LT 0300 LT 0600 LT 0900 LT 1200 LT 1500 LT 1800 LT 2100 LT 
Month Avg. Std. Avg. Std. Avg. Std. Avg. Std. Avg. Std. Avg. Std. Avg. Std. Avg. Std. 

1 –9 17 –7 14 –7 14 –6 19 –7 13 –8 16 –7 15 –6 15 
2 –9 21 –9 14 –8 14 –6 13 0 14 –8 13 –10 13 –9 14 
3 –11 14 –10 13 –9 11 3 18 16 31 2 18 –12 14 –12 13 
4 –6 15 –6 13 0 16 29 47 43 62 25 46 –2 20 –8 17 
5 –2 13 0 14 12 24 44 59 64 81 51 71 17 39 0 16 
6 –2 9 0 9 17 22 78 81 124 112 107 87 40 43 0 11 
7 –2 9 –1 8 16 22 79 79 129 119 114 98 46 60 0 11 
8 –4 7 –3 6 5 10 43 55 77 90 61 66 13 25 –3 8 
9 –6 7 –5 7 –3 7 10 18 29 39 15 30 –5 8 –6 7 
10 –4 13 –3 21 –3 13 0 15 1 17 –4 13 –6 12 –5 16 
11 –3 17 –2 26 –2 17 –3 16 –2 15 –4 16 –3 16 –3 16 
12 –5 19 –4 20 –5 15 –5 20 –5 12 –7 13 –5 16 –5 14 

 

Arctic PBL over Ice-Covered Arctic Ocean (Central and Siberian Arctic 
Regions) 

The ice cover is a good insulator. Hence, in many aspects, the PBL over the Arctic 
Ocean remains that over the sub-Arctic continents. There are however important differences 
too. The sensible heat flux at the surface is small all the year around. Therefore there is 
neither persistent strong cooling nor warming of the surface are observed. The lateral (both 
vertical and horizontal) convergence of heat in the region makes the wintertime SAT 
considerably higher than it would be under radiative equilibrium and higher than the SAT 
of surrounding continents at lower latitudes.  At the same time the summertime SAT is 
colder than the surface radiation balance would allow as the available heat is spent on 
melting and evaporation. The SAT annual climatology is characterized by the coreless 
winter and summer when the SAT fluctuates near its minimum (–30 oC to –35 oC) and 
maximum (0 oC to +2 oC) values [Lindsay, 1998]. 

Until better and more sophisticated turbulence-resolving models appear, the relative 
importance of different physical processes at the ice surface and the PBL will probably 
remain controversial. It is unlikely that the ocean surface would reach temperatures 
significantly above 0 oC even under clear sky conditions. But the Central Arctic is very 
cloudy place. In summertime, almost total thick low-level St cloudiness increases the earth’s 
albedo. It creates an elevated layer of cooling at the cloud top, which preserves the cloud 
cover from dilution by the turbulent entrainment in the PBL.  

In earlier publications [Budyko, 1969], the PBL processes in the central Arctic were 
thought to be insignificant for climatology as the vertical turbulent mixing in high latitudes 
was known to be weak. Later, numerical experiments [Overland and Guest, 1991; 
Groetzner et al., 1996; Vavrus, 1995] revealed significance of the convective turbulent 
exchange through open water patches. Groetzner et al. [1996] demonstrated that a few 
percent of the open water rises the mean wintertime SAT in climate models by several 
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degrees. In the Atlantic and Central Arctic regions, the SAT rises by as much as 15 K. Vavrus 
[1995] demonstrated that not only the SAT, but also the ice extent and thickness is not 
possible to simulate correctly without proper account for the convective heat exchange in 
the leads. Observational evidences support the model-based conclusions. Doronin [1974] 
argued that up to 50 % of the ocean heat loss could occur through the turbulent mixing 
over the leads. However, the field studies in Weddell Sea (Antarctica) suggested even larger, 
up to 80 %, fraction of the heat loss over the leads [Eisen and Kottmeier, 2000; Kottmeier et 
al., 2003]. Satellites measurements [Lindsay and Rothrock, 1995] revealed that fractions of 
open water and thin ice cover might reach between 7 % to 14 % in summertime and 1 % to 
5 % in wintertime in the Central Arctic region.25 At the same time, turbulence resolving 
simulations [Esau, 2007] and observations [Lüpkes et al., 2008] suggest the area averaged 
convective flux over 20 % of the open water fraction is almost as strong as the flux over 100 
% open water fraction. Even 1 % of open water causes 3.5 K increase in the area averaged 
SAT.  Depending on the wind speed and air temperature, the mean wintertime sensible heat 
flux estimates of 50 to 150 W m–2 over leads and thin ice.  

The conductive heat flux through the multiyear ice is relatively small and remarkably 
stationary on the year to year basis as it is determined by ice thermodynamics [Lindsay, 
1998]. Makshtas [1991] gives 5 to 10 W m–2 for the winter months from the Russian North 
Pole stations analysis. In summer and autumn months, it could be slightly downward up to 
–3 W m–2. Although small, the conductive heat flux plays an important role in mediation of 
the surface-based temperature inversions (See Figure 16). 

Similar to the diurnal cycle of the marine PBL over the open water, the turbulent fluxes 
in the ice covered Central Arctic region do not show significant diurnal and seasonal 
variations [Brunke et al., 2006; see Figure 17]. This is due to polar day or night over the 
large part of the year. Some diurnal cycle could be seen in spring. However, synoptic 
variability still causes significantly stronger flux variations than it could be found on the 
diurnal scale. The heat flux is mostly directed toward the surface. Hence the atmosphere 
heats the surface even in summertime. 

 

                                            
25 A misprint was corrected 1.04.2014. Please see Errata for more details. 
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Figure 16. Mean annual cycle of sensible (solid lines), latent (dashed lines) and conductive (dotted line) fluxes 
for the Central Arctic region. The black lines are the averaged data for Russian North Pole stations over 1954–
1992 after [Lindsay, 1998]; blue lines are the averaged ERA-40 reanalysis data over 1979–2001. 

 

Figure 17. Monthly mean observed covariance of (a) sensible heat flux, (b) wind stress, and (c) latent heat 
fluxes from SHEBA data. The thin vertical lines represent one standard deviation about the mean. [Brunke et 
al., 2006]. 

 
One important unresolved issue is related to the occurrence of convective conditions 

in the PBL. Observational data suggest that the PBL often becomes convectively unstable in 
spring and autumn months. Thus surface-atmosphere coupling could be much stronger than 
it is believed. Indirectly, a stronger degree of the coupling and its importance for Arctic 
climatology follows from Adachi and Yukimoto [2006] study of the effect of the conductive 
heat flux on the wintertime Arctic atmospheric circulation. The reanalysis does not support 
this conclusion.  
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Figure 18. Variability of the SHEBA potential temperature within (at 2 m height – red line) and above (at 700 
m height – blue line) the PBL. Black lines represent the 5 days’ running average. The mean PBL depth at the 
site was 100 m (wintertime) to 250 m (summertime) with extensions to 1500 m (spring and autumn). 

 
Seasonal variation of the surface-atmospheric decoupling is illustrated in Figure 18.26 

The SHEBA observations start from 30 October 1997 (day 300). Thus the period with days < 
500 is corresponding to the winter months and with days > 500 to the summer months. In 
the former period, the temperature within the PBL is significantly more variable (maximum 
day to day fluctuation about 25º) than the temperature above the PBL at 700 m (maximum 
day to day fluctuation about 9º). The SAT cooling is not reflected in the free atmosphere 
temperature change. In the later period, the temperature within the PBL is significantly less 
variable (maximum day to day fluctuation about 2º) than the temperature above the PBL at 
700 m (maximum day to day fluctuation about 9º). The temperature fluctuations in the free 
atmosphere (presumably of advective nature) are not reflected in the SAT changes. The 
similar conclusion about high degree of the PBL-to-atmosphere decoupling in summertime 
follows from the AOE-2001 data analysis [Tjernstroem et al., 2005]. During the early winter 
(November, days 320–340) and early spring (April, days 480–530), the potential 
temperature gradient is small. It indicates the presence of well-mixed CBL and therefore 
high degree of the coupling. 

Arctic PBL over ice sheets and glaciers (Greenland region) 

As the Arctic Ocean in the Central Arctic region, Greenland is permanently covered 
with ice and snow. However, the Greenland ice sheet has high elevations, generally gentle 
slopes and no upward conductive and convective heat flux through the ice. The Greenland 

                                            
26 The text was corrected for clarification. Please see Errata for more details. 
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topography considerably modifies the PBL. The main feature of the PBL in the region is 
development of a katabatic flow. The katabatic flow is observed as down-slope winds, 
created by over-cooled air descending from higher elevation under the action of the gravity 
force. At lower elevations, the katabatic flow is adiabatically warmed and dried. It results in 
formation of a very stable PBL with unusually large downward sensible heat flux [Ball, 
1956] and upward latent heat flux. The latter is responsible for annual sublimation of 
several cm of ice and snow in the lower ablation zone. A simple description of the vertical 
structure of the katabatic PBL is given in the model introduced by L. Prandtl in 1942. The 
governing equations are: 
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Where is the background potential temperature lapse rate, and is the slope angle. The 
model solution for boundary conditions 
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Where  is the intrinsic length scale of the katabatic flow is, is the surface 
temperature deficit. Figure 19 shows the solution and data for 22 April 1997 from KABEG-
1997 experiment. This simple model describes the observations rather well. The bigger 
discrepancies could be observed the lower PBL where eddy viscosity and diffusivity 
coefficients vary strongly. Those variations could be accounted for in a more elegant, but 
complicated solution of Grisogono and Oerlemans (2001) model. 

The KABEG-1997 surface station data shows that in April/May the katabatic wind 
develops mostly in nighttime. It results in unusual diurnal cycle in the PBL with the 
strongest turbulent mixing over nights. The katabatic wind system is found to extend about 
10 km over the tundra area and is associated with strong wind convergence and gravity 
waves [Heinemann, 1999]. The seasonal cycle in the PBL fluxes is also unusual, with the 
maximum downward sensible (the upward latent) heat flux in July/August when the 
katabatic flow is the strongest. 

In spite of broadly spread expectations, the katabatic wind speed in West Greenland is 
moderate 5 m s–1 to 12 m s–1 [Oerlemans and Grisogono, 2002; van den Broeke et al, 2008]. 
The friction velocity is between 0.15 m s–1 and 0.4 m s–1, which is rather large for the stably 
stratified PBL. GCC data in Figure 20 suggests that conclusion holds true for the East, North 
and West slopes. The mean slope wind speed between 1961 and 1990 is about 7 m s–1. The 
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typical observed wind speed in Greenland is given in Table 6. This moderate wind causes 
rather strong downward sensible (15 W m–2 in winter to 45 W m–2 in summer months) and 
upward latent (10 W m–2 in summer months) fluxes due to large (0.04 K m–1) temperature 
gradient across the PBL. A strip of large turbulent fluxes over the Greenland slope is clearly 
visible in GCC data in Figure 21. The katabatic PBL is comparatively deep with typical 
depth of 200 m [Heinemann, 2002; Heinemann and Klein, 2002]. The slope PBL is stably 
stratified over 90 %–95 % of time. The stable stratification is maintained by the katabatic 
flow and ultimately by the net negative radiation balance at higher elevations, but also by 
the heat expenditure on melting at lower elevations. Thus, the CBL is less frequently 
observed on the slope where the temperature reaches the melting point than on the plateau. 
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Table 6. Typical wind speed at Greenland stations [Bromwich et al., 1996; van den Broeke, 2008]. 
 

Station Coordinates Elevation 
Wind 

Direction 
Wind Speed Comments 

S9 67º03’N, 48º14’W 1520 – 7.3 plateau/slope 
S6 67º05’N, 49º13’W 1020 – 6.4 slope 
S5 67º06’N, 50º07’W 490 – 5 slope 
ETH/UC Camp 69º34’N, 49º17’W 1157 130 13.8 slope 
Barber 71º40’N, 38º10’W 3170 125 3.6 plateau 
Northice 78º04’N, 38º29’W 2342 270 9.8 slope 
Watkins 67º03’N, 41º49’W 2438 330 6.0 plateau 
Matt 73º29’N, 37º37’W 3100 170 5.2 plateau 
West Station 71º11’N, 51º07’W 954 113 8.7 slope 
Eismitte 70º55’N, 40º38’W 3025 98 7.3 plateau 
Century 77º10’N, 61º08’W 1923 128 8.3 slope 

 
 

a)    b) 

 
Figure 19. Non-dimensional profiles of wind speed (a) and temperature (b) from the Prandtl model of 
katabatic boundary layer (curves) and KABEG-1997 data on 22 April 1997 (dots). The following parameters 
are utilized:  = 0.04 K m–1,  = 1o, 

€ 

C  = –1o K. The eddy viscosity and diffusivity were unknown and hence 
tuned to the best fit to data. 

 
On the Greenland plateau [e.g., IGLOS experiment; Drue and Heinemann, 2003], the 

katabatic winds are weak or not presented. The wintertime SBL reminds the SBL over other 
Arctic continental regions. The difference is that the plateau PBL remains stably stratified in 
summertime. During all six flights in IGLOS, well-developed SBL were found. Unlike the 
katabatic SBL, the plateau SBL is shallower with the PBL depth less than 100 m, typically 
between 30 m to 70 m according to P. Calanca (personal communication). In low-wind 
cases, radiative cooling dominates making the SBL intermittent. About 40 % of the 
observations could be classified as non-stationary. During the periods of intermittency 50 % 
of the sensible heat flux was released in only 22 % of the sampling time. The intermittency 
makes difficult recovery of the reliable flux climatology from gradient meteorological 
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observations. Van den Broeke et al. [2008] calculated the averaged plateau wintertime 
downward turbulent fluxes of 25 (sensible) and 15 (latent) W m–2. These values seem to be 
unrealistically large and probably caused by oversimplification of the surface energy budget 
model utilized in the study. GCC data give the correspondent values of 15 (sensible) and ~0 
(latent) W m–2. At the same time, the plateau PBL is stably stratified only 80 %. The CBL 
develops due to low summer air temperatures. The surface albedo (0.6–0.8) and cloudiness 
are low during summer. So the surface can absorb large amount of the solar radiation. The 
surface temperature rises and causes eventual daytime convection. 

The surface roughness of the ice and its seasonal variations remain disputable. At least 
in ablation zone, the roughness can change significantly due to melting processes and 
crevasses in the ice. The typical roughness estimations vary from 10–3 m to 10–2 m, so that 
the roughness is generally lower than over the sea ice. The higher roughness value 
corresponds to 2 m to 3 m ice hills, which are often observed in summertime. 

 
Figure 20. The mean 10 m wind speed (m s–1) over 1961–1990 from the Greenland Climate Change data 
archive. 
 

             
Figure 21. The mean sensible (a) and latent (b) heat flux (W m

–2) over 1961–1990 from the Greenland Climate 
Change data archive. The downward fluxes are positive. 

 
The relative humidity remains rather high (>90 %) throughout the year on the plateau. 

Often, the high humidity allows direct ice deposition on the surface. It is considerably 
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smaller at lower elevations (~80 %) due to the adiabatic heating and drying on the katabatic 
flows.  

Arctic PBL near ice edge (Atlantic and Baffin Bay regions) 

The PBL near ice edge possesses many extreme properties not to be found elsewhere. 
Its vertical structure and stability may change rapidly as the direction of the wind is 
changing. Regularly, the open water has higher temperature than the air above it. It leads to 
statically unstable stratification within the PBL to enhanced turbulent mixing and to the 
deep PBL. The wintertime sensible heat flux can reach 500 W m–2 or briefly even larger 
values. Figure 22 shows the estimation of the mean sensible heat flux from the satellite 
climatology HOAPS. The mean flux in March reaches ~60 W m–2 at the ice edge. The 
wintertime flux could be significantly underestimated in this data. Häkkinen and Cavalieri 
[1989] using the gridded Navy Fleet Numerical Oceanography Central surface analysis and 
the First GARP Global Experiment (FGGE) IIc data estimated the mean wintertime fluxes in 
the Barents Sea to be as large as 400 W m−2 with uncertainty of about 30 %. In September, 
the flux is much smaller (about 10 W m–2) as the Arctic atmosphere has much higher 
summertime temperatures.  

Indeed the ARTIST data [Argentini et al., 2003] revealed that the PBL in the marginal 
ice zone remains surprisingly stable. The unstable conditions have been observed only 
during a small fraction of days characterized by easterly cold air outbreaks. Much more 
often the PBL is near-neutrally, slightly stably stratified, whereas its vertical structure 
remains well mixed up to 500 m to 700 m. As near-neutrality means a small surface 
sensible heat flux (typically downward between 15 W m–2 and 25 W m–2), the comparison 
highlights an important contradiction between in situ and reanalysis (ERA-40) and satellite 
(HOAPS and AOFlux) data.  

The satellite estimations are essentially the product of the bulk flux algorithms. The 
latter does not account for the development of the convective winds in the PBL. The 
convective winds are the highly variable surface layer air flows created through the self-
organization of the turbulent convection into cell- and roll-like structures. Those structures 
are visualized by the convective clouds during cold outbreaks. The convective winds 
contribute significantly into the turbulent mixing. This contribution is missed in the bulk 
algorithms. In result, the satellite data locate the maximum heat flux right near the ice edge, 
whereas direct measurements from aircrafts found it at 50 km to 100 km from the ice edge 
and of considerably larger magnitude [Brown, 1992]. 

Figure 3 and 4 reveals that the annual cycle of the PBL depth and therefore stability in 
this region has an opposite phase to that in the rest of the Arctic. AOE-2001 observations 
[Tjernstroem et al., 2005] highlighted a role of surface air temperature advection in 
modifying the PBL depth and stratification over the near ice edge region. They showed that 
large PBL depth and unstable stratification was more often associated with cold temperature 
advection (negative SAT anomalies), than with warm temperature advection (positive SAT 
anomalies).27 The physical mechanism behind this asymmetry has been linked to the PBL 
dynamics. The warm air advected over colder surface creates more stable stratification of 
                                            
27 This text of the original paper was changed for clarification 19.03.2014. Please see Errata for more details. 



CLIMATOLOGY OF THE ARCTIC PLANETARY BOUNDARY LAYER 

 

 118 

the PBL. As the PBL remains relatively well mixed with small surface sensible heat flux (the 
near-neutral PBL), the increased atmospheric stability strengthen the capping inversion. In 
result, the PBL becomes shallower and more insulated from the warmer atmosphere aloft. 
Just opposite, the cold air advection reduces the atmospheric stability, enhances the upward 
turbulent fluxes at the surface and increases the PBL depth. 

 
Figure 22. Sensible Heat Flux (W m

–2) from HOAPS satellite dataset for September (a) and March (b) over 
1987–2005.  In March only the Atlantic region has enough open water for the flux evaluation. 

 
The process of selective cooling maintains also high relative humidity of the PBL and 

the low-level cloudiness (mostly above 90 %). During AOE-2001, the relative humidity (RH) 
> 95 % was in 85 % cases. This high RH is maintained by large amount of droplets 
entrained into the PBL from the cloud layer so that the visibility was less than 1 km in more 
than 50 % cases. But sometimes the visibility improved to 20 km and more. The mean 
cloud base was about 100 m. By contrast to mid-latitudes, the cloud base remains below 
200 m even under good visibility conditions. 

The mean summertime PBL depth is about 300 m in ERA-40, but lower, 200 m, depth 
was measured in AOE-2001. Better agreement between these data sources could be 
obtained if the cloud layer is included into the PBL. The inversion base height is 250 m in 
AOE-2001. The inversion thickness is from 100 m to 500 m (AOE-2001). Its stability 
fluctuates in a broad interval usually less than 5 10–3 K m–1. Over the inversion the 
temperature are often increased by 4 oC to 5 oC reaching its highest value at about 1 km. The 
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wind mostly remains weak to moderate 3 m s–1 to 8 m s–1. Although the low-level jet wasn’t 
clearly observed, the wind oscillations are suggesting some inertial oscillation development 
due to turbulent drag reduction in advected warm air. 

V. RECENT CHANGES IN THE PBL CLIMATOLOGY 

The Arctic climate [Serreze et al., 2000; ACIA, 2005] and the Arctic PBL undergo 
significant changes. The atmospheric circulation may induce changes of opposite directions 
in the PBL. For example, the increased meridional heat advection in the polar cell should 
strengthen the atmospheric stability and therefore damp the turbulent mixing and decouple 
the dynamics of the surface processes in the even shallower PBL. Simultaneously, the 
increased advection means stronger winds, which enhance the mixing and deepen the PBL.  

The first estimation of the dominant changes in the Arctic PBL could be obtained 
through analysis of the PBL depth changes. Figure 23 presents the geographical distribution 
of the PBL depth trends from IGRA. Generally, the PBL becomes deeper in the maritime 
Arctic and shallower in the continental sub-Arctic. The PBL depth trends in the continental 
Arctic from ERA-40 are in agreement with reduction of sensible heat flux during 1960–1992 
[Groisman et al., 1999] (see Table 10). The above changes in turbulent heat fluxes have 
been supported by coherent wind reduction at the anemometer height and increase of the 
near-surface temperature inversions [Groisman et al., 1999]  (Figure 24). These trends in 
near-surface winds, temperature gradients, and turbulent heat fluxes are not apparently 
linked to cloud cover variations. 

The trends in the maritime Arctic cannot be explained so simple. Figure 25 shows 
decreasing the upward sensible heat flux in the maritime Arctic. Thus the PBL deepening 
here should be attributed to reduction of the atmospheric stability probably related to the 
increase of precipitations and to the more intensive cyclonic activity. At the same time the 
oceanic heat transport into the Arctic Ocean through Bering Strait and Fram Strait is also 
increasing [Woodgate et al., 2006; Schauer et al., 2004].  Intercomparisons between North 
Pole 4 (1956–1957) and North Pole 23 (1976–1977) stations suggests some decrease of the 
downward sensible heat flux in autumn and winter in the Central Arctic too [Makshtas, 
1991]. The PBL changes at the ice edge could be related to the reduction of the ice extent, 
thickness and probably to the large part to increased fractures of the ice cover. The later 
factor would disproportionally enhance the convective heat flux through small scale surface 
features non-represented in the reanalysis models and satellite imagery. Vavrus [1995] 
demonstrated the larger heat flux through the open leads and polynyas can result in 
reduced extent of the ice cover and at the same time in thicker ice in the central Arctic.  
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Table 10. Estimates of mean daily turbulent heat fluxes area-averaged over tundra zones of Northern Eurasia 
and their linear trends. Period 1960–1990. Latent and Sensible heat flux. All trends are statistically significant at 
the 0.01 level (except latent heat flux, which is significant only at the 0.1 level) [Groisman et al., 1999]. 
 

Sensible heat flux Latent heat flux 
Season Mean 

(W m–2) 
Linear trend 

(W m–2 / 30yrs) 
Mean 

(W m–2) 
Linear trend 

(W m–2 / 30yrs) 
Winter –7 –5 0 –0,5 
Spring 12 –15 – – 
Summer 37 –8 – – 
Autumn 0 –4 – – 

 

 
Figure 23. Annual trend of PBL depth (period 1992–2007), m yr–1. 

 

 
Figure 24. Winter wind speed, (m s–1) – solid line, and temperature inversion, (°C) – dashed line over the 
tundra zone of Northern Eurasia. [Groisman et al., 1999]. 
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Figure 25. Sensible heat flux (W m

–2) from OAFlux (solid line) and HOAPS (dashed line) dataset over 1979–
2006. Atlantic region. 

REPRESENTATION OF ARCTIC PBL IN METEOROLOGICAL MODELS 

Since the long-term trends and projections in the Arctic are unavoidably rely on 
models, it is necessary to make some notions on the model representation of the Arctic PBL. 
Existing parameterizations of the Arctic PBL is still deficient [Mahrt, 1998]. The GABLS 
intercomparison study [www.gabls.org; Beare et al., 2006; Cuxart et al., 2006] concluded, 
perhaps unsurprisingly, that neither of 20 turbulence parameterizations from all actively 
used climate and weather prediction models were able to reproduce a rather weakly stable 
PBL case with tolerable accuracy. All parameterizations diagnosed 2 to 5 times too deep 
PBL and produced respectively too strong fluxes as compared to 11 turbulence-resolving 
models used as a reference in the study.  

Further studies with SHEBA and AOE-2001 to be simulated in frameworks of Arctic 
Regional Climate Model Intercomparison Project (ARCMIP) disclosed important effects of 
the turbulence parameterization breakdown on the model climate. Rinke et al. [2006] 
published an evaluation of 8 different ARCMIP models (ARCSyM, COAMPS, CRCM, 
HIRLAM, RegCM, PolarMM5, RCA, REMO). The models had approximately the same 
horizontal resolution of about 50 km and 19 to 30 vertical levels. Thus, the model vertical 
resolution was clearly too coarse to resolve the thin Arctic PBL. The model discrepancy 
increases strongly below 800 hPa. Temperature, wind and humidity profiles in all models 
diverge from each other in the PBL, and differ considerably from what has been observed. 
The model surface fluxes exhibited very low correlation with the observed flux and often 
even sign of the flux was in opposition. Model latent fluxes as a rule were much larger than 
those observed. In other comparisons, the discrepancies were not so pronounced. Birch et 
al. [2007] compared observations from AOE-2001 to prognostics from another subset of the 
ARCMIP models (UM, COAMPS). The pressure, humidity and wind fields were found to be 
satisfactorily represented. The representation of cloud was unsatisfactory and the latent heat 
flux was found too large. There were also problem with near-surface air temperature 
representation in the models.  
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Brunke et al. [2006] evaluated the turbulence parameterizations, namely in the part of 
the surface bulk aerodynamic schemes, in four climate and weather models: the National 
Center for Atmospheric Research's Community Climate System Model (CCSM), the 
European Centre for Medium-Range Weather Forecasts (ECMWF) model, the Arctic 
Regional Climate System Model (ARCSYM), and the National Center for Environmental 
Prediction's Global Forecasting System (GFS) model. The surface fluxes produced by these 
algorithms failed to reproduce the climatological annual and diurnal cycles. In summertime, 
sensible heat fluxes in all models were lower than observed. But the latent heat fluxes were 
much higher than observed. In particular, ECMWF, ARCSYM, and GFS produce sensible 
heat fluxes under stable conditions that are lower than observed ranges, particularly for the 
bulk Richardson number exceeding 0.05. ECMWF, ARCSYM, and GFS models have vertical 
profiles of sensible heat fluxes that are generally outside of the observed range. These 
conclusions are in general agreement with earlier Beesly et al. [2000] study of the ECMWF 
model versus SHEBA data. Byrkjedal et al. [2008] demonstrated using 90 levels model that 
the increasing of the model vertical resolution to an appropriate level leads to better 
reproduction of the radiative temperature inversion, surface heat budget and cloudiness. 

The breakdown of the turbulence parameterizations in the models has more important 
effect on the Arctic climatology than just erroneous estimates of the turbulent mixing 
magnitude. It alters the physical and dynamical conditions in the PBL as diagnosed by the 
models. Although the best estimations of the annual mean sensible heat flux in the Central 
Arctic is 0 W m–2, which corresponds to the stably stratified PBL, the IPCC models with a 
few exceptions produce strongly positive (upward) fluxes, on average +3.6 W m–2, which 
corresponds to the convective PBL development. This error leads to significantly stronger 
air-surface coupling in the models and create a pronounced warm temperature bias in the 
Central Arctic with the effect on the ice cover and cloudiness. The largest spread between 
models and the largest errors are found in the marginal ice zones. 

PROJECTS FOR ARCTIC PBL IN XXI CENTURY 

The projects of the Arctic climate should be considered accounting the specific 
properties of the Arctic PBL and general failure of the state-of-the-art climate models, leave 
alone “conceptual” climate models, to reproduce them. In particular, corrections must be 
done to the strength of the ice-albedo feedback as the ice reduction seems to be followed 
by increasing cloudiness and therefore cloud albedo. There are also many indirect signs that 
the observed apparent near-surface warming is largely a shallow feature trapped in the PBL. 
The significant heat spent on evaporation and evapo-transpiration and often decoupling of 
the PBL from the lower troposphere make it difficult to assess the real change of the Arctic 
heat balance on the basis of relatively dense surface measurements.  

The IPCC models [Sorterberg et al., 2007] project the largest changes of the turbulent 
mixing in the marginal ice zone, notably, in the Barents and Chukchi Seas (Atlantic and 
Pacific regions). As the sea ice affects the surface latent heat flux much stronger than the 
sensible heat flux, it is expected that the latent heat flux changes will be four times larger 
than the corresponding changes in sensible heat fluxes. Over the Central Arctic, the 
projected change is 2 W m–2 to 5 W m–2 with the largest change in the autumn season. In 
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the summer season, the IPCC predict increase of cloudiness and therefore some decrease in 
the sensible heat flux. It should be noted that a substantial fraction of the models simulate 
too much present-day sea ice in the Barents Sea.  

The Arctic Ocean's summer warming is nearly zero because the mixture of melting 
snow/ice and open water is constrained to remain close to the freezing point. Thus changes 
in the summertime PBL will be marginal. The same is true for sub-Arctic seas where 
overturning circulation and deep sea convection transport the additional heat downward 
effectively preventing the temperature rise (Schweckendiek and Willebrand 2005). The 
predictions by the models generally show the largest variance in the regions and seasons of 
the largest changes. The wintertime standard deviations are largest near the ice margin, 
especially in the Atlantic sector, indicating that the North Atlantic marginal ice zone is the 
region of greatest uncertainty in the winter. By contrast, the standard deviations of the 
summer predictions are relatively small over the Arctic Ocean and sub-polar seas, as the 
large heat capacity of the water constrains the temperature rise in all models.  

VI. SUMMARY 

The Arctic atmosphere, ocean and cryosphere are coupled through the vertical 
turbulent mixing in the interfacial layer – the PBL. The coupling is weak as the PBL is stably 
stratified with rather weak turbulent exchange during 70 % to 90 % of time.   Low 
temperatures reduce the role of the hydrological cycle in the Arctic coupling with important 
reservation to still poorly understood clouds variability and effects on the PBL. Moreover, 
almost complete dynamical decoupling between the PBL and the surface or the atmosphere 
has been observed regularly. The decoupling is possible due to turbulent mixing 
suppression in very stably stratified surface and capping inversion layers.  

The Arctic data coverage is still inadequate, but improving rapidly in the satellite era, 
which gives hope for better PBL climatology reconstructions in future. The reconstructions 
have to overcome uneven geographical distribution of the observations as well as their 
tendency to be denser in summer and spring seasons and along coastal lines. In this study, 
in situ measurements are combined with the gridded data, mainly with the reanalysis data, 
and satellite data products. The study heavily relies upon the Integrated Global Radiosonde 
Archive (IGRA) with 52 stations used in the reconstruction. The next important source of 
data was the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis 
ERA-40. ERA-40 is the second generation reanalysis [Uppala et al., 2005]. It assimilates data 
from the terrestrial global observational system, rawinsondes, including those in IGRA, but 
with different quality control and correction procedures, and from the late 1970s the 
satellite observational system data. It should be remembered that temporal and spatial 
heterogeneity of observational sources creates difficulties in homogenization of the ERA-40 
data over longer time periods. There are also several satellite products and in situ 
turbulence campaigns are included. 

The typical Arctic PBL is shallow, stably stratified and covered with low-level stratus 
(St) and stratocumulus (Sc) clouds. The Arctic PBL develops typically 20 to 80 hours 
between synoptic disruptions. The PBL depth is usually below 200 m, often even less than 
50 m. But in maritime Arctic and over continents in summertime the PBL depth rises to 1.5 
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km and more. The PBL is the deepest in summer months in the continental regions, but in 
winter and spring months in maritime regions when the air-sea temperature difference is the 
greatest.  The static stability and shallowness of the PBL are important factors of the cold 
climate formation. The buoyancy force in the stably stratified PBL (SBL) damps the turbulent 
exchange so that the cold temperatures at the radiatevely cooled surface cannot be 
effectively mixed with the warmer air advected from the lower latitudes at about 1 km to 3 
km. As the near-surface air is kept below the ice melting point, it initiates the non-turbulent 
climate feedbacks (ice-albedo and emissivity) that low the temperature even further. Large 
temperature gradients near the top of the Arctic PBL (the capping inversion) are favorable to 
the cloud formation especially in summertime, which also reduce the PBL heating rates. In 
the Arctic, both the physical (radiation) and dynamical (meridional advection and 
subsidence in the polar circulation cell) atmospheric processes support the atmospheric 
stable re-stratification. The transpiration by vegetation in taiga also reduces the summertime 
convective instability of the PBL. 

The sea ice fractures play important role in the Central Arctic climatology as up to 80 
% of the ocean heat loss goes through the turbulent mixing over the fractures. Satellites 
revealed open water and thin ice covering in the Arctic Ocean 7 % to 14 % in summertime 
and 1 % to 5 % in wintertime. The conductive heat flux through the multiyear ice is 
relatively small (5 to 10 W m–2) and remarkably stationary on the year to year basis as it is 
determined by ice thermodynamics. 

The mean surface wind speed in the Arctic is low (about 4 m s–1). The minimum wind 
speed of 2.3 m s–1 is found in the Siberian sub-Arctic region and the maximum wind speed 
of 6.3 m s–1 is in the Atlantic sub-Arctic region. The slow surface winds are the direct 
consequence of the atmospheric stability and especially of the PBL stability that impede the 
vertical momentum transport to the surface. 

The presented Arctic PBL climatology does not encompass all aspects of the Arctic 
climate. There is still a lack of understanding of many key processes in the Arctic PBL. This 
reconstruction does not include information about a low-level jet, the development of the 
capping inversion, the PBL top entrainment rate, the convective plumes from the open 
water patches etc. However our study provided an up to date climatological estimates of the 
main Arctic PBL characteristics and physical processes based on various data sources such 
as regular radiosonde, reanalysis, satellite observations, as well as episodic turbulent field 
campaigns.28 
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ERRATA 

Certain clarifications and corrections were applied to the original version of the Paper 
II: Esau, I.N. and S.A. Sorokina, 2010: Climatology of the Arctic planetary boundary layer. 
Atmospheric turbulence, meteorological modeling and aerodynamics. Lang, P.R. and F.S. 
Lombargo (eds.), Nova Science Publishers, pp. 3–58. The changes are specified bellow. The 
numeration is in agreement with numeration in the footnotes and is continuous throughout 
the thesis. 

 
15. “It tends to insulate the surface from synoptic warming events. But the cooling events 
can effectively lower the SAT as the PBL stability reduces and the turbulent mixing 
enhances. This remarkable asymmetry in the PBL response favors considerably lower mean 
SAT than it could be observed under invariable PBL mixing.” – corrected to: “The PBL tends 
to be insulated from synoptic warming events, but the cooling events can effectively 
influence the PBL characteristics, including the SATs. This remarkable asymmetry leads to 
considerably lower the SATs compared to those observed under invariable PBL mixing.” 
16. Eq. 7–9, certain text was added to clarify the characteristic of the equation. “Where: 

€ 

θ∗, 

€ 

q∗, and 

€ 

u∗ are sensible, latent and momentum turbulent heat fluxes, respectively; 

€ 

ρ  is 
the air density; C is the specific heat of dry air at constant pressure (1003.5 J (kg К)-1); L is 
the latent heat of vaporization, 2.501 ×  106 (J kg–1); U is the wind speed usually at 10 m 
above the surface; 

€ 

qs and 

€ 

θ s , are the specific humidity and temperature of air near the 
surface (2 m); 

€ 

qa and 

€ 

θaare specific humidity and temperature of air 10 m above the 
surface.” 
17.  “The interannual variation of the PBL depth for each region is presented in Figure 3 
(continental regions) and 4 (maritime regions)” – corrected to: “The seasonal cycle of the 
PBL depth for each region is presented in Figure 3 (continental regions) and 4 (maritime 
regions).” 
18. Certain text was added for clarification. “Negative imbalance between outgoing and 
incoming radiation in the Arctic leads to the surface cooling, commonly in winter and 
night.” 
19.  “Under radiative equilibrium, 

€ 

Ta ≥Ts when 

€ 

εa ≥εs” – corrected to: “Under radiative 
equilibrium, 

€ 

Ta ≥Ts when 

€ 

εa ≤ εs (e.g., if we assume fresh snow or ice as an underlying 
surface).” 
20.  “As the heat conduction in soil is much slower process than even weak turbulent 
mixing in air, the temperature of the surface will be slightly less than the near-surface air 
temperature” – corrected to: “Because of the transfer of heat by conduction is much weaker 
than even weak turbulent mixing in the air; the temperature of the surface will be slightly 
lower than the near surface air temperature.” 
21. Several parts of the section “Temperature inversions” were modified for clarification. 
The content has not been changed. The original text of this chapter might be found in: 
www.researchgate.net/publication/230660793_In_Atmospheric_Turbulence_Meteorologica
l_Modeling_CLIMATOLOGY_OF_THE_ARCTIC_PLANETARY_BOUNDARY_LAYER. 
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22. Several parts of the section “Clouds” were modified for clarification. The content has 
not been changed. The original text of this chapter might be found in: 
www.researchgate.net/publication/230660793_In_Atmospheric_Turbulence_Meteorologica
l_Modeling_CLIMATOLOGY_OF_THE_ARCTIC_PLANETARY_BOUNDARY_LAYER. 
23.  “In accord with the inter-annual variations of the PBL depth…” – corrected to: “In 
accord with the seasonal cycle of the PBL depth…” 
24.  “it is important to remember, that the PBL stability or instability have nothing to do 
with the absolute value of the SAT or the surface heat balance”– corrected to: “It is 
important to remember, that stratification of the PBL might be influenced not only by the 
absolute value of the SAT or the surface heat balance, but also by other factors.” 
25. “Satellites [Lindsay and Rothrock, 1995] revealed that open water and thin ice cover 
7 % to 14 % in summertime and 1 % to 5 % in wintertime of the Central Arctic region.” – 
corrected to: “Satellites measurements [Lindsay and Rothrock, 1995] revealed that fractions 
of open water and thin ice cover might reach between 7 % to 14 % in summertime and 1 % 
to 5 % in wintertime of the Central Arctic region.” 
26. “The degree of the surface-atmospheric decoupling is seen in Figure 18” – corrected 
to: “Seasonal variations of the surface-atmospheric decoupling are illustrated in Figure 18.” 
27.  “AOE-2001 observations [Tjernstroem et al., 2005] revealed essential asymmetry in 
the SAT distribution with the positive SAT much less frequent than the negative ones” – 
corrected to: “AOE-2001 observations [Tjernstroem et al., 2005] highlighted a role of 
surface air temperature advection in modifying the PBL depth and stratification over the 
near ice edge region. They showed that large PBL depth and unstable stratification was 
more often associated with cold temperature advection (negative SAT anomalies), than with 
warm temperature advection (positive SAT anomalies).” 
28. Certain text was deleted: “In particular, in the case of the low-level jet the theoretical 
models are in odds with occasional observations [ReVelle and Nilsson, 2008]. The low-
level jet is frequently observed in the Atlantic region. It is thought to be produced by the 
abrupt friction decay in on-ice air advection. However, the jet amplitude and frequency 
does not agree well with the proposed model. Models suggest the jet maximum amplitude 
should occur about 5 hours after crossing the ice edge by the flow. Taken the mean wind 
speed of the advection of 10 m s-1, the maximum low-level jets should be observed at about 
180 km from the ice edge. This development can be followed from ACSYS-1998 campaign 
[Brümmer and Thiemann, 2002].” Instead new text was added: “However our study 
provided an up to date climatological estimates of the main Arctic PBL characteristics and 
physical processes based on various data sources such as regular radiosonde, reanalysis, 
satellite observations as well as episodic turbulent field campaigns.” 
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VERTICAL STRUCTURE OF RECENT ARCTIC WARMING FROM OBSERVED DATA 

AND REANALYSIS PRODUCTS 

ALEXEEV V.A., I.N ESAU, I.V. POLYAKOV, S.J. BYAM, S.A. SOROKINA 

ABSTRACT 

Spatiotemporal patterns of recent (1979–2008) air temperature trends are evaluated 
using three reanalysis datasets and radiosonde data. Our analysis demonstrates large 
discrepancies between the reanalysis datasets, possibly due to differences in the data 
assimilation procedures as well as sparseness and inhomogeneity of high-latitude 
observations. We test the robustness of Arctic tropospheric warming based on the ERA-40 
dataset. ERA-40 Arctic atmosphere temperatures tend to be closer to the observed ones in 
terms of root mean square error compare to other reanalysis products used in the article. 
However, changes in the ERA-40 data assimilation procedure produce unphysical jumps in 
atmospheric temperatures, which may be the likely reason for the elevated tropospheric 
warming trend in 1979-2002. NCEP/NCAR Reanalysis show that the near-surface upward 
temperature trend over the same period is greater than the tropospheric trend, which is 
consistent with direct radiosonde observations and inconsistent with ERA-40 results. A 
change of sign in the winter temperature trend from negative to positive in the late 1980s is 
documented in the upper troposphere/lower stratosphere with a maximum over the 
Canadian Arctic, based on radiosonde data. This change from cooling to warming tendency 
is associated with weakening of the stratospheric polar vortex and shift of its center toward 
the Siberian coast and possibly can be explained by the changes in the dynamics of the 
Arctic Oscillation. This temporal pattern is consistent with multi-decadal variations of key 
Arctic climate parameters like, for example, surface air temperature and oceanic freshwater 
content. Elucidating the mechanisms behind these changes will be critical to understanding 
the complex nature of high-latitude variability and its impact on global climate change. 

 
Keywords: Arctic warming, polar amplification, stratosphere 
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1. INTRODUCTION 

The vertical structure of the Arctic atmosphere is shaped by a strongly negative surface 
radiation balance and poleward heat and moisture advection in the troposphere. On 
average, the Arctic north of 70 °N lacks about 100 W/m2 in the radiation heat balance, 
resulting from the difference between the incoming and outgoing solar radiation at the top 
of the atmosphere (Nakamura and Oort, 1988). The heat balance is maintained through 
meridional heat transport from lower latitudes, which varies between 85 W/m2 in the 
summer and 111 W/m2 in autumn according to Nakamura and Oort (1988) and between 85 
and 121 W/m2 according to Overland and Turet (1994). The vertical structure of this heat 
advection controls mean atmospheric lapse rate and therefore the vertical heat exchange 
processes that define the fraction of heat used to warm the near-surface atmospheric layers. 
In the summertime, the bulk of heat advected to the Arctic is spent on heating the surface. 
In wintertime, the advected heat can substantially warm the Arctic atmosphere as has been 
suggested by radiative models (e.g., Overland and Guest 1992). 

Vertical turbulent exchange in the Arctic atmosphere is generally weak. A very 
common and well-known feature of the Arctic atmosphere, especially during the cold 
season, is the frequent occurrence of near-surface air temperature inversions (Sverdrup, 
1933). The surface temperature does not correlate well with the tropospheric temperature 
during strong inversion events because the super-stable boundary layer is decoupled from 
the tropospheric circulation (Tjernstroem, 2005). Surface Heat Budget of the Arctic Ocean 
(SHEBA) data show more frequent occurrence of cold than warm events in the surface 
temperature record (Uttal et al., 2002). This skewing of temperature behavior in the 
boundary layer is not well simulated by general circulation models (Beesly et al., 2000; 
Rinke et al., 2006; Byrkjedal et al., 2008). Weak sensitivity of boundary layer temperature to 
tropospheric advection could be one reason for biases in reanalysis data and model 
simulations during the cold season (Beesly et al., 2000; Tjernstroem et al., 2005; Rinke et 
al., 2006).  

Understanding changes in the atmospheric lapse rate resulting from differential 
temperature trends at different heights is important for understanding the nature of 
tendencies in the Arctic environment. Indeed, the recent documented surface changes have 
been substantial (Serezze et al., 2000; Serreze and Francis, 2006; Francis and Hunter, 
2007); the recent surface temperature trend in the Arctic is about twice as large as the 
Northern Hemisphere trend (IPCC, 2007). In the 1950s and 1960s, however, the 
temperature trends were negative and opposite to the global temperature trends (Polyakov 
et al., 2003; Johannessen at al., 2004). The spatial pattern of the Arctic surface air 
temperature (SAT) trends is also very heterogeneous; moreover, the trends from different 
data sources are not necessarily coherent (Kuzmina et al., 2008). 

The atmospheric temperature in the Arctic exhibits large natural variability on a wide 
range of time scales from synoptic to multi-decadal (e.g., Overpeck et al. 1997; Polyakov et 
al. 2003; Bengtsson et al. 2004a). Available instrumental temperature records (particularly 
from the free atmosphere) are not of a sufficiently long duration to enable us to resolve slow 
processes. This is one reason for poor understanding of the mechanisms behind variability 
in the Arctic. There are, however, indications that the pattern of Arctic warming is partially 
controlled by the Arctic Oscillation (AO) and North-Atlantic Oscillation (NAO) (Thompson 
and Wallace, 1998).  
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It has been demonstrated that the stratospheric circulation in the Polar Regions is 
closely linked to surface conditions. For example, the Eurasian snow cover extent in 
October controls, to some degree, the AO/NAO behavior during the following winter 
(Cohen and Entekhabi, 1999; Cohen and Barlow, 2005; Cohen and Fletcher, 2007). The 
polar stratosphere responds to varying surface conditions, as in the example above; in 
addition, it can also be a driver of surface changes. For example, changes in the 
stratospheric circulation in the Southern Hemisphere due to declining ozone concentrations 
(Marshall et al., 2004) could be one explanation for the increase of sea-ice extent near 
Antarctica (Gillett et al., 2008). Various mechanisms for observed climate changes in the 
two hemispheres have been discussed in Gillett et al. (2008) and Turner et al. (2007); the 
important role of the stratospheric circulation is stressed. Understanding the reasons 
underlying changes in the Arctic atmosphere is therefore important as it is a crucial 
component of the tightly-coupled Arctic climate system. 

It has been argued that the surface warming in the Arctic should be preceded by an 
elevated atmospheric warming induced by lateral heat transport (Flannery, 1984; Schneider 
et al., 1997; Alexeev, 2003; Rodgers et al., 2003; Alexeev et al., 2005; Langen and Alexeev, 
2005; Langen and Alexeev, 2007). Using the European Re-analysis Agency (ERA)-40 data, 
Graversen et al. (2008) found such an elevated warming in the winter and summer 
temperature trends. This elevated warming has been questioned (Bitz and Fu, 2008; Grant 
et al., 2008; Thorne, 2008) and shown to be most likely a result of changes in the ERA-40 
data assimilation system. Detailed analysis of spatiotemporal patterns of Arctic warming 
(including the reported elevated 1979–2002 warming in the Arctic troposphere) is one of 
the purposes of the article.  

The plan of the article is the following. In section 2 we describe the data used for the 
study. In section 3 we study temperature trends for the 1979–2002 period from different 
reanalysis products. In sections 4 and 5 we test the robustness of the elevated ERA-40 
warming against radiosonde data and other reanalysis products. The sensitivity of trends to 
changes in the time interval will be investigated. In section 6 we analyze the most recent 
(post-1990) temperature trends in the Arctic, in an attempt to diagnose possible reasons for 
those changes and to see if any of the station data support the elevated warming reported in 
ERA-40. This section is followed by the discussion and conclusions. 

2. DATA 

2.1. METEOROLOGICAL STATIONS AND REANALYSIS PRODUCTS 

There is a variety of long-term data sources available for the Arctic atmosphere. A 
reasonable network of Arctic coast and island stations provides routine land-based 
meteorological observations. Measurements made from Russian patrol ships (Kuzmina et al., 
2008) represent another source of data. A vast array of data from meteorological stations is 
available at the National Snow and Ice Data Center (NSIDC) web site 
(http://www.nsidc.org). An increasingly large number of satellite data products for the Arctic 
atmosphere have become available since the beginning of the satellite era in the 1970s. 

However, no routine atmospheric observations were made over the Arctic Ocean 
before the beginning of the Russian North Pole drifting stations program in the mid-1930s 



VERTICAL STRUCTURE OF RECENT ARCTIC WARMING FROM OBSERVED DATA AND REANALYSIS  

 143 

(Kahl, 1998). One to three of these stations were operating each year in the Arctic since 
1950. This program was significantly downscaled in 1991. No radiosondes from the 
Russian North Pole drifting stations were launched after 1991 until 2007 (A.P.Makshtas, 
personal communication). 

The North American Regional Reanalysis (NARR: Mesinger et al., 2006) represents an 
important source of data for various diagnostic and validation purposes. NARR uses a 
limited-area NCEP Eta model and data assimilation system. This model has high spatial and 
temporal resolution (32x45km in space and 3-hourly output in time). A wider variety of 
available data of different origin was assimilated, especially over the continental United 
States. The immediately available data covers the period from 1979 to 2005. We chose not 
to use NARR because the article is dealing with high Arctic and all the locations analyzed 
here are too close to the boundary of this reanalysis product. 

The following datasets were used in this study.  
29. IABP/POLES is the International Arctic Buoy Program (IABP) dataset (Rigor et al. 
2000; Chen et al. 2002). The Polar Science Center of the Applied Physics Laboratory, 
University of Washington, in collaboration with IABP participants, has maintained a 
network of drifting Argos buoys in the Arctic Ocean since 1979. The dataset used in this 
study covers 1979–2004. The data were obtained from http://iabp.apl.washington.edu 
(Rigor et al., 2000; Chen et al., 2002). 
30. IGRA dataset. For upper air profiles in our study we use data from the Integrated 
Global Radiosonde Archive (IGRA) dataset (Gaffen, 1996). This dataset contains most 
existing Arctic radiosonde data, including both a daily and monthly mean archive. The data 
coverage varies in time by region and country. Most observations start at the surface and go 
as high as 20 mb, especially in recent decades. The quality of radiosonde data is 
compromised by a variety of problems, including inhomogeneity of observations and 
processing problems (Gandin et al., 1988; Schwartz and Doswell, 1991; Gaffen, 1994). In 
general, quality assurance procedures for sounding data rely on principles of internal 
consistency, basic physical relationships, and/or statistical methods which are illuminated 
in Collins (2001) and literature cited therein. All the soundings are processed with quality 
controls (http://www.ncdc.noaa.gov/oa/climate/igra/index.php). A total of 113 IGRA stations 
are located north of 60 °N. Many stations in the Russian Arctic stopped launching 
radiosondes by the mid-1990s. A list of stations from IGRA used for this study and criteria 
for their selection are given below in section 2.3. 
31. ERA-40 is the second-generation reanalysis dataset (Uppala et al., 2005). The ERA-40 
assimilation procedure was significantly improved starting in about 1979 (Bengtsson et al., 
2004a,b; Uppala et al., 2005). We use the 2.5×2.5 gridded ERA-40 dataset available from 
the European Center for Medium-range Weather Forecasts (ECMWF) website, which we find 
acceptable for the purposes of this study. 
32. NCEP Reanalyses: We use both the older National Center for Environmental 
Protection (NCEP) reanalysis product (the so-called NCEP-1, Kalnay et al. (1996)) and the 
newer NCEP-Department of Energy (DOE) Atmospheric Model Intercomparison Project 
(AMIP)-II Reanalysis (we will call it NCEP-2, for brevity), described in Kanamitsu et al. 
(2002). As noted in Kanamitsu et al. (2002), the newer product can be used “…as a 
supplement to the NCEP-National Center for Atmospheric Research (NCAR) reanalysis 
especially where the original analysis has problems. The differences between the two 
analyses also provide a measure of uncertainty in current analyses.” Data from both 
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products are available to the present day, which makes them very useful for comparison 
with the observations. 
33. JRA-25: The Japanese 25-year ReAnalysis (JRA-25) was conducted by the Japanese 
Meteorological Agency (JMA) in collaboration with the Central Research Institute of Electric 
Power Industry. The available dataset covers period from 1979–2004. The data assimilation 
was done using 3DVar. The global model’s resolution used for the reanalysis was T106 
(Onogi et al, 2007). 

2.2. PROBLEMS WITH REANALYSIS DATA 

Major data assimilation systems use a variety of data in one form or another. However, 
the data are not uniform in space and time. Discontinuities in observational systems can 
potentially impact the quality of reanalysis data. Bromwich and Wang (2005) argued, for 
example, that accuracy of reanalysis data may suffer over areas with sparse observations.  

Bengtsson et al. (2004a,b) questioned the quality of trends computed from the ERA-40 
reanalysis for the period 1958–2001 in the context of changes to the global observing 
system. The ERA-40 global mean temperature in the lower troposphere has a trend of +0.11 
K dec-1 over the period of 1979–2001, which is slightly higher than the microwave 
sounding unit (MSU) measurements, but within the estimated error limit. For the period 
1958–2001, however, the warming trend was larger (0.14 K dec-1), but Bengtsson et al. 
(2004a,b) found this increase to be an artifact of changes in the observing system. When 
these corrections are introduced, the warming trend is reduced to 0.10 K per decade.  

Simmons et al. (2004) compared monthly-mean anomalies in SAT from the ERA-40 
and NCEP/NCAR reanalyses with corresponding values from the Climate Research Unit 
(CRU) dataset CRUTEM2v (Jones and Moberg, 2003). Least-square linear trends were found 
to be significantly lower for both reanalysis projects, but ERA-40 trends are within 10 % of 
CRU for the whole northern hemisphere when computed from 1979 onwards. There is, 
however, a warm model bias present at middle and high latitudes and a cold bias at low 
latitudes. The ECMWF model (the basis for ERA-40) produces a cold bias at mid- and high-
troposphere in data-sparse regions. This feature may amplify the troposphere temperature 
trends in ERA-40 because the Arctic data coverage has varied between 1979 and 2002. 
Trends and variability in ERA-40 throughout the planetary boundary layer (1000 mb  to 850 
mb  layer) are generally similar to those at the surface from the late 1970s onwards. 

Bromwich and Wang (2005) pointed out that some of the ERA-40 tropospheric cold 
bias was introduced by the satellite instrument High-resolution Infra-Red Sounder (HIRS)-2 
on the Television Infra-Red Observation Satellite (TIROS) Operational Vertical Sounder 
(TOVS). A quote from the ECMWF website (http://www.ecmwf.int/research/era/ERA-
40/Data_Services/section3.html): “ … A further problem of concern is cold bias in the lower 
troposphere (below ~500 mb ) over ice-covered oceans in both the Arctic and the Antarctic. 
A related problem in Arctic precipitation has also been identified. These polar cold biases 
arise from the assimilation of HIRS radiances. Changes to the thinning, channel-selection 
and quality control of the infrared data that were introduced for analyses from 1997 
onwards to reduce the tropical precipitation bias have also virtually eliminated the cold 
polar biases.” TOVS satellite input to ERA-40 started in 1979 and was replaced by ATOVS 
in 1998. Its replacement corrected the negative tropospheric bias. 
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Trenberth et al. (2001a) showed that while the MSU and NCEP/NCAR reanalysis 
temperatures show fairly good agreement, large discrepancies with the ERA-40 temperatures 
indicate that changes in the satellite observing system may have adversely affected the 
ECMWF reanalyses, especially in the tropics. The temperature discrepancies have a 
complex vertical structure that is not fully understood. Changes in the observing system 
limit the applicability of the reanalysis products to some climate studies. 

Despite the problems, Bromwich and Wang (2005) and Bromwich et al. (2007) find 
NCEP/NCAR and ERA-40 reanalysis reliable to some extent in the Arctic during the modern 
satellite era (post 1979). According to these studies, one of the most significant problems is 
treatment of clouds and the associated radiation budget, which produces excessively strong 
short-wave radiation over land and therefore surface temperatures that are too high. 

For the discussion throughout this article, it is important to keep in mind that 
reanalysis products are essentially the result of sophisticated data interpolation procedures 
with dynamical constraints. In the areas scarcely covered by direct measurements of 
temperature, satellite information acquires relatively large weight so that any change in 
satellite instruments can have an implication for the quality of assimilated air temperature. 
Because of the possible strong decoupling between the surface and the free atmosphere, 
potential errors introduced at the surface or aloft sometimes cannot be corrected by the 
assimilation system. Vertical temperature profiles in the Arctic are almost never nearly 
adiabatic. 

 
Table 1.  Station list. Shaded areas represent approximate periods of data availability. 
 

Stations 1950 1960 1970 1980 1990 2000 Location 
Alert        82.5N 62.3W 
Barrow         71.3N 156.8W 
Bjornoya        74.5N 8.67W 
Dikson         73.5N 80.4E 
Eureka         80.0N 85.9W 
Fairbanks          64.8N 147.9W 
Jan Mayen         70.9N 8.67W 
Resolute Bay         74.7N 94.9W 
Thule        76.5N 68.7W 
Tiksi         71.6N 128.8E 

 

2.3. RADIOSONDE STATION DATA USED IN THIS STUDY 

To test reanalyses data quality we selected ten Arctic stations with data coverage, 
some starting as early as the 1950s. We included stations with relatively good data 
coverage. Many Russian stations stopped launching radiosondes after the break-up of the 
Soviet Union in 1991, which explains why we did not include more stations from the 
Russian Arctic. Data coverage and station locations are listed in Table 1. Geographical 
locations are plotted in Figure 1 – the stations are spread all over the Arctic in a more or less 
uniform manner. We decided to keep Jan Mayen station since it is located above 70 ºN 
although it is often viewed as a North Atlantic rather than as an Arctic station. 
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Figure 1. Stations used for the analysis 

3. TEMPERATURE TRENDS FROM REANALYSIS DATASETS 

Reanalysis datasets are used here in order to test the existence of the elevated high-
latitude warming pattern found in ERA-40 (Graversen et al., 2008). We demonstrate that the 
two reanalysis datasets, ERA-40 and NCEP-1, show substantially different patterns of high 
Arctic warming during 1979–2002 for all four seasons (Figure 2). We used an algorithm 
described in Wigley (2006) for assessing trends and their significance (direct link to the 
description of the algorithm is found here: http://www.climatescience.gov/Library/sap/sap1-
1/finalreport/sap1-1-final-appA.pdf). 

The 1000 mb temperature trend in ERA-40 is lower approximately north of 70–80 ºN 
for all seasons except spring compared with that from NCEP-1. There is a pronounced 
maximum in ERA-40 temperature trend at 925 mb in the winter and at 700 mb in the 
summer. Autumn trends are dramatically different as well; ERA-40 does not show any 
maximum in trend near the surface, unlike the corresponding trend from NCEP/NCAR 
reanalysis. In all cases the largest trend maxima in ERA-40 temperatures are found in the 
area north of 80 ºN, corresponding to the Arctic Ocean. Note that no regular observations 
are available for that area.  
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Figure 2. Linear trend of zonal mean air temperature (K/decade) as a function of height (mb) and latitude 
calculated over 1979–2001 period for four seasons; winter: 1st row, spring: 2nd row, summer: 3rd row, autumn: 
4th row. Left column: ERA-40, center column: JRA-25; right column: NCEP-1. Only significant trends are 
shown. 
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Spatially averaged (70–90 ºN) winter temperature difference between ERA-40 and 

NCEP-1 is shown in Figure 3a. Temperatures derived from these two datasets differ 
substantially at the end of the ERA-40 period, starting approximately after 1980 until 1998. 
Figure 3b and 3c show the same difference at two different levels: 925 mb and 600 mb, for 
ERA-40 and JRA-25. 

 

 
 
Figure 3. (a) Winter air temperature (degrees K) averaged over 70–90 ºN, difference between ERA-40 and 
NCEP-1; (b) the same difference between ERA-40 and NCEP-1 at 925 mb (black open circles), JRA-25 and 
NCEP-1 (green circles); (c) – same as in (b), except for the values were plotted at 600 mb. 

 
The horizontal structure of the trends from various datasets at different levels is shown 

in Figures 4 and 5. The summer trend in ERA-40 at 700 mb is significantly greater than the 
surface trend (Figure 4), while the ERA-40 winter trend has a maximum at 925 mb (Figure 
5). These ERA-40-based elevated patterns of warming are among the major findings of 
Graversen et al. (2008). However, these two features are not present in trends calculated 
from other reanalysis products. NCEP-1, NCEP-2, and JRA-25 trends presented in Figures 4 
and 5 do not show a stronger elevated warming in the winter or the summer. There is only 
one place where a weak elevated warming can be seen, which is in the NCEP-1 summer 
trend at 925 mb (central panel in Figure 4, 3rd row). Note a disagreement between the 
datasets even at the surface; e.g., much stronger winter warming in the Canadian 
Archipelago is seen in NCEP-1 than in the other datasets (Figure 5, column 1, row 3). The 
Beaufort and East Siberian seas are two other areas where reanalysis products disagree at 
the surface. 
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Geographically, the area of the biggest disagreement between tropospheric trends 
from ERA-40 and other datasets (NCEP-1, NCEP-2, or NARR) is located in the high Arctic. 
This disagreement could potentially be tested at several high-latitude stations. However, Ny 
Alesund lacks a sufficiently long radiosonde record. The Franz Joseph Land and Severnaya 
Zemlya stations stopped launching sondes in the early 1990s. Other stations in the 
Canadian Archipelago with long radiosonde records (e.g., Eureka, Thule) are located 
outside the area of interest. The only station close to the area of interest is Alert, where 
observations started as early as 1963 and have continued until present. We will test the 
robustness of reanalysis temperature trends against observations at Alert in the next section. 
 

 
 
Figure 4. Summer temperature trends (1979–2002), K/decade for ERA-40, NCEP-1, NCEP-2, and JRA-25 at 
different pressure levels: 1000 mb, 925 mb, and 700 mb. 
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Figure 5. Winter temperature trends (1979–2002), K/decade for ERA-40, NCEP-1, NCEP-2, and JRA-25 at 
different pressure levels: 1000 mb, 925 mb, and 850 mb. 

4. TEMPERATURE TRENDS FROM REANALYSIS AND RADIOSONDES AT ALERT 

STATION 

Alert station is particularly suitable for assessment of reanalysis products due to its 
proximity to the high Arctic and its location in an area of persistent sea-ice cover that 
significantly reduces spatio-temporal inhomogeneities. 

Because years after 1997 are identified as years with potential problems for the ERA-
40 dataset, we test reanalysis products against Alert station data for two time windows. The 
first period covers 1979–2002, which represents our ‘standard’ ERA-40 period. The second 
period covers an earlier period of 1976–1997. Note that the two periods do not have the 
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same time length. We chose the second period for two reasons. By ending it in 1997 we 
avoid problems related to changes in the ERA-40 data assimilation system, while by starting 
in 1976 we avoid problems associated with the abrupt changes in the Arctic that occurred 
around that time due to the shift in the Pacific Decadal Oscillation (PDO) index. The PDO 
index was predominantly negative before 1976. The associated changes in the large-scale 
circulation have been shown to affect many climate parameters in the Arctic (Mantua et al., 
1997; Hartmann and Wendler, 2005). In particular, the SAT rend calculated for 1951–2001 
in Fairbanks is positive. However, this overall positive trend is “…strongly based by the 
sudden shift in 1976 from the cooler regime to a warmer regime. When analyzing the total 
time period from 1951 to 2001, warming is observed; however, the 25-yr period trend 
analyses before 1976 (1951–57) and thereafter (1977–2001) both display cooling, with a 
few exceptions”, according to Hartmann and Wendler (2005). 

 

 
 
Figure 6. (a) Winter temperature trend at Alert for 1979–2002 (K/decade); (b) trend for 1976–1997; (c) RMS 
error calculated using monthly means for 1979–2002, all months (K): ERA-40, black circles; NCEP-1, green 
circles; radiosonde IGRA data, magenta triangles and significance estimate represented by one standard error. 
(d) Difference between ERA-40 and IGRA (black circles) and difference between NCEP-1 and IGRA (green 
circles) at 700 mb, degrees K. 

 
Winter trends for the two periods derived from the two reanalysis products ERA-40 

and NCEP-1 are shown in Figure 6. For the first period the vertical trend profiles show 
substantial differences; the NCEP-1 trend is the closest to the trend calculated using 
radiosonde data, while the ERA-40 trend overestimates the observed trend. A typical value 
for the standard error of the calculated trends at 700 mb is about 0.3–0.4 K decade-1. 
However, for the second, earlier, period the trend profiles from the two reanalysis products 
are very similar and, more importantly, they are both much closer to the radiosonde trends. 
ERA-40 temperatures are colder before 1997 and a big jump occurs in 1998, which is the 
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primary reason for the strong warming trend. This is also true for other seasons (not shown). 
Our analysis for spring, summer, and autumn showed that ERA-40 systematically 
overestimates lower- and mid-tropospheric trends for 1979–2002 while trends calculated 
for 1976–1997 for both ERA-40 and NCEP-1 are very close to IGRA radiosonde data. 
Unfortunately, NCEP-2 and NARR data are not available before 1979. 

Based on this analysis, we argue that the significantly closer agreement between two 
reanalysis products for 1976–1997 compared to 1979–2002 suggests that ERA-40 
temperature trends for the latter period might not be very robust and could therefore be 
considered as an artifact of changes in the data assimilation system. Therefore, trends 
derived from this product (ERA-40) should be treated with caution. However, the root mean 
square errors calculated using monthly mean temperatures for all months from January 1979 
through September 2002 demonstrate that ERA-40 is generally better than NCEP-1 (Figure 
6c) or, actually, all other reanalysis products used here (not shown) in terms of deviation 
from the observations. This indicates that ERA-40 better captures seasonal-scale variability 
in the Arctic; it better captures synoptic variability as well, as shown in Graversen et al. 
(2008). 

5. LOWER STRATOSPHERIC TEMPERATURE TRENDS 

This section is devoted to analysis of Arctic upper-tropospheric/lower-stratospheric 
temperature trends. We use NCEP-1 and radiosonde data wherever available to verify the 
reanalysis results. It is known (Ramaswamy et al., 2006; IPCC, 2007) that the global 
stratosphere has been cooling for the last couple of decades. However, Figure 6 shows that 
the temperature trend in the lower stratosphere at Alert changes its sign from cooling to 
warming when we shift the time window from 1976–1997 to 1979–2002. Here we present 
a closer look at this phenomenon, without explaining the physics behind this trend in much 
detail.  

Shown in Figure 7 are the stations’ radiosonde winter temperatures at 100 mb as a 
function of year and temperature trends as a function of height for periods before and after 
1990. There is a visible, prolonged minimum in the temperature at 100 mb in the late 
1980s–early 1990s. This temperature minimum explains our choice for the break point 
between the two analysis periods. The right panels show that at most stations the 
temperature trends at around 100 mb reversed significantly from one period to the next, 
with the strongest change observed at the stations located in the Canadian Arctic: Alert, 
Eureka, Resolute Bay, and Thule. Figure 1 from Ramaswamy et al. (2006) also shows a 
similar result. 

A possible mechanism for those trends would be a change in the atmospheric 
circulation. The lower most panel of Figure 7 shows air temperature variations at 100 mb in 
Tiksi along with ‘AO-like’ index. We calculated EOFs of seasonal mean sea level pressure 
fields (December–January–March) and used the first EOF’s principal component (PC) as our 
‘AO’ index. The spatial structure of this EOF is very similar to the conventional Thompson, 
Wallace (1998) picture of AO (not shown here). Indeed, the overall strength of the polar 
vortex at 100 mb height weakened after 2000 compared to that prior to 1980, and the 
center of the vortex shifted toward the Siberian Arctic (Figure 8). This shift resulted in the 
position of the temperature minimum moving towards Siberia, and in pronounced warming 
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over the Canadian Arctic. The isolines of the 100 mb geopotential height serve as a good 
proxy for the streamfunction of the flow. The weakening of vortex strength also resulted in 
the overall warming of the lower stratosphere almost everywhere throughout the Arctic. 
These changes of the 100 mb temperature trend from cooling before 1990 to warming after 
1990 are also seen in the radiosonde IGRA data (Figure 8e, f) for various locations in the 
Arctic.  

 

 
Figure 7. (Left) Temperature anomalies for different stations at 100 mb; straight lines show approximate trends 
before and after 1990. (Right) Temperature trends (black thin lines) as a function of height with error estimates 
for the same stations calculated for the period before 1990 (grey shaded area) and from 1990 to 2008 (green 
shaded area). Green circles in the lower right panel show the principal component of the first EOF of the sea 
level pressure (multiplied by 3 to match the scale) calculated using seasonal means (DJF) for 1949–2008. 
Values near each station’s names indicate correlation of air temperatures with this principal component. 
 

Figure 9(a, b) shows first EOFs of 100 mb seasonal mean geopotential height and air 
temperature. It can be easily seen that the structure and location of changes in the 
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geopotential height and air temperature shown in Figure 8 are very similar to the EOFs of 
the corresponding fields. On top of that, their principal components highly correlate to our 
‘AO-like’ index (Figure 9c). The geopotential height- and air temperature’s PCs correlation 
coefficient is 0.92. The geopotential height’s- and ‘AO’ PCs correlate at 0.71. The air 
temperature and AO correlate at 0.56. Therefore we conclude that most of the variability 
and long-term changes observed at our station can be explained by the dynamics of the 
Arctic Oscillation. 
 

 
Figure 7. Continued 

6. STRUCTURE OF TRENDS SINCE 1990 

6.1. SURFACE TRENDS 

We now estimate robustness of the most recent trends in the Arctic atmosphere from 
NCEP-1, NCEP-2, and IABP/POLES. As mentioned earlier, there is some disagreement 
between these datasets. For example, Figure 6 shows that both NCEP and ERA-40 root 
mean square errors have a big maximum at the surface for Alert station. The near-surface 
(1000 mb) 1979–2002 winter temperature trends in the Beaufort Sea are unexpectedly 
negative according to NCEP-2 and positive according to NCEP-1. Also, the reanalysis 
datasets disagree on the magnitude of the trends. This motivated us to compare NCEP 
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products with IABP/POLES data for the period of 1990–2004. The choice of the shorter time 
period is explained by the availability of the IABP/POLES data. For the sake of simplicity we 
chose to omit the JRA-25 SAT trends, because as we will see from the following the dataset 
demonstrate substantial disagreement so that adding one more product will not change this 
result. 

 

 
Figure 8. (a) Winter air temperature at 100 mb (degrees C) calculated from NCEP-1 for 1980–90 (color 
contour lines) and 2000–2008 (black lines); (b) Geopotential height at 100 mb (km) calculated for 1980–90 
(color contour lines) and 2000–2008 (black lines); (c) Difference between winter air temperatures (degrees 
C) at 100 mb calculated for 2000–2008 minus 1980–1990; (d) Same as in (c), except for geopotential height 
(km); (e) Winter air temperature trend at 100 mb (degrees K/decade) before 1990; (f) Same as in (e), except 
for trend after 1990. 
 

Figure 10 shows the SAT trend from two reanalysis products, NCEP-1 and NCEP-2, 
and the IABP/POLES dataset. The three sources of data provide a generally consistent 
picture for all seasons, although geographically the differences are quite substantial. A 
pattern of winter warming (Figure 10, upper row) is captured by all three datasets, with a 
positive warming trend located on the American side of the Arctic and a slightly negative 
trend on the Siberian side. The maximum differences are located in the Beaufort, Chukchi, 
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and East Siberian seas. There are disagreements in the Canadian Arctic, not only on the 
magnitude of the trends, but also on the positions of the maxima. Areas of warming are 
more widespread in NCEP-1 and IABP/POLES datasets in all seasons compared to NCEP-2. 
NCEP-2 trends (Figures 5 and 10) have more areas with negative temperature changes than 
NCEP-1, ERA-40 and IABP/POLES temperature trends.  

One of the centers of disagreement is in the Beaufort Sea. Comparison of SAT trends 
for the Beaufort Sea limited to 170 ºW–130 ºW, 72 ºN–81 ºN from NCEP and IABP/POLES 
datasets shows that NCEP-1 overestimates the rate of warming (Figure 11). NCEP-2 and 
NARR tend to produce warmer SATs for the time period around 1990 and then to converge 
with IABP/POLES data towards 2004, which results in negative trends for both, 
contradicting the trend from the IABP/POLES dataset. The IABP/POLES winter trend 
averaged over the Beaufort Sea is positive, although it is weaker than the NCEP-1 trend; this 
results from a stronger negative bias in NCEP-1 SAT compared to IABP/POLES data. One 
interesting observation from Figure 11 can be made: all datasets show wider spread during 
1980–90th compared to the latest decade, which could be an indicator of improving data 
coverage in the area. 

 

 
 

Figure 9. (a) First EOF of NCEP-1 air temperature at 100 mb calculated using seasonal means (DJF) over the 
1949–2008 period; (b) same as in (a) except for the 100 mb height; (c) – principal components of the 1st EOF 
of the air temperature from (a), black line; geopotential height at 100 mb from (b), green line and of the 1st 
EOF of the sea level pressure, red line, calculated similarly using seasonal means. Correlation coefficients 
between the principal components are given in the text. 
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6.2. LOWER STRATOSPHERIC WARMING 

The reported earlier winter warming trend in the lower stratosphere (Figure 6) is 
confirmed by data from most of the stations used in our analysis (Figure 12). It is most 
pronounced in the Canadian Arctic (Alert, Eureka, Resolute Bay, Thule) with values 
reaching as high as 5K/decade at Alert. The Russian Arctic (Dikson, Tiksi) and the North 
Atlantic (Bjornoya, Jan Mayen) show significant positive winter temperature trends as well. 
Fairbanks and Barrow station data show a weak lower tropospheric warming trend in the 
spring and no warming signal in the winter. The lower stratospheric warming trend extends 
into the spring at some of the stations (Alert, Eureka, Resolute Bay, Dikson, Tiksi); this could 
be explained by the same mechanism associated with the change in the lower stratospheric 
circulation. 

 

 
 
Figure 10. Temperature trends at 2 meters for different datasets and seasons (K/decade) calculated for 1990–
2004. Only areas with significant trends are plotted. 
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Figure 11. Winter surface air temperature (degrees C) averaged over the Beaufort Sea (170 ºW–130 ºW, 72 
ºN–81ºN) using NCEP-1 (black line), NCEP-2 (green line), JRA-25 (purple line), and IABP/POLES data (red 
line with circles). 
 

The warming has been accelerating since 1990; therefore it would be natural to look 
for faster elevated warming in the latest data, assuming that this air is coming from warmer 
lower latitudes. However, the only station showing faster elevated warming in the lower 
troposphere is Tiksi in the winter; Tiksi data also show some hints of faster warming in the 
summer (Figure 12). The NCEP-2 results (not shown here) are similar to the NCEP-1-based 
results. Note that the NCEP-calculated trends are in a reasonable agreement with the station 
data for all seasons (Figure 12). 

7. DISCUSSION AND CONCLUSIONS 

Recent temperature increases in the Arctic are larger than elsewhere. This is a matter 
of great concern due to the impact the rising temperatures can have on the Arctic and 
global climate systems. The importance of the consequences brings about hot debates 
concerning the spatio-temporal structure of the changes in the Arctic and the mechanisms 
driving these changes. One of the main topics of the debate is whether the Arctic warming 
is primarily local in nature, or is induced by changes in global circulation patterns.  

Robustness of the recently-reported elevated tropospheric warming trend found in 
ERA-40 in the Arctic (Graversen et al., 2008) was tested using NCEP/NCAR reanalysis and 
NARR datasets as well as the radiosonde data archive IGRA. This trend has been questioned 
in a number of studies. Thorne (2008) compared ERA-40 with the zonal mean radiosonde-
based HadAT2 (Thorne et al., 2005) dataset and satellite retrievals and concluded that lack 
of observations could be the primary reason for non-robustness of ERA-40 trends poleward 
of 80 ºN. Grant et al. (2008) compared ERA-40 trends with trends calculated from a subset 
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of Arctic radiosonde data and came to a similar conclusion. Using the HadCRUtv3 dataset 
and satellite data, Bitz and Fu (2008) showed that the Arctic mid- and lower troposphere 
winter warming in ERA-40 has been greatly overestimated. Serreze et al. (2009) came to a 
similar conclusion about surface-based polar amplification using the NCEP/NCAR reanalysis 
dataset and JRA-25. 

 
 

 
Figure 12. Temperature trends throughout the year at different stations (K/decade) for 1991–2008. NCEP-2: 
black thin line; radiosonde IGRA data: shaded area having width of two standard errors, centered around the 
trend (not shown). 
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Figure 12. Continued 

This study tests the robustness of the reported ERA-40 trends based on other reanalysis 
products (NCEP-1, NCEP-2, and NARR) and detailed analysis of radiosonde data from one 
particular station (Alert). Our analysis suggests that the ERA-40 elevated warming trend 
calculated for 1979–2002 could be an artifact of changes in the data assimilation system. 
According to the ECMWF documentation, 1997–98 were problem years for ERA-40 because 
a change in the satellite input resulted in a cold tropospheric bias before 1998. Our analysis 
of ERA-40 data indicates that in 1998 the temperature in the lower troposphere experienced 
an unphysical jump. Faster elevated warming in the atmosphere is not confirmed by other 
reanalysis products, or by the radiosonde dataset IGRA. The Arctic warming accelerated 
even more after 2002; therefore, we extended our analysis to 2007. However, the most 
recent trends (for 1990–2007) do not exhibit a pattern of faster elevated warming in the 
lower or middle troposphere. Instead, we found that significant changes are occurring in the 
lower stratosphere.  

Main results of this study can be formulated as follows: 
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1. Reanalysis products disagree with each other over trends for 1979–2002. ERA-40 shows 
faster elevated warming in the central Arctic, unlike any of the NCEP/NCAR or NARR 
products. NCEP/NCAR and NARR trends tend to be in better agreement with trends 
calculated from the radiosonde IGRA dataset than trends calculated from ERA-40, especially 
in the free atmosphere. ERA-40 shows a consistently warmer trend in the low- and mid-
troposphere. 
2. The extent of disagreement between trends depends on the time period chosen for the 
analysis. During the earlier period (1976–1997) the disagreement between trends derived 
from reanalysis products and the IGRA dataset is smaller, which indicates that the last few 
years of the ERA-40 data period are contaminated by a spurious trend in the temperature, 
which is not found in other products. This jump in the temperature around 1997 has been 
discussed in Bromwich and Wang (2002) and documented on the ECMWF website 
(http://www.ecmwf.int) and has been identified as due to the change in satellite instrument 
from HIRS to ATOVS. 
3. The uncertainty in temperature trends is too great to make any conclusive statements 
about the faster elevated warming in the lower troposphere in the Arctic during the last two 
decades. However, the only station showing elevated warming similar to what has been 
described by Graversen et al. (2008) is Tiksi. All nine other stations used in our analysis do 
not show any indication of faster elevated warming in the troposphere in any season. 
4. Disagreement in temperature trends between the datasets used for the analysis is 
substantial even at the surface. All the “hotspots” of disagreement are in regions with sparse 
data coverage. There is a major disagreement between reanalysis products and IABP with 
regards to the trend at the surface for 1990–2004. The recent winter warming signal over 
the Beaufort Sea is statistically significant according to IABP/POLES and NCEP-1. However, 
other reanalysis products disagree substantially over trend magnitude and even sign: NCEP-
2 results show a significant negative SAT trend over the Beaufort Sea. 
5. Our analysis of radiosonde data from the IGRA dataset revealed a change in the 
temperature trend in the lower stratosphere (200 mb to 70mb) around 1990 when the trend 
changed its sign from negative to positive. This signal is robust to a varying degree 
throughout the array of available stations in the Arctic with sufficiently long temperature 
records. This lower stratospheric warming signal is most pronounced in the Canadian 
Arctic.  
6. This pattern of temporal changes may be associated with multi-decadal fluctuations on 
time scales of 50–80 years, which are known to be exceptionally strong in the Arctic and 
North Atlantic. Polyakov et al. (2008) demonstrated a strikingly coherent pattern of long-
term variations of the key Arctic climate parameters and strong coupling of long-term 
changes in the Arctic climate system with those at lower latitudes. Remarkably coherent 
low-frequency variations are expressed by the Arctic SAT, Arctic Ocean fresh water content 
and intermediate Atlantic Water core temperature, fast-ice thickness, and North Atlantic sea 
surface temperature. For example, associated with this variability, the Arctic SAT record 
shows two warmer periods in the 1930–40s and in recent decades, and two colder periods 
early in the 20th century and in the 1960–70s. The observed stratospheric air temperature 
variations are consistent with this pattern. The long-term changes in the upper troposphere/ 
lower stratosphere seem to occur together with changes at the surface, including the extent 
of Eurasian snow cover and sea ice. Elucidating the mechanisms behind these relationships 
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will be critical to our understanding of the complex nature of low-frequency variability 
found in the Arctic and at lower latitudes, and its impact on climate change. 
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TWO-WAY COUPLING BETWEEN THE BARENTS SEA ICE AND ANOMALOUS 

EURASIAN WINTERS 

SOROKINA S.A., J. J. WETTSTEIN, C. LI
 , AND N.G. KVAMSTØ 

ABSTRACT  

Reduced Barents Sea ice has been implicated in forcing the “warm-Arctic cold-
Siberia” (WACS) pattern via enhanced ocean-to-atmosphere turbulent heat fluxes (THFs). 
However the exact role of the THFs and the responsible mechanisms are still unclear. Here, 
we investigate the nature of the link between Barents Sea ice cover and the WACS pattern 
by focusing on THF anomalies in the winter season. We apply empirical orthogonal 
function and composite analysis to various reanalysis (1979–2012) and satellite products. 
We find negative anomalies in ocean-to-atmosphere THF in association with the WACS 
pattern and reduced Barents Sea ice cover, a relationship that is inconsistent with the WACS 
pattern being a direct atmospheric response to reduced Barents Sea ice. The analyses 
indicate a substantial atmospheric contribution to observed variability of THFs and ice 
cover in the Barents Sea, as well as the out-of-phase temperature anomalies between the 
Barents Sea and Eurasia. Our study highlights the complex, two-way coupling between the 
atmosphere and Barents Sea surface conditions. The results contribute to understanding of 
the relationship between observed sea ice changes and extreme weather conditions in the 
mid-latitudes, and suggest that the WACS pattern is likely more complicated than a pure 
atmospheric response to reduced Barents Sea ice. 
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1. INTRODUCTION  

Arctic sea ice has decreased considerably in all seasons during recent decades 
(NSIDC, 2013), with the largest sea ice loss observed in late summer (up to 10 % decade-1). 
Whereas the strongest near-surface high-latitude warming has been observed during the 
winter half of the year (e.g., Serreze and Francis 2006; Serreze et al. 2009; Screen and 
Simmonds 2010; Serreze and Barry 2011). Concurrently with these Arctic changes a 
number of mid-latitude extremes have been observed, including the heat waves in 2010 
and 2012, and the cold air outbreaks in 2009–2010 and 2010–2011 across different parts of 
Eurasia and North America (e.g., Cohen et al. 2007; Cattiaux et al. 2010; Ghatak et al. 
2010; Guirguis et al. 2011; Coumou and Rahmstorf 2012; Peterson et al. 2013). Scientific 
opinions diverge on whether to attribute the mid-latitude extremes to the recent sea ice 
changes and / or the associated Arctic warming (Francis et al. 2009; Overland and Wang 
2010; Overland et al. 2011; Francis and Vavrus 2012; Blüthgen et al. 2012; Jaiser et al. 
2012; Orsolini et al. 2012; Yang and Christensen 2012; Wake 2013; Tang et al. 2013; Tang 
et al. 2014) or the superimposition of those extremes on a warming climate resulting from 
the natural climate variability (e.g., Cattiaux et al. 2010; Wallace et al. 2014; Gerber et al. 
2014). Debate on this matter continues (Hopsch et al. 2012; Barnes 2013; Screen and 
Simmonds 2013; Barnes et al. 2014; Woollings et al. 2014; Wallace et al. 2014; Overland 
2014).	  

One of the common aforementioned associations is a “warm-Arctic cold-Siberia” 
(WACS) pattern (Inoue et al. 2012), which links the Barents Sea ice conditions and 
anomalous Eurasian surface air temperatures (SAT), via THF anomalies. There is some 
debate over details of the nature of the WACS pattern. Some studies have suggested that the 
WACS pattern is a wintertime atmospheric response to reduced sea ice cover in the 
preceding autumn (Honda et al. 2009), while others have hypothesized that it is a 
simultaneous response to winter sea ice anomalies (Petoukhov and Semenov 2010; Hori et 
al. 2011; Inoue et al. 2012; Outten and Esau 2012). Observational studies have diverged on 
whether the WACS-like pattern is the result of the declining Barents Sea ice cover (Outten 
and Esau 2012) or the Barents Sea ice interannual variability (Hori et al. 2011; Inoue et al. 
2012). 

Various thermodynamical mechanisms have been proposed to explain the WACS 
pattern. Honda et al. (2009) have suggested that enhanced ocean-to-atmosphere THF 
associated with a reduction of Barents Sea ice triggers a persistent and stationary Rossby 
wave train that amplifies the Siberian High and enhances cold air advection from the north 
of the Eurasian continent. Alternatively other studies have proposed, that enhanced ocean-
to-atmosphere THF modifies the meridional temperature gradient, which may in turn alter 
cyclone pathways leading to a cold anticyclonic flow anomaly north of the Eurasian 
continent (Inoue et al. 2012); or decrease the strength of the zonal winds, reducing heat 
transport from the North Atlantic to the interior of the Eurasian continent (Petoukhov and 
Semenov 2010; Outten and Esau 2012).  

Irrespective of the seasonality, time scales or mechanisms all of the aforementioned 
studies have suggested that a large-scale response that creates the WACS pattern results 
from enhanced ocean-to-atmosphere THF associated with reduced Barents Sea ice. But how 
well is established this causal chain? Studies using atmospheric general circulation models 
(AGCMs) have shown that movements of the sea ice edge affect the THF field, resulting into 
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a distinctive dipole signature (e.g., Alexander et al. 2004; Deser et al. 2004; Magnusdottir et 
al. 2004; Singarayer et al. 2006; Seierstad and Bader 2009; Deser et al. 2010; Bader et al. 
2011; Liptak and Strong 2014a, Liptak and Strong 2014b). However, a large-scale 
atmospheric responses to THF anomalies in the AGCMs studies vary significantly, are often 
non-linear (e.g., Lau and Holopainen 1984; Peng et al. 1997; Deser et al. 2007; Deser et al. 
2010; Petoukhov and Semenov 2010), depend strongly on the magnitude, location and 
polarity of the sea ice changes (e.g., Honda et al. 1999; Magnusdottir et al. 2004; Deser et 
al. 2004; Kvamstø et al. 2004), as well as the season (e.g., Alexander et al. 2004; Bhatt et al. 
2008; Deser et al. 2010) and might be dominated my leading modes of internal 
atmospheric variability (e.g., Deser et al. 2004; Liptak and Strong 2014a).  

The internal variability of the large-scale atmospheric circulation is particularly strong 
during the winter season. Observed decadal, interannual and shorter-scale atmospheric 
variability may affect sea ice conditions (e.g., Fang and Wallace 1994; Hurrell 1995; 
Prinsenberg et al. 1997; Deser et al. 2000; Rigor et al. 2002; Serreze and Francis 2006; 
Sorteberg and Kvingedal 2006; Maslanik et al. 2007; Kwok 2009; Ogi et al. 2010; Germe et 
al. 2011; Wu et al. 2012, Wettstein and Deser 2014), the energy transfer across the ice–
ocean–atmosphere interface (Bjerknes 1964; Cayan 1991; Gulev et al. 2013), as well as 
local and large-scale SAT anomalies. A number of studies have shown anomalies, 
analogous to the WACS pattern, in association with dominant modes of the internal 
atmospheric variability (Jeong and Ho 2005; Zhang et al. 2008; Cattiaux et al. 2010; Park et 
al. 2011), wave train propagation (Takaya and Nakamura 2005) and long-lasting 
atmospheric blockings (Croci-Maspoli and Davies 2009; Cheung et al. 2012). The overall 
similarity of the patterns to opposite associations (i.e., changes in sea ice and atmospheric 
variability) motivates more detailed investigation of the WACS pattern. 

In the current study, we aim to explore the coupled interactions between the Barents 
Sea ice cover, the THF and the large-scale atmospheric circulation to further examine the 
link between Barents Sea ice conditions and the WACS pattern. We concentrate on the THF 
anomalies – the coupling agent between the atmosphere and ocean. Specifically we explore 
whether the Barents Sea THF anomalies are driven by sea ice or atmospheric variability in 
the observational record and how they are related to the large-scale atmospheric flow. 
Whereas previous observational studies investigated the WACS pattern in association with 
extremely low Barents ice years (Honda et al. 2009; Hori et al. 2011; Inoue et al. 2012) or 
Barents Sea ice trends (Outten and Esau 2012; Outten et al. 2013), we evaluate whether the 
WACS pattern can also be attributed in part to atmospheric variability. Like the studies 
focusing on extreme ice years, our study is concerned with variability on interannual time 
scales, but without the trend component. 

The paper is organized as follows. Data and analysis techniques are described in 
section 2. The results are reported in section 3 and the discussion is presented in section 4. 
Concluding remarks complete the paper. 

2. DATA AND METHODS 

We use data from the European Centre for Medium-Range Weather Forecasts’ ERA-
Interim Re-analysis (Dee et al. 2011, with updates) over winter December to February 
seasons from 1979 to 2012. Monthly and daily turbulent heat flux (THF), sea surface 
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temperature (SST), surface air temperature (SAT), near-surface 10 m wind in zonal (U) and 
meridional (V) directions, sea level pressure (SLP) and geopotential height at 500 hPa (Z500) 
are analyzed. The THF is defined as the sum of the surface latent and sensible heat fluxes, 
with positive values indicating heat transfer from the ocean to the atmosphere. Sea ice 
concentration (SIC) is estimated from passive microwave satellite data on a 25×25 km grid 
(NSIDC, Cavalieri et al. 1996, with updates), and is consistent with SIC from the ERA-
Interim data for the Barents Sea as a whole (r=0.98 raw correlation, r=0.97 when linearly 
detrended) and largely consistent on a point-by-point basis (Figure 1). 
 

a)  b)  
 
Figure 1. 1979–2012 winter a) time series of Barents Sea ice area from NSIDC (black) and ERA-Interim 
(purple), r (NSIDC, ERA-Interim)=0.98. b) SIC (%) from NSIDC (shading) and sea ice extent (contours: black 
denotes NSIDC and purple ERA-Interim). Sea ice extent is defined as the total area of Arctic grid cells with at 
least 15 % SIC. 

 
We define two regions (both shown in Figure 6) for the analyses: the Barents Sea (67 

°N–81 °N, 12 °E–73 °E) and the Eurasian region (45 °N–81 °N, 12 °E–120 °E), where the 
latter includes the middle to high latitude continental Eurasia and the adjacent Arctic seas. 
The results presented here are not very sensitive to the exact definition of the Eurasian 
region, several of which were tested and all of which gave qualitatively similar results. The 
Barents Sea ice cover index (ICEBar) is defined as the area-averaged SIC over the Barents Sea 
region.  

Unless otherwise stated, results in this study are based on anomalies calculated by 
removing the linear trend and the mean seasonal cycle (over the years 1979–2012). 
Standard empirical orthogonal function (EOF) / principal component (PC) analysis is 
performed on monthly anomalies of (a) THF over the Barents Sea (THFBar), and (b) SAT over 
the Eurasian region (SATEur). Grid-point values of the anomaly fields are weighted by the 
square root of area before performing the EOF analysis. EOFs presented in the paper are 
well separated from each other and lower order EOFs according to the criterion described 
by North et al. (1982). The resulting spatial patterns are referred to as EOFs and the 
associated time series are referred to as PCs. Broader climate relationships are explored by 
regressing monthly anomalies of relevant variables onto standardized PCs and ICEBar such 
that the resulting regression maps are displayed in physical units per standard deviation of 
the index. 
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Causal mechanisms suggested in the existing literature (e.g., Honda et al. 2009; 
Petoukhov and Semenov 2010; Inoue et al. 2012; Outten and Esau 2012) are explored 
through lead-lag correlation analysis between synthetic daily SATEur PCs and variety of daily 
indices over the Barents Sea. The synthetic daily PCs are calculated by projecting the daily 
anomaly patterns (linear trend and mean of daily data removed) onto the corresponding 
monthly EOFs. Lagged climate relationships (regression maps) from the daily data are also 
shown to provide additional context.  

The conclusions of the current study hold true when tested against satellite (OAFlux 
and HOAPS) and reanalysis (NCEP-1) THF products. However the common disadvantage of 
the “clean” satellite products (OAFlux and HOAPS) that the data over the sea ice cover have 
a lot of gaps or are missing, therefore it is challenging to capture accurately the THF 
variability associated with sea ice changes. 

3. RESULTS 

Because ocean-to-atmosphere THFs have been widely invoked as the intermediary for 
communicating sea ice changes to the atmosphere (c.f. references in the Introduction), we 
first examine the leading patterns of winter THF variability and their associations with sea 
ice cover in the Barents Sea. Figure 2 shows the leading THFBar PCs along with the ICEBar. 
THFBar PC1 is associated with 33 % of the total winter variability, but is only weakly 
correlated with ICEBar (r=0.24; r=0.29 with the ERA-Interim ICEBar), while THFBar PC2 is 
associated with 20 % of the variability and correlated much more strongly with ICEBar 
(r=0.51; r=0.64 with the ERA-Interim ICEBar).  

 

 
Figure 2. Time series of winter ICEBar (black), THFBar PC1 (blue), THFBar PC2 (red) from 1979 to 2012. r(ICEBar, 
THF PC1)=0.24; r(ICEBar, THF PC2)=0.51. Time series were generated based on detrended data.  

 
The spatial patterns associated with ICEBar and the THFBar PCs provide additional 

information about how THF and SIC over the Barents Sea are linked. The THF signature of 
ICEBar is familiar (Figure 3a) – enhanced ocean-to-atmosphere THF over areas of reduced 
SIC, accompanied by reduced THF directly to the south. The signature indicates a 
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northward shift in the THF intensity associated with changes in the sea ice edge (e.g., Deser 
et al. 2000; Magnusdottir et al. 2004; Alexander et al. 2004; Deser et al. 2010).  

The leading pattern of THF variability (THFBar EOF1) emerges as a basin-scale 
“seesaw” pattern with enhanced ocean-to-atmosphere THF over the Labrador Sea and 
reduced ocean-to-atmosphere THF over the Barents Sea (Figure 3b). The associated Barents 
Sea SIC anomalies are weak, but yet negative. The THF signature of the THFBar EOF1 is 
similar to those found in earlier studies (e.g., Cayan 1991, Gulev et al. 2013) in association 
with perturbations originating in the atmosphere. The THFBar EOF2 (Figure 3c), resembles in 
turn the THF signature associated with changes in the Barents Sea ice (Figure 3a). In 
summary, the EOF analysis suggests that the THFBar EOF1 is associated with perturbations 
originating in the atmosphere, whereas the THFBar EOF2 is generally driven by the variability 
in SIC over the Barents Sea. 

 

 
Figure 3. 1979–2012 winter THF (color shading) and SIC (contours: red denotes positive and blue negative 
values; intervals: 5 %) regressions onto standardized indices of (a) ICEBar (b) THFBar PC1 and (c) THFBar PC2. 
Only significant values are plotted for SIC anomalies. The green line indicates statistically significant values of 
the THF regressions using a two-sided t-test at the 0.05 significance level. 

 
To further elucidate this statement we show corresponding SST and SAT anomalies 

(Figure 4), which are primary affected by the sea ice–ocean–atmosphere interactions. The 
SST anomalies associated with THFBar EOF1 are weak and not significant in the Barents Sea. 
Whereas THFBar EOF2 corresponds to strong positive SST anomalies (0.2 to 0.7 ˚C), that are 
largely co-located with anomalies in SIC. The SAT anomalies associated with both THFBar 
EOF1 and EOF2 are positive over the Barents Sea. For the THFBar EOF2, the SAT anomalies 
are strongly restricted to the SIC changes, whereas for the THFBar EOF1 they have relatively 
diffused broad signature. This supports our suggestion that the THFBar EOF2 reflects a more 
direct, local atmospheric response to sea ice variability. Whereas the THFBar EOF1 is 
primarily associated with perturbations originated in the atmosphere. 

Figure 4a and 4d show SST and SAT anomalies associated with the ICEBar instead of 
the THFBar PCs. The pattern and the magnitude of the SST and SAT anomalies associated 
with ICEBar do not indicate clearly whether they are primarily driven by perturbations in the 
atmosphere or by sea ice variability. The implication is that the warming related to the 
reduced Barents Sea ice includes signatures of both atmospheric forcing (e.g., broad-scale 
SAT anomalies, that might be associated with warm temperature advection) and 
atmospheric response (e.g., strong local SST anomalies, that might be related to the 
displacement of the sea ice edge). It is interesting to note the consistently positive SAT 
anomalies in association with both enhanced (ICEBar, THFBar PC2) and reduced (THFBar PC1) 
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anomalies in THFs (Figures 3 a–c and 4 d–f). On the hemispheric scale, the SAT regressions 
associated with all 3 indices resemble the WACS-like pattern described by Inoue et al. 
(2012), a point we will revisit in the discussion. 

 
Figure 4. 1979–2012 winter SST (color shading), SAT (color shading), SIC (contours: red denotes positive and 
blue negative values; intervals: 5 %) and near-surface 10 m wind regressions onto standardized indices of (a, 
d) ICEBar, (b, e) THFBar PC1, and (c, f) THFBar PC2. Only significant values are plotted for SIC and near-surface 
10 m wind anomalies. The green line indicates statistically significant values of the SST and SAT regressions 
using a two-sided t-test at the 0.05 significance level. 
 

Because ice-atmosphere relationships depend on the time of the year (e.g., Deser et al. 
2010; Petoukhov and Semenov 2010; Liptak et al. 2014a), we examine the robustness of 
sea ice-related THF variability (THFBar EOF2) for the individual winter months (Figure 5). 
The dipole-like structure in THF anomalies is consistent through out the winter, with 
enhanced ocean-to-atmosphere THF over areas with reduced SIC (Figure 5a–c). On the 
hemispheric scale, the warmer SAT anomalies concentrated over the Barents Sea are 
accompanied by generally colder SATs over Eurasia (Figure 5d–f). However the SLP 
regressions exhibit considerable variation in their large-scale spatial patterns and amplitudes 
(Figure 5g–5i) and are not consistent with simple linear response to enhanced local heating 
(e.g., Hoskins and Karoly 1981). These variations from month to month could be due to 
nonlinearities in the dynamical response of the atmosphere (Lau and Holopainen 1984; 
Peng et al. 1997; Deser et al. 2007; Petoukhov and Semenov 2010) or presence of internal 
atmospheric variability (e.g., Deser et al. 2004; Liptak et al. 2014a), which is especially true 
on larger spatial scales. So even if the regional THFBar EOF2 signatures are predominantly an 
atmospheric response to sea ice variability, the hemispheric-scale signatures may reflect a 
two-way interaction. 
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Figure 5. 1979–2012 (left) December, (center) January, and (right) February (a-c) THF (color shading) and 
SIC (contours: red denotes positive and blue negative values; intervals: 5 %); (d-e) SAT (color shadings); (g-i) 
SLP (color shadings) and near-surface 10 m winds (arrows) regressions onto standardized index of THFBar PC2. 
Only significant values are plotted for SIC and near-surface 10 m wind anomalies. The green line indicates 
statistically significant values of the THF, SAT and SLP regressions using a two-sided t-test at the 0.05 
significance level. 

 
Because of somewhat inconsistent hemispheric-scale associations with the THFBar PC2 

(Figures 5 d–i), we consider to identify the large-scale WACS pattern, independently of the 
Barents Sea ice variability (Figures 6 d–f). A WACS-like pattern emerges as EOF2 of SAT 

variability over the Eurasian region (SATEur) in all winter months, with out-of-phase 
anomalies between the Barents-Kara Seas and the Eurasian midlatitudes (Figures 6 d–f). The 
SATEur EOF1 is associated with the North Atlantic / Arctic Oscillation (Thompson and 
Wallace 1998).  
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Figure 6. 1979–2012 (left) December, (center) January, and (right) February (a-c) THF (color shading) and 
SIC (contours: red denotes positive and blue negative values; intervals: 5 %); (d-e) SAT (color shadings); (g-i) 
SLP (color shadings) and near-surface 10 m winds (arrows) regressions onto standardized index of the WACS-
like pattern (SATEur PC2). Only significant values are plotted for the SIC and near-surface 10 m wind 
anomalies. The green line indicates statistically significant values of the THF, SAT and SLP regressions using a 
two-sided t-test at the 0.05 significance level. 
 

The WACS-like pattern is associated with a prominent high SLP anomaly over Eurasian 
continent and corresponds to generally consistent southerly near-surface wind anomalies 
over the Barents Sea (Figures 6 g–i) and northerly wind anomalies over Eurasian continent. 
These large-scale SAT and SLP patterns persist throughout the winter and are more robust 
and substantially stronger than those associated with THFBar PC2 (Figures 5 d–i) or ICEBar (not 
shown). When Eurasia is cold, the Barents Sea exhibits generally reduced SIC, but the 
associated THF anomalies are predominantly negative (Figures 6 a–c, even in February 
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when more of the THF dipole is evident), contrary to what would be expected if the 
temperature signature of the WACS pattern resulted primary from an atmospheric response 
to negative SIC anomalies. The collective results of this study suggest that atmospheric 
variability principally shapes the large-scale WACS pattern, and contributes to observed 
THF and SIC variability over the Barents Sea (Figures 6 a–c). 

5. DISCUSSION 

The simultaneous coupled interactions between the observed Barents Sea ice cover, 
THF and the large-scale atmospheric circulation were investigated. We specifically focused 
on the relationship between the THF anomalies over the Barents Sea and the WACS pattern. 
Previous observational studies (Hori et al. 2011; Inoue et al. 2012; Outten and Esau 2012) 
hypothesized that the WACS pattern is caused by an enhanced ocean-to-atmosphere THF, 
associated with reduced Barents Sea ice cover. In the current study we demonstrate that it is 
a complex two-way interaction between the large-scale atmospheric and the local surface 
conditions that shapes the WACS pattern.  

To investigate existing causal relationships associated with the WACS pattern (Inoue et 
al. 2012), we additionally examine lead-lag relationships between the WACS-like pattern 
and a variety of causal Barents Sea indicators using daily data. Both the lead-lag correlations 
(Figure 7) and corresponding spatial patterns (Figure 8) show a significant reduction in 
ocean-to-atmosphere THF before the maximum in the WACS-like pattern. An increase in 
the THFs, associated with reduction in the Barents Sea ice is in turn substantially delayed 
relative to the peak in the intensity of the WACS-like pattern (Figure 7). Also these THF 
changes are weak.  

Signatures of the large-scale surface (SAT, SLP) and mid-tropospheric (Z500) 
anomalies bear considerable resemblance to both: the associations related to Barents Sea 
ice variability (Inoue et al. 2012) and those related to variability in atmospheric circulation 
(Takaya and Nakamura 2005; Park et al. 2011; Cheung et al. 2012), including the second 
dominant mode of variability in the winter SLP anomalies over the North Atlantic – the 
eastern Atlantic pattern (e.g., Wallace and Gutzler 1981; Barnston and Livezey 1987). 
However both Figure 7 and Figure 8 show that the amplitude of the large-scale SAT and 
Z500 anomalies has its maximum at least several days prior to the transition towards the 
positive THF values, suggesting that anomalies in the Barents Sea THF may play only an 
additional role in inducing the WACS pattern. Signatures of the THF anomalies (Figures 8 a–
c) are in turn reminiscent the aforementioned basin-scale THF “seesaw” pattern (Figure 3), 
that has been previously associated with perturbations in the atmosphere, such as 
temperature and humidity advection on the flank of a cyclonic anomaly (Cayan 1991; 
Gulev et al. 2013). 
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Figure 7. 1979–2012 winter lead-lag correlations between the synthetic daily SATEur PC2 and a variety of 
variables over the Barents Sea, which indicated by lines in different colors. Red denotes the synthetic daily 
THFBar PC2; blue denotes area average THF; black denotes ICEBar; purple denotes area average SAT; green 
denotes area average near-surface 10 m meridional wind speed; orange denotes the synthetic daily SATEur PC2 
(autocorrelation). Note: that the synthetic daily THF PC1 (not shown) are highly correlated with the synthetic 
daily SAT PC2 (the WACS-like pattern) and has maximum correlation at lag -2 (r=0.42). 

 
The collective results in this study suggest that the WACS pattern is a large-scale 

pattern of coupled climate interactions that consists of both atmospheric forcing of and 
atmospheric response to Barents Sea ice. Our results are at odds with some previous 
observational studies (Hori et al. 2011, Inoue et al. 2012, Outten and Esau 2012), but they 
are more consistent with others who associated anomalously cold Eurasian winters with 
anomalies in the atmospheric circulation (e.g., Wallace and Gutzler 1981; Barnston and 
Livezey 1987; Hurrell 1995; Jeong and Ho 2005; Takaya and Nakamura 2005; Croci-
Maspoli and Davies 2009; Cattiaux et al. 2010; Kolstad et al. 2010; Park et al. 2011; Moore 
and Renfrew 2011; Cheung et al. 2012). 
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Figure 8. 1979–2012 winter lead (at -2 days, left), simultaneous, (0 days, center) and lagged (+2 days, right) 
(a-c) THF (color shading) and SIC (contours: red denotes positive and blue negative values; intervals: 5 %); 
(d-e) SAT (color shading) and near-surface 10 m winds (arrows); (g-i) SLP (color shading) and Z500 
(contours: solid denotes positive and dashed negative values; intervals: 20 m) regressions onto the 
standardized synthetic daily SATEur PC2. Magenta contours (solid denotes positive and dashed negative values; 
intervals: 20 m) illustrate anomalies in Z500 associated with the winter eastern Atlantic pattern, derived as 
EOF2 of SLP anomalies over the area 20 °N–70 °N, 90 °W–40 °E.  

 
A number of observational studies have also addressed a potential linkage between 

occurrence of cold spells in the winter and declining Arctic sea ice in the preceding autumn 
(e.g., Francis et al. 2009; Overland and Wang 2010; Blüthgen et al. 2012; Jaiser et al. 
2012). However the robustness and the mechanisms of this linkage has been questioned in 
a number of later studies (Hopsch et al. 2012; Barnes 2013; Screen and Simmonds 2013; 
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Barnes et al. 2014; Woollings et al. 2014; Wallace et al. 2014). Strong autocorrelation in 
the Barents Sea ice (Årthun et al. 2012, see also Figure 7) might also play an important role 
in linking negative anomalies in autumn Barents Sea ice and the winter atmospheric 
circulation (found in Honda et al. 2009), but this additional complexity is beyond the scope 
of our current study. 

Because of the two-way interaction between ocean and atmosphere operating in 
nature is not accounted for in uncoupled atmospheric experiments, a detail comparison of 
our results with those from AGCMs studies (Honda et al. 2009; Petoukhov and Semenov 
2010; Liptak and Strong 2014a; Liptak and Strong 2014b; Gerber et al. 2014; see also 
Magnusdottir et al. 2004, Deser et al. 2004) is not straightforward. Compared to coupled 
experiments, uncoupled experiments may exhibit stronger energy fluxes between the ocean 
and the atmosphere and reduced internal atmospheric variability (Barsugli and Battisti 
1998). However our conclusions are in line with some recent AGCMs studies (Liptak and 
Strong 2014a; Gerber et al. 2014) and somewhat in odds with others (Honda et al. 2009; 
Petoukhov and Semenov 2010). Liptak and Strong (2014a) showed that the propagating 
variability associated with the SLP responses to Barents Sea ice anomalies resembled the 
leading mode of internal variability – the NAO / AO (e.g., Wallace 2000) and was largely 
consistent with the indirect atmospheric response shown by Deser et al. (2004). Only in 
December, the SLP response was similar to the direct response driven by diabatic heating. 
Gerber et al. (2014) also highlighted contribution of the internal atmospheric variability to 
Eurasian winter climate (European parts), pointing that the observed increase in cold 
extremes may not be induced by reduced Barents Sea ice alone and likely includes 
additional mechanisms or resulted from internally generated variability. 

It is noteworthy, that our analysis is based on the detrended data and the results 
interpretation and comparison with existing studies might look different if the recent 
presumably anthropogenic trend would be included. However any results based on data 
with strong trend is constrained by their few degrees of freedom. Because the analysis is 
based on observations, a more rigorous diagnosis of causality between the WACS pattern 
and reduced sea ice cover in the Barents Sea requires further work, perhaps carefully 
designed coupled modeling experiment. The current study however, clearly demonstrates 
evidences of both atmospheric forcing and atmospheric response in shaping the WACS 
pattern and suggests that the proposed direct causal link between variability in the Barents 
Sea ice and the WACS pattern is at best an incomplete characterization of nature.  

5. CONCLUDING REMARKS 

Main conclusions of this study can be summarized as follows: 
• The EOF analysis of the THF anomalies in the Barents Sea (THFBar EOFs) yields 
physically meaningful patterns. The leading mode (THFBar EOF1) of winter Barents Sea THF 
variability appears to be mostly driven by perturbations in the atmosphere Whereas the sea 
ice related THF variability appears only as the EOF2. This fact highlights the importance of 
the atmospheric forcing in shaping the Barents Sea surface conditions on the interannual 
time scale. 
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• We find reduced ocean-to-atmosphere THF anomalies in association with the WACS-
like pattern and reduced Barents Sea ice cover, a relationship that is inconsistent with the 
WACS pattern being a direct atmospheric response to reduced Barents Sea ice.  
• The analyses indicate a substantial atmospheric contribution to the observed 
variability of THFs and possibly ice cover in the Barents Sea, as well as the out-of-phase 
temperature anomalies between the Barents Sea and Eurasia. Our study highlights the 
complex, two-way coupling between the atmosphere and Barents Sea surface conditions.  
• The role of the Barents Sea ice variability in forcing the WACS pattern appears to be 
minor in the detrended analysis we performed. Changes in the Barents Sea ice might trigger 
anomalies that could, potentially, reinforce preexisting atmospheric circulation anomalies 
that cause the WACS pattern. 
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