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Abstract. Humidity inversions have a high potential impor- also encourage further studies on humidity inversions due to
tance in the Arctic climate system, especially for cloud for- the vital, but so far poorly understood, role of humidity in-
mation and maintenance, in wide spatial and temporal scalesiersions in Arctic cloud processes.

Here we investigate the climatology and characteristics of

humidity inversions in the Arctic, including their spatial and

temporal variability, sensitivity to the methodology applied

and differences from the Antarctic humidity inversions. The 1  Introduction

study is based on data of the Integrated Global Radiosonde

Archive (IGRA) from 36 Arctic stations between the years Atmospheric water vapour has major impacts on the Earth’s
2000 and 2009. The results indicate that humidity inversionsSurface energy balance through radiative fluxes and cloud
are present on multiple levels nearly all the time in the Arctic formation. The amount of water vapour typically decreases
atmosphere. Almost half (48 %) of the humidity inversions With height, but in polar regions, layers with the amount of
were found at least partly within the same vertical layer with Water vapour increasing with height have been found to be
temperature inversions, whereas the existence of the othef€y common and simultaneously occur on multiple levels
half may, at least partly, be linked to uneven vertical distri- (Devasthale et al., 2011; Vihma et al., 2011; Kilpelainen et
bution of horizontal moisture transport. A high atmospheric @l-, 2012; Nygard et al., 2013). These humidity inversions
surface pressure was found to increase the humidity inverhave many important implications for cloud growth and per-
sion occurrence, whereas relationships between humidity insistence in the Arctic. They often occur near the cloud top,
version properties and cloud cover were generally relativelycoincident with temperature inversions, providing a moisture
weak, although for some inversion properties they were sysSource to the cloud layer through entrainment (Solomon et
tematic. For example, humidity inversions occurred slightly @l 2011; Sedlar et al., 2012; Tjernstrom et al., 2012). If
more often and were deeper under clear sky than in overthe cloud layer is decoupled from the surface, humidity in-
cast conditions for almost all stations. The statistics of Arctic Versions can even be the only moisture source to the layer
humidity inversion properties, especially inversion strength,(Solomon et al., 2011). Devasthale et al. (2011) stated that
depth and base height, proved to be very sensitive to the inbumidity inversions contribute to keeping the Arctic cloud
struments and methodology applied. For example, the meCover extensive, which implies that humidity inversions ex-
dian strength of the strongest inversion in a profile was twiceténd to large spatial scale. In addition to implications for
as large as the median of all Arctic inversions. The most strik-clouds, humidity inversions also notably influence longwave
ing difference between the Arctic and Antarctic humidity in- radiation characteristics in clear-sky conditions (Devasthale
versions was the much larger range of the seasonal cycle dit al., 2011).

inversion properties in the Arctic. Our results offer a baseline Nygard et al. (2013) summarized that humidity inver-

for validation of weather prediction and climate models andSions in the Antarctic coastal zone are formed and supported
by condensation, horizontal advection of water vapour,
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turbulence and large-scale vertical motions. Condensatioret al., 2006; Durre and Yin, 2008). In the analysis, we pay
which is related to the temperature control of saturation presspecial attention to the occurrence and properties of humid-
sure, is therefore also linked to the presence of temperaturgy inversions, as well as their temporal and spatial variabil-
inversions (Wetzel and Brimmer, 2011; Sedlar et al., 2012jty in the Arctic (Sect. 3). In addition, a statistical analysis
Tjernstrom et al., 2012; Nygard et al., 2013). Devasthaleon the connection between humidity and temperature inver-
et al. (2011) found a clear nonlinear relationship betweensions is presented. These results are finally compared to pre-
humidity and temperature inversion strength in all seasonwiously presented climatologies from the Arctic and Antarc-
except during summer in the Arctic. Similarly, Nygard et tic (Sect. 4). Our results can further be utilized in valida-
al. (2013) found a connection between humidity and tem-tion of weather prediction and climate models as humidity
perature inversion strength, as well as between humidity andhversions are a robust metric to evaluate reproducibility of
temperature inversion depth, in the coastal Antarctic. Onthe thermodynamics in numerical models (Devasthale et al.,
the other hand, the base height of humidity inversions ha011).

been reported to be generally higher compared to the base

height of temperature inversions in polar regions (Vihma et

al., 2011; Nygard et al., 2013). Vihma et al. (2011) concluded? Methods

that this is probably due to the fact that the snow surface is

usually a sink for sensible heat but not for water vapour, re-2.1 Data

ducing the occurrence of surface-based humidity inversions.

Previous studies have provided somewhat incoherent estiin this study, radio-sounding data available from Arctic sta-
mates for humidity inversion occurrence in the Arctic. Dev- tions north of 68N are utilized. All together 36 stations (6
asthale et al. (2011) reported based on Atmospheric Infrareéh the Nordic sector, 18 in Russia, 8 in North America and
Sounder (AIRS) data that the fraction of humidity inversion 4 in Greenland) are included in the study (Fig. 1 and Ta-
occurrence in 2002-2010 was more than 0.50 in winter inble 1). The radio soundings are obtained from the enhanced
clear-sky conditions over the Arctic Ocean. On the basis ofversion of IGRA, which is a freely available global data set
tethersonde soundings on the central Arctic sea ice in April-of quality-assured radiosonde profiles and also includes sev-
August 2007, Jakobson et al. (2012) detected a humidity ineral derived variables such as the geopotential height, water
version occurrence of 72%. The number could have beervapour pressure and relative humidity (Durre et al., 2006;
even higher but, due to an icing risk, it was not possible toDurre and Yin, 2008). The variables are given at the manda-
let the tethersonde rise into thick clouds. During a two-weektory pressure levels defined by the World Meteorological
measurement campaign on the coast of Svalbard in springQrganization (WMQ) and, in addition, at levels at which a
humidity inversions were present in all tethersonde profilessounding variable deviates from linearity. Having all these
taken (Vihma et al., 2011; Kilpeléinen et al., 2012). In sum- levels, however, depends on the input data available from
mer, Devasthale et al. (2011) estimated based on AIRS dataarious countries as their instrumentation and data analysis
that the occurrence of humidity inversions is lower than 0.10,procedures vary (Table 1). As we only concentrate on the
whereas their analysis of radio-sounding data from two Arc-low-tropospheric humidity inversions, we analyse the radio-
tic stations did not show a seasonality in the frequency ofsounding data from the surface to 500 hPa, where 95 % of
occurrence. This strongly suggests that humidity inversionatmospheric water vapour is found (Serreze et al., 1995a).
statistics are dependent on the method applied. Nygard &bn average, Greenlandic and Nordic stations have 15 vertical
al. (2013) presented comprehensive humidity inversion cli-levels below 500 hPa in the IGRA archive, Russian stations
matology for the coastal Antarctic based on 10yr of radio- 10 levels, and North American stations 18 levels. The lower
sounding data and compared the results with the findings ohumber of vertical data levels at Russian stations compared
Devasthale et al. (2011) for the Arctic. However, Nygard etto other sectors has to be considered when the results are in-
al. (2013) could not draw any firm conclusions on the differ- terpreted. The description of quality assurance procedure of
ences in humidity inversions between the two polar areas dudGRA is given in Durre et al. (2006). The cloud cover data
to different methods used in the studies. are taken from the synoptic observations from the Integrated

In this paper, we present a 10 yr (2000—2009) climatologySurface Data (ISD) archived at the National Climatic Data
of Arctic humidity inversions applying the same methodol- Center (NCDC) of National Oceanic and Atmospheric Ad-
ogy as Nygard et al. (2013) for the Antarctic. This allows ministration (NOAA).
us to compare humidity inversion climatologies derived with  The selected study period covers the years 2000-2009.
different methods in the Arctic and also enables us to reli-The period is the same as used in Nygard et al. (2013) for
ably compare humidity inversion climatologies between thethe Antarctic, and therefore it allows for a reliable compari-
two polar areas. The methodology of Nygard et al. (2013)son of results between the polar regions. The data are divided
includes analysis of all inversions in a profile in all-sky con- into four seasons applying the standard three-month classi-
ditions utilizing radiosonde data from the enhanced versiorfication, in which winter ranges from December to Febru-
of the Integrated Global Radiosonde Archive (IGRA) (Durre ary, spring from March to May, summer from June to August
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Table 1.Radio-sounding stations included in the study: station names with their abbreviations, station heights above the sea level, coordinates,

and radiosonde typésised in 2000-2009.

Station Abbr.  Height (m) Coordinates  Radiosonde system

Jan Mayen JAN 9 70995/8.7 W  Vaisala RS92

Ny-Alesund NYA 8 78.9S/11.9E \Vaisala RS92

Bodg BOD 20 67.3S/14.24E Vaisala RS92

Bjgrngya BJO 18 74%5S/19.0 E  Vaisala RS92

Luled-Kallax LUL 34 65.86 S/22.PE \Vaisala RS92

Sodankyla SOD 178 67°4&/26.P E Vaisala RS92

Kandalaksa KAN 26 67S/32.4E Russia-USSR MRZ-3A/Russia-USSR AVK-RF95
Murmansk MUR 121 670S/33.PE Russia-USSR MRZ-3A/Russia-USSR AVK-RF95
Shoina SHO 10 67%95/44.2 E Russia-USSR MRZ-3A/Russia-USSR AVK-RF95
Malye Karmakuly  MAL 19 72.4S/52.P E Russia-USSR Mars

Nar'Jan-Mar NAR 9 67.9S/53.0 E Russia-USSR MRZ-3A

Pechora PEC 56 65.85/57.PE Russia-USSR Mars/Russia-USSR MRZ-3A
Salehard SAL 15 66%55/66.5 E Russia-USSR MRZ-3A

Ostrov Dikson OST 47 73°55/80.£ E  Russia-USSR Mars

Turuhansk TUR 37 65%85/88.0 E  Russia-USSR MRZ-3A/Russia-USSR AVK-RF95
Khatanga KHA 32 729S/102.3E Russia-USSR Mars

Olenek OLE 203 68%5S/112.2E Russia-USSR MRZ-3A

Zigansk ZIG 83 66.8S/123.4E Russia-USSR MRZ-3A

Tiksi TIK 8 71.6°S/128.9E Russia-USSR Mars/Russia-USSR MRZ-3A
Verhojansk VER 137 67%S/133.4E Russia-USSR MRZ-3A

Chokurdakh CHO 48  70%5/147.9E Russia-USSR MRZ-3A

Zvbjanka ZVB 43 65.7S/150.9E Russia-USSR MRZ-3A

Omolon OMO 253 65.25/160.3E Russia-USSR MRZ-3A

Cerskij CER 26 68.8S/161.3E Russia-USSR MRZ-3A

Kotzebue KOT 5 66.9S/162.6 W VIZ B 1492-520

Barrow BAR 12 71.8S/156.8 W VIZ B 1492-520

Norman Wells NOR 95 65535/126.8 W Canada Valcom

Cambridge Bay CAM 25 69°S/105.2W Canada Valcom

Resolute Bay RES 40 7£B/95.0 W Canada Valcom

Eureka EUR 10 800S/85.9 W Canada Valcom

Hall Beach HAL 7 68.6S/81.3 W Canada Valcom

Alert ALE 66 82.5 S/62.3W Canada Valcom

Egedesminde EGE 41 68.%/52.9 W Vaisala RS92

Angmagssalik ANG 52 65%6S/37.6 W  Vaisala RS92

Scoresbysund SCO 69 705/22.0 W Vaisala RS92

Danmarkshavn DAN 59 76°85/18.8 W  Vaisala RS92

1961

* The IGRA data do not include complete information of the radiosonde types. The correct type is shown here when information has been available.

and autumn from September to November. During the study?2.2 Analysis methods
period, the total amount of radio-sounding profiles per station

varies between 1800 and 7300. At all the stations, the datgy gty inversion layers below 500 hPa are identified from
are fairly evenly distributed between years and months. Thgy o gpacific humidity profiles, which are calculated from the

Russian stations Khatanga, Cerskij and Omolon are the only,sereq water vapour pressure and air pressure profiles of

exceptions to this as no sounding data from these stationgsgRa . In cold and dry conditions, errors in the humidity pro-
are available from the first 2-3 study years. The observation;os can be relatively large (Nash et al., 2006, 2011). In addi-
times are clustered around 00:00 UTC and 12:00 UTC. Dug;q, sanyrated conditions during the radiosonde flight might
to Qn‘ferent _Iongltudes of the stations, the solar time of Obser'generate errors in humidity measurements, particularly if the
vathns varies largely, and hence the diurnal cycle cannot b€.sor is not equipped with a heating system to minimize the
studied. condensation. As the errors vary with the sensor type (Ta-
ble 1) and the data have gone through quality control pro-
cedures, we do not attempt any humidity additional correc-
tions to the IGRA data. To reduce the errors in our study,
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Fig. 2. Specific humidity and temperature profiles observed in Alert
on 22 August 2005, 00:00 UTC. The grey shading marks the inver-
sion layers.

Fig. 1. Locations of the radio-sounding stations in the Arctic. The
full station names are given in Table 1. The shaded areas indicate ) ) . o
the geographical sectors used in this study. In the analysis of inversion statistics, we mostly focus on

the median values as the arithmetic mean values are notably
affected by the positively skewed distributions of inversion
we do, however, exclude humidity profiles from the surfaceproperties. The statistical significance of differences of hu-
to 500 hPa in which the temperature is belewd0°C and  midity inversion properties in different cloud conditions is
the relative humidity is below 20 % or, alternatively, the spe- tested applying the Mann—Whitndy test, which is a non-
cific humidity is below 0.2 g kg. More detailed considera- parametric test of the null hypothesis that two populations
tions of errors in humidity profiles can be found in Nygard et are the same. In other words, the test does not require nor-
al. (2013). mally distributed data.
For each humidity inversion layer, an inversion strength,
depth and base height are determined. The base height is de-
fined to be the level at which the specific humidity starts to3 Results
increase with altitude. The inversion depth is defined to be
the difference between the base height and the level at whicB.1 Humidity inversion characteristics
the specific humidity starts to decrease with altitude. An in-
version is defined to be surface-based if the base height is lofhe analysis of the statistics of humidity inversion properties
cated below 50 m altitude. All the levels are given as heightsshowed that humidity inversions were very frequent at all the
from the ground/snow surface. The inversion strength is deArctic stations studied (Fig. 3a). At the majority of Nordic,
fined as the difference in specific humidity between the in-North American and Greenlandic stations, the occurrence of
version top and base. Similarly as in Nygard et al. (2013), ahumidity inversions was higher than 0.9 throughout the year.
selection criteria is used where a humidity inversion has toFurthermore, at all the stations the occurrence of humidity
be deeper than 10m and separated by a layer of a negativgversions was higher than the occurrence of temperature in-
humidity lapse rate. We do not apply any minimal depth to versions; the difference between humidity and temperature
the separating layer of negative lapse rate. Temperature inaversion occurrence at each station was on average 0.07.
versions are identified applying similar definitions as for hu- The seasonal variation in humidity inversion occurrence was
midity inversions, but the minimum strength of temperature small, except for the eastern part of Russian Arctic, where
inversions is set to 0.3C following Kilpeldinen et al. (2012) the occurrence was 0.1-0.2 lower in summer compared to
and Nygard et al. (2013). Figure 2 provides an example of obthe other seasons. The pronounced seasonal cycle of the in-
served humidity and temperature inversions; there are thregersion occurrence in the eastern part of Russia is probably
separate humidity inversions in the profile, one of them ap-closely connected to seasonal variation of atmospheric tem-
proximately collocated with a temperature inversion and twoperature and humidity, which are extreme in the area. The
of them without a temperature inversion in the nearby layersmean number of humidity inversions in a profile varied be-
tween 1.3 and 4.0 between the stations and was highest in
the North American sector and lowest in the Russian sector
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(Fig. 3b). However, the number notably reflected the verticalclear-sky inversions was several hundreds of metres; at North
resolution of data available in each sector (see Sect. 2.1). Fohkmerican stations the difference was even more than 1000 m.
example, Sodankyla (Nordic sector) and Kandalaksa (RusThe depth of inversion layer did not notably vary between the
sian sector) are located only 250 km apart and represent a@bove-mentioned data categories.
proximately the same climatic conditions, but the mean num- Another methodological aspect is to study the sensitivity
ber of humidity inversions was 2.7 for Sodankyla and only of the results to our practice of analysing all humidity in-
1.9 for Kandalaksa, where fewer vertical data levels wereversions separately. We made similar sensitivity tests as in
available. Nygard et al. (2013). These showed that if a layer up to
Humidity inversion strength was clearly highest in sum- 200 m thick with specific humidity decreasing with height
mer (Fig. 3c) as the moisture content of the air was severals allowed between the inversion layers, the statistics were
times higher in summer than in winter. The strongest humid-affected as follows: (a) the number of inversions in a pro-
ity inversions were found in the Nordic and North Ameri- file was on average 0.3 (14 %) smaller, (b) the inversion was
can sectors in summer. Spatial differences in the whole yeaon average 0.002gkg (0.1 %) weaker, and (c) the inver-
median strengths were very small. Russian humidity inver-sion layer was on average 20 m (6 %) thinner than in the case
sions were deeper than inversions elsewhere in the Arcti¢hat all inversion layers are analysed separately. Accordingly,
(Fig. 3d). This is mainly a result of many humidity inver- sensitivity to the inversion definition was weak.
sions being connected to the lowest near-surface tempera- Humidity inversions generally occurred more frequently
tures (Rigor et al., 2000) and the deepest temperature inin clear-sky conditions (average inversion occurrence 0.95)
versions of the Arctic region occurring in Siberia in winter than in overcast conditions (average inversion occurrence
(see Sect. 3.2), although a part of the spatial difference i9.91). Although the difference was small, it was systematic
also explained by the fact that the Russian sounding datdor almost all stations (Fig. 5a). Overcast conditions repre-
contained less vertical levels. Typically, Russian humidity sented, on average, 44 % of the sounding data, and clear-
inversions were located near the surface, especially in winsky conditions 22 % of the data, having minima (5-7 %) at
ter, whereas the median base height of other Arctic stationstations Jan Mayen and Bjgrngya located on small islands
was well above 1000 m altitude (Fig. 3e). Humidity inver- in the Nordic sector. Compared to overcast cases, the me-
sions generally had the highest base in summer. The fracdian strength of clear-sky humidity inversions was higher at
tion of surface-based humidity inversions was smaller thanthe Nordic, North American and Greenlandic stations, but
0.2 at the Nordic, North American and Greenlandic stations typically lower at the Russian stations (Fig. 5c¢). At 22 of
whereas at the Russian stations the fraction was 0.2—-0.5, hathe stations, the difference in the inversion strength between
ing a clear maximum in winter (Fig. 3f). The average fraction the clear-sky and overcast conditions was statistically signif-
of surface-based humidity inversions over all the Arctic sta-icant. At 32 of the stations, the depth of humidity inversions
tions was 0.22, whereas the average fraction of surface-baseslas significantly higher in clear-sky conditions (Fig. 5d).
temperature inversions was larger, being 0.31. The base height of humidity inversions was typically lower
Next we address the sensitivity of inversion statistics to thein clear-sky conditions (Fig. 5e), especially at the Russian
calculation method. We do this because detailed knowledgstations, and these differences were statistically significant
on the sensitivity is a prerequisite for meaningful compari- elsewhere than in the Nordic sector. The lower base height
son of studies based on different methodology. When onlyin clear-sky conditions at the Russian stations also reflected
the strongest humidity inversion in a profile was consideredthe much higher surface-based inversion fraction in clear-sky
the median inversion strength at each station was on averagsonditions; nearly half of the Russian humidity inversions
0.45gkg !, compared to 0.23 gkd for all inversions. On  were surface-based in clear-sky conditions, while in overcast
the other hand, when only the strongest inversion in a proconditions the fraction was only around 0.2 (Fig. 5f). On av-
file in clear-sky conditions was considered, as was done byerage, the base height was 240 m lower in clear-sky condi-
Devasthale et al. (2011) for the AIRS data, the median in-tions compared to overcast conditions in the Arctic (Fig. 5e).
version strength at each station was on average 0.42%gkg The number of inversions in a profile was not clearly con-
(Fig. 4). These results indicate that focusing only on thenected with cloud conditions (Fig. 5b).
strongest inversion, either in all-sky or clear-sky conditions, The mean and median values presented in Figs. 3-5 do
gives inversions in the Arctic that are approximately twice asnot provide all essential information on inversion properties.
strong compared to results with all inversions included. Fur-Hence, relative frequency distributions (RFDs) indicated that
thermore, when only the strongest inversions in all-sky con-distributions of humidity inversion number were different in
ditions were analysed, the median base height of inversiongach Arctic sector (Fig. 6). Russian stations had typically two
was on average nearly 500 m lower than that of all inversiongnversions per profile, and more than three inversions per pro-
(Figs. 3 and 4). The median base height of strongest clear-skijle were rarely found there. In the other sectors, on the other
inversions, in turn, was at the surface at nearly all the Russiaimand, the distribution of inversion number was more skewed
and North American stations. Hence, the difference betweetowards higher numbers, and most commonly 3—4 inversions
the median base height of all inversions and the strongestvere found in a profile. This, again, indicates the impacts
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Fig. 3. (a) Occurrence of humidity inversionfy) mean number of humidity inversions in a single profi, median strength(d) median
depth ande) median base height of humidity inversions, gfjdhe fraction of surface-based humidity inversions.

of lower amount of vertical levels at the Russian stations.2000m (Fig. 6d). In the Nordic sector with high values, the
Interestingly, the distributions of other humidity inversion situation is reversed. See Sect. 4 for more discussion.
properties in the Russian sector did not deviate notably from Occurrence of humidity inversions was clearly dependent
the other sectors. This suggests that most humidity inversiomn the pressure, whereas the other inversion properties did
properties have a quite universal shape of RFDs everywheraot show as clear dependency on the pressure (Fig. 7). At
in the Arctic. Shapes of RFDs were not strongly affected by31 of the stations, a positive Spearman correlation between
cloud conditions, except that surface-based and weak invernversion occurrence and sea level pressure was statistically
sions were more common under clear-skies and thin inversignificant (p <0.05). The Spearman correlation denotes the
sions were more common under overcast skies (Fig. 6). At alstrength of the monotonic relationship, which is not necessar-
the Arctic stations, the RFDs of humidity inversion strength ily linear. The dependency between the occurrence of humid-
had a nearly exponential shape. The RFDs of inversion deptlty inversions and sea level pressure was clearest at the Rus-
peaked between 100 and 200 m, and then decreased towardin stations. The relationship between the inversion strength
the larger depths. The RFDs of base height had a pronounceahd sea level pressure was statistically significant at 10 sta-
maximum at the surface, and two systematic minor maximations, and these stations were distributed in all the Arctic
at 1400m and between 2600 and 3000 m, but apart fronsectors; however, the sign of the correlation varied between
those the base heights they were fairly equally distributed bethe stations and no general pattern was recognized. A pos-
tween the altitudes. Figure 6d helps us to better understandive correlation between the inversion depth and sea level
the median based heights shown in Fig. 5e; the lower mepressure was statistically significant at six Russian stations
dian values in the Russian stations (Fig. 5e) are related to &ig. 7b), and a significant correlation of varying sign be-
particularly high occurrence of base heights less than 400 ntween the inversion base height and sea level pressure was
and a particularly low occurrence of base heights more than
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Fig. 5. (a) Occurrence of humidity inversionfy) mean number of humidity inversions in a single profit, median strength(d) median
depth ande) median base height of humidity inversions, gfjdhe fraction of surface-based humidity inversions in clear-sky and overcast
conditions. Averages over all the Arctic stations are given (on the right) for clear-sky and overcast conditions separately.
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0.05 Humidity inversion properties were temporally correlated

0 200 A0 iy B0 1% o om beaa reigh )00 (Spearman correlation) with each other, and also with tem-
perature inversion properties (Fig. 9). It was, however, much
Fig. 6. Relative frequency distributions RFDs @) number of hu-  more common that temperature inversion properties were de-
midity inversions in a single profilgh) inversion strength(c) in-  pendent on each other than that humidity inversion proper-
version depth andd) inversion base height at each station in the ties were connected to each other. For example, no statisti-
geographical sectors. Bin sizes _used ?n the RFDs are 1 for the ing5| connection between humidity inversion strength and hu-
version number, 0.1g kg for the inversion strength, .100 m for the midity inversion base height was found (except at Omolon),
inversion depth and 200 m for the inversion base height. . . :
although temperature inversion strength was correlated with
temperature inversion base height at nearly all the stations. In
found at four stations: Jan Mayen, Nar'Jan-Mar, Tiksi and addition, a significant correlation between the strength and
depth was not as common and strong for humidity inver-
sions as it was for temperature inversions. Generally, the base
3.2 Relationships between humidity and heights of humidity and temperature inversions were posi-
temperature inversions tively correlated, and the humidity inversion base height had
a negative correlation with temperature inversion strength.
Many of the humidity inversions in the Arctic appeared to be The latter correlation means that the strongest humidity in-
connected with temperature inversions. However, the fracversion in a profile was likely to be located close to the sur-
tion of humidity inversions occurring at least partly within face when simultaneously occurring temperature inversion
the same layer with temperature inversions had large spawas strong. Humidity and temperature inversion depths, as
tial variability (Fig. 8). Whereas more than 60 % of humid- well as humidity and temperature inversion strengths cor-
ity inversions in the Russian Arctic were accompanied by arelated positively (Fig. 9), although only 48 % of humidity
temperature inversion, the corresponding fraction was lesinversions were found to accompany temperature inversions
than 30% in North America. Again, Sodankyla and Kan- (Fig. 8). This suggests that even if the humidity and temper-
dalaksa, nearby stations in different sectors, had fairly differ-ature inversions occurred in different vertical layers, the pre-
ent results (Sodankyla 37 % and Kandalaksa 52 %), reflectvailing meteorological or surface conditions influenced both
ing the impacts of the number of vertical data levels avail- humidity inversion and temperature inversion properties in a
able. This suggests that the generally higher proportion okimilar manner.
humidity inversions connected to temperature inversions in
the Russian sector was at least partly related to methodology. _
It is, however, very difficult to quantify the exact contribu- 4 Discussion

tions of methods and climatic conditions for the distinctive

results of the Russian sector. Nevertheless, Arctic humidit)}t is evi(jent that humidity inversions are predom.inantly
resent in the Arctic atmosphere. Our results confirm that

inversions cannot only be considered as accompanying phéD

nomena for temperature inversions because a large portion &umidity inversion statistics are nonetheles_s very sen_sitive to
humidity inversions occurred in layers vertically independent "€ methodology. For example, many studies on Arctic tem-

(not overlapping) of temperature inversion layers. The seaP€rature inversions have only focused on the surface-based
sonal cycle of the fraction of humidity inversions occurring temperature inversions, but according to our findings, such a

together with temperature inversions varied largely betweer?urface—based focus is too restrictive for humidity inversions
the stations and no general pattern was recognized as nearly 80% of Arctic humidity inversions are elevated

from the surface. Humidity inversions are, however, fairly
often connected to temperature inversion layers, as was also

0

Scoresbysund.
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Fig. 8. Fraction of humidity inversions which occurred simultaneously with a temperature inversion at least partly within the humidity
inversion layer.

lack of condensation nuclei for ice crystals (Mauritsen et al.,
2011) when the air specific humidity may exceed the satura-

temperature
inversion

humidity
inversion

/| strength strength '\ tion specific humidity of the snow surface even without the
/ \ presence of a temperature inversion.
| 17 \ Of all the humidity inversions, 52% occurred vertically
independent from temperature inversions, which also means
I’ humidity temperature \l that humidity inversions cannot be consid_ered as only ac-
1 inversion inversion 35 companying phenomena for temperature inversions. Sedlar
| depth | and Tjernstrom (2009), Solomon et al. (2011) and Sedlar
| & | et al. (2012) found, however, that inversions of temperature
\ 5{ I3 / < \ |20 | and humidity typically coincide near the cloud top. A po-
\ / 4 / tential explanation for the different results is that the above-
\ | humidity temperature |/ mentioned studies mostly addressed the ice-covered Arctic
inversion inversion Ocean, whereas the IGRA data set is more representative of
base height base height the pan-Arctic land areas. On the basis of the limited obser-

vational and modelling information available, in summer the
Fig. 9. Schematic presentation of temporal correlation between hu-sensible and latent heat fluxes have larger magnitudes over
midity inversion and temperature inversion properties (only the pan-Arctic land areas than sea ice (Persson et al., 2002; Kall-
strongest humidity and temperature inversion in a profile are conberg et al., 2005; Grachev et al., 2012). Larger flux magni-
sidered). The red solid lines indicate a significant positive Correla-tudes allow |arger instantaneous differences between the sen-
tion, and blue dashed lines a significant negative correlation (Co”esible and latent heat fluxes, which tends to weaken the link
lation coeﬁ|c|ent—p.2o <r>0.20,p< 0.01). The numbers denote  hapyeen temperature and humidity inversions. In winter, both
the amount of stations at which the correlation was found. sensible and latent heat fluxes are small over sea ice (Persson

et al., 2002), but larger downward sensible heat fluxes with
ear-zero moisture fluxes prevail over land (Kallberg et al.,

shown in the present study. Nevertheless, it is apparent thago%). This weakens the link between temperature and hu-

the surface more often acts as a sink for sensible heat than iditv inversions over land in winter
for water vapour (Persson, 2002; Vihma et al., 2011), and "'oY )

therefore it is reasonable that the surface-based humidity in-_. Someﬂprewous studies on vertical humidity proflle.s', €.g.
. Tjernstrom et al. (2004), have focused on the specific hu-
versions are less common than surface-based temperature in-

. ) raudlty difference across the temperature inversion layer. The
versions. Theoretically seen, the occurrence of surface-base : . . .

T . . . approach provides information on the relation of temperature
humidity inversions in a location can only be lower or equal

. . and humidity inversions, but does not provide representative
to the occurrence of surface-based temperature inversions,

This is nevertheless true only for those humidity inVersionsstatlstlcs of all humidity inversions. Based on the findings of

that have their base strictly at the surface (and not highePlygarOI etal. (2013) for Antarctic humidity inversions, it is

up in the lowermost 50m as was allowed in this study duereasonable to believe that also a large portion of the Arctic

to lack of actual surface data). The reason for limited oc—hum'd'ty inversions may be connected to vertically uneven

e . . .horizontal moisture flux (Jakobson and Vihma, 2010). Ac-
currence of surface-based humidity inversions is that the air_~ " .
! : . cording to estimates of Serreze et al. (1995b) and Overland
right at the snow surface is always saturated with respect tQ . : .
. - - . : —and Turet (1994) based on radio soundings, zonal and merid-
ice. Hence, the specific humidity cannot increase with height g .

) . ) : : . jonal water vapour fluxes peak at approximately 850 hPa in
without temperature increasing with height, as schematically

illustrated in Fig. 10. An exception to this is a case with awmter in the Arctic. This is in line with our finding that
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son, but for the other seasons our median inversion strength
z z is clearly higher. The difference in inversion strength is even
T(z) higher when our results for the strongest humidity inversion
T(z) in a profile in clear-sky conditions are considered, following
the methodology of Devasthale et al. (2011). These large dif-
ferences arise from the different study regions, instruments,
vertical resolution and methodologies applied. In the Cen-
tral Arctic (studied by Devasthale et al. 2011), leads in sea
ice and other open water areas are a humidity source also
o/ \ in the winter. In our study area, which is mostly inland and
7 Qutoce = Dooorcn(T) Guzee = Doawraien( T) 74 archipelago, similar notable moisture sources at the surface
T/q T/q are not available in winter. Other differences in the statistics
are not as apparently related to the different study regions, al-
Fig. 10. Schematic presentation of potential profiles of specific hu- though the effect cannot be ruled out. It is also worth noting
midity for two cases of air temperature profil¢ag) when a surface-  that the radio-sounding analysis of Devasthale et al. (2011)
based temperature inversion is present, a surface-based humidity iiffered from their AIRS results, being closer to what we
version can occur. On the other haio)) when there is no surface- ggw in this study. The clear-sky humidity inversion statis-
based temperature inversion, a surface-based humidity inversiog.g presented by Devasthale et al. (2011) did not vary sig-
cannot oceur. nificantly from all-sky statistics, but it is important to note
that they only compared the strongest inversion in a profile
in clear-sky and all-sky conditions. Indeed, also in our study
many elevated humidity inversions have their base at arounthe median strength and depth of the strongest clear-sky hu-
1400 m, as indicated by RFDs in Fig. 6, and thereby the find-midity inversions were similar to the median strength and
ing supports a conclusion that large-scale horizontal moisturelepth of the strongest all-sky inversions humidity inversions,
fluxes, and their vertical distribution, have a notable impactalthough the base height was notably lower in the strongest
on the humidity inversions in the Arctic. clear-sky inversions. The conclusion, which has already been
Despite the fact that approximately half of the humidity arrived at by Devasthale et al. (2011), that the humidity inver-
inversions occurred vertically separate from temperature insion properties do not vary largely with cloud cover therefore
versions, we found that the prevailing meteorological condi-seems valid. On the other hand, pronounced differences in
tions have an impact on both humidity inversions and temperinversion strength, depth and base height were seen between
ature inversions, and properties of the strongest humidity anall inversions and the strongest inversions. The differences
temperature inversion in a profile are often correlated. Fur-underline impacts of methodology on the inversion statis-
thermore, our results give support to the findings of Vihmatics, and should be kept in mind in future studies. Although
et al. (2011) and Nygard et al. (2013) that humidity inver- the satellite-derived water vapour profiles of AIRS provide
sion properties are statistically quite independent from eacla good spatial and temporal coverage of data, their vertical
other. Thus, in contrast to temperature inversions, strengtlmesolution is presently not comparable with radio-sounding
and depth of a humidity inversion are commonly unrelated todata.
the base height of the humidity inversion, and statistical con- We also included the smallest detectable humidity inver-
nection between the humidity inversion strength and depth isions in the statistical analyses, but the data are not suffi-
weak in many locations in the Arctic. Reasons for this weakcient to quantitatively analyse how they affect physical pro-
connection between humidity inversion properties are diffi- cesses. Considering the radiative transfer under clear skies,
cult to identify and so far remain unclear. the smallest individual humidity inversions are probably of
Our humidity inversion statistics for the Arctic differ a minor importance, but they are potentially more important
remarkably from the statistics presented by Devasthale etor the formation of a layered cloud cover, which is typical
al. (2011) based on the AIRS data. The results of Devasthaléor the Arctic. From the point of view of clouds, not the mag-
et al. (2011) indicated a very strong seasonal cycle of hunitude of the humidity inversion but its relationship with the
midity inversion occurrence, with a range of approximately temperature profile is essential. Hence, even a small vertical
0.7, in the Russian and North American sectors, and an inverdifference in the air humidity may be important for the oc-
sion occurrence below 0.4 throughout the year in the Nordiccurrence of condensation or for the rate of evaporation from
sector and the southern part of Greenland. According to ouexisting cloud droplets or ice crystals. The formation of lay-
results, humidity inversion occurrence is in turn higher thanered clouds also strongly reduced cloud-top radiative cool-
0.6 in all seasons at all the stations, and the seasonal cycle a@fig of the lower clouds and hence reduces turbulent mixing
inversion occurrence was notable only in the Russian sectoinside and below the lower clouds (Shupe et al., 2013). Ac-
having a range of 0.2. Our results for inversion strength agreeordingly, even the smallest humidity inversions may have
with those of Devasthale et al. (2011) for the summer sea-
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a large indirect effect on the radiative transfer and turbulentAmerican sectors in summer. In the Nordic sector, the high
mixing in the Arctic troposphere. summertime vertically integrated air moisture (Jakobson and
Compared to the characteristics of humidity inversionsVihma, 2010) provides favourable preconditions for gener-
in the Antarctic derived applying the same methodology ation of strong humidity inversions. Although the seasonal
(Nygard et al., 2013), we found that the Arctic humidity variation in humidity inversion occurrence was small in gen-
inversions are, in general, quite similar. In both polar re- eral, in the eastern part of Russian Arctic the occurrence was
gions, the occurrence of humidity inversions is well above lower in summer compared to the other seasons (Fig. 3a).
0.6 in all seasons, being highest when the atmospheric presFhis may be partly due to lack of major horizontal mois-
sure is high, and the inversions are typically found on two orture transport in this region in summer (Jakobson and Vihma,
more levels. However, in the Antarctic, the seasonal variabil-2010), reducing the inversion generation by advection.
ity was low in most inversion properties, whereas the Arctic The base height of humidity inversions is typically lower
stations experience larger differences between the seasons, clear-sky conditions compared to overcast conditions
particularly in the median strength, median base height andFig. 5e), especially at the Russian stations. These differences
the fraction of surface-based humidity inversions. The largerare, however, not statistically significant in the Nordic sector.
seasonal variability of inversions in the Arctic compared to This may be related to the presence of large sea areas in the
the Antarctic inversions reflects the more pronounced seaNordic sector. Over the open ocean at high latitudes, the sur-
sonal cycle of other climate variables like the snow cover, airface is a large moisture source and the cloud cover does not
temperature and air humidity in the Arctic. have a major effect on the surface temperature. Hence, as the
The relation of humidity inversions with cloud coveris rel- cloud cover does not control the occurrence of surface-based
atively weak both in the Arctic and the Antarctic. In both re- inversions via surface temperature, it is understandable that
gions, the occurrence and number of humidity inversions arghe differences in the base height between cloudy and clear-
mainly higher and the base height is lower in clear-sky sit-sky cases are not so evident over the open sea. Conversely,
uations. In the Antarctic, clear-sky inversions were strongerin the Russian sector, the clear-sky conditions in winter were
than overcast ones, but in the Arctic, no consistent relationtelated to very low base heights, and at North American sta-
ship between the strength and the cloud cover was foundtions the difference between the median base height of all
Arctic humidity inversions were deeper everywhere underinversions and the strongest clear-sky inversions was more
clear-sky conditions, whereas the relationship between théhan 1000 m. In North America, this may be related to the
humidity inversion depth and cloud cover varied betweenvertical distribution of the meridional moisture flux; the max-
the stations in the Antarctic. Hence, the relationship betweenmum is spread over a thick layer, whereas in the other sec-
cloud cover and the depth and strength of humidity inversiongors the peaks are closer to the surface (Jakobson and Vihma,
seems to be different between the polar regions, and unde2010). The large spread in North America favours highly el-
standing reasons for the differences requires further studiesevated humidity inversions that are generated by moisture
Earlier attempts to investigate whether humidity inver- advection instead of clear-sky radiative cooling of the sur-
sions properties differ between the polar regions (Nygardface. Further, the dependency between the occurrence of hu-
et al.,, 2013) have not been fully reliable due to the dif- midity inversions and sea level pressure was clearest at the
ferent methodology used. Previously it was not possibleRussian stations. A potential explanation is that in regions
to distinguish whether the suggested different characteriswhere the northward moisture advection is large, humidity
tics were related to physiographical differences and dy-inversions occur during both low- and high-pressure condi-
namic/thermodynamic reasons or simply to different instru-tions, generated by different mechanisms. In Russia, how-
mentation, methodologies and vertical resolutions. Nygard etver, the weaker moisture advection (Sorteberg and Walsh,
al. (2013), for example, suggested that humidity inversions2008; Jakobson and Vihma, 2010), together with low near-
have higher occurrence in the Antarctic than in the Arctic, surface temperatures and deep and strong temperature inver-
and that the base height would have opposite seasonal cyckdons in winter, may explain the clearly highest humidity in-
in the two polar regions. When applying the same type ofversion occurrence under high-pressure conditions (Fig. 7a).
data and analysis, we now find that the humidity inversions Although it is apparent that humidity inversions are very
are about equally common in the Arctic and Antarctic and common and potentially an important part of the Arctic cli-
have a similar seasonal cycle of the base height that is highenate system, surprisingly few studies have so far addressed
in the summer than in the winter, although the ranges of theArctic humidity inversions. Arctic temperature inversions
seasonal cycle are different. have received much more attention during earlier decades
In addition to differences in humidity inversion occur- (Kahl, 1990; Serreze et al., 1992; Kahl et al., 1996; Liu et al.,
rence and properties between the Arctic and Antarctic, we2006) as well as recently (Devasthale et al., 2010; Bintanja et
observed large spatial differences within the Arctic. Someal., 2011; Medeiros et al., 2011; Wetzel and Brimmer, 2011;
of them may be explained by previous results on climatol-Zhang et al., 2011), although their occurrence in the Arctic is
ogy and large-scale transport of air moisture. The strongesg¢ven slightly lower compared to humidity inversions. Tem-
humidity inversions were found in the Nordic and North perature inversions have been argued to have a remarkable
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negative feedback to the surface cooling efficiency (Bintanjain mind, we strongly encourage further studies on humidity
et al., 2011), but impacts of Arctic humidity inversions on inversions due to their presumably vital, but so far poorly
radiation as well as on atmospheric and surface temperadnderstood, role in cloud formation and maintenance in the
tures have remained nearly unstudied. Based on the resulirctic.

of this study and a few existing earlier studies (Sedlar and

Tjernstrom, 2009; Devasthale et al., 2011; Solomon et al.,

2011; Sedlar et al., 2012; Tjernstrém et al., 2012) it is, hOW_AcknowledgementsWe thank J. Sedlar and A. Solomon for
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