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Abstract. An accurate characterization of the vertical struc- ter and spring seasons. We argue that these inversions are a
ture of the Arctic atmosphere is useful in climate changerobust metric to test the reproducibility of thermodynamics
and attribution studies as well as for the climate modellingwithin climate models. An accurate statistical representa-
community to improve projections of future climate over tion of water-vapour inversions in models would mean that
this highly sensitive region. Here, we investigate one of thethe large-scale coupling of moisture transport, precipitation,
dominant features of the vertical structure of the Arctic at- temperature and water-vapour vertical structure and radiation
mosphere, i.e. water-vapour inversions, using eight yearsre essentially captured well in such models.

of Atmospheric Infrared Sounder data (2002—-2010) and ra-
diosounding profiles released from the two Arctic locations
(North Slope of Alaska at Barrow and during SHEBA). We
quantify the characteristics of clear-sky water vapour inver-
sions in terms of their frequency of occurrence, strength an

1 Introduction

height covering the entire Arctic for the first time. %atgr vapour!s a prominent greenhou'se gas that pla}ys a key
role in the regional and global hydrological cycle, and its pos-
We found that the frequency of occurrence of water- e feedback in a warming world is physically well under-

vapour inversions is highest during winter and lowest dur-gi504 (Bony et al., 2006). It is a dominant contributor to the

ing summer. The inversion strength is, however, higher duresent day total greenhouse effect, and its significant role is
ing summer. The observed peaks in the median inversion

] . ) ) expected to remain so in the future (Schmidt et al., 2010).
layer heights are higher during the winter half of the year,\yqter vapour has a well-defined zonal and vertical distribu-

at around 850 hPa over most of the Arctic Ocean, Siberigjgn \ith a maximum in the tropics, secondary maxima at
and the Canadian Archipelago, while being around 925 hPgye md.jatitudes, while minima are observed in the polar re-

during most of the summer half of the year over the Arc- gigns  |n the vertical it is typically at maximum near the
tic Ocean. The radiosounding profiles agree with the fre-grface. The variability in its zonal distribution is influenced
quency, location and strength of water-vapour inversions inyy, many factors but the temperature control of the saturation
the Pacific sector of the Arctic. In addition, the rad'osound'water-vapour partial pressure is the most important. This also

ings indicate that multiple inversions are the norm with rel- .nrols the vertical structure. However, factors such as sea-
atively few cases without inversions. The amount of precip-gqnajity in the inter-tropical convergence zone, storm tracks,

itable water within the water-vapour inversion structures isiha movement of convective systems, to name a few, also
estimated and we flnq a distinct, two-mode contribution to play important roles.
the total column precipitable water. These results suggest In the Arctic, water vapour has a special significance

that water-vapour inve_rsions are a significant source to _thG(Curry et al., 1995) given its complex interplay with condi-
column thermodynamics, especially during the colder win- g unique to this region including: highly variable solar in-

put, strong temperature inversions, sensitive clouds regimes,
and the role of natural modes of variability such as Arctic

Correspondence toA. Devasthale Oscillation in the moisture transport. For example water-
BY (abhay.devasthale@smhi.se) vapour inversions, i.e. when the water vapour increases with
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altitude, are often reported in association with dominant tem-mosphere make it possible to investigate the vertical struc-
perature inversions, especially in the inner Arctic (Tjern- ture of water vapour covering the entire Arctic. The usability
strom et al., 2004; Sedlar et al., 2011). Water vapour typ-of AIRS over the Arctic region in studying various aspects
ically has a near-surface maximum and decreases with altiis demonstrated in the previous works by Kay et al. (2008),
tude, due to the strong temperature control of its saturatiorDevasthale et al. (2010), and Pavelsky et al. (2010), to name
pressure. In the Arctic, however, the dominant forcing by a few.
the near-surface climate combined with the large importance We tap in to this ability of AIRS and present the verti-
of meridional transport is expected to make water-vapour in-cal structure of water vapour over the Arctic region. Here,
versions common. There is clear evidence for the presenceve investigate the large-scale statistics of clear-sky water-
of humidity inversions from the ground based measurementsapour inversions and their seasonality for the first time. We
taken at the northern high latitudes. For example, Serreze edlso examine radiosounding profiles released from two Arc-
al. (1995b) using a comprehensive rawinsonde dataset shovic locations in order to characterize water-vapour inversions
persistent inversions during winter, especially over the innerfor all-sky conditions with better vertical representation. The
Arctic. Gerding et al. (2004) using lidar measurements atpresent study is organized with a presentation of the satellite
Ny-Alesund (79 N) report case studies of WV MR (water- and radiosounding data in Sect. 2, followed by a presentation
vapour mixing ratio) inversions at around 1.5km in the at- and a discussion of the results in Sect. 3. Finally, the main
mosphere. Treffeisen et al. (2007) provide statistics on 15-conclusions are outlined in Sect. 4.
years of humidity observations at the same site and present
seasonality in the humidity inversions. Using data from the
Arctic Ocean Experiment during summer 2001, Tjeriistr 2 Data
et al. (2004) report specific-humidity inversions also during
summer over the inner Arctic; data from the Arctic Summer 2.1 The AIRS dataset
Cloud Ocean Study (ASCOS) confirms this result although
summer moisture inversions are typically shallow. Sedlar etVe use the retrieval of water-vapour (WV) mass mixing ra-
al. (2011) also report frequent specific-humidity inversionstios (MRs) from Version 5 of the standard AIRS daily Level
associated with low-level cloud cover from both central and3 products (Olsen etal., 2007a, b, c). These data are the sum-
pan-Arctic observational sites during all seasons and hypothmary of the best Level 2 data, ensuring that the dependence
esize on the importance of these for cloud formation andon apriori information is minimized. These Level 3 data are
cloud geometric location. especially suitable for studying large-scale climatic features
An increase of water vapour with altitude implies a larger (Devasthale et al., 2010). The temperature and WV retrieval
downward component of the longwave radiation. Using pro-procedure makes use of roughly 2300 independent channels
files over a snow-covered glacier, Ohmura (2001) showedn the 3.7-15.4 pm spectral range, providing accurate esti-
that approximately 90 % of the downwelling longwave ra- mates of WV MRs. The accuracy of AIRS WV profiles is
diation to the surface is emitted from a layer no deeper thanl5 %/2 km.
1000 m above the surface. Higher water vapour aloft also im- A number of studies have validated the AIRS temperature
plies a potential down-gradient transport towards the surfac&nd WV retrievals, including over the high-latitude regions
where water vapour is colloidially unstable with respect to (cf. Divakarla et al., 2006; Fetzer et al., 2006; Gettelman et
snow- and sea-ice covered surfaces Curry (1983), thus corgl., 2006).
tributing to keep the lowest troposphere at a very high rel- We use data from both ascending (daytime) and descend-
ative humidity (Andreas et al., 2002; Persson et al., 2002;ng (nightime) passes of AIRS/Aqua for the eight-year period
Tjernstbm et al., 2004). Therefore it also contributes to the from June 2002 through May 2010. To investigate season-
climatologically high cloud cover in the Arctic and can be ality in the WV inversions, we examine winter (December
seen as a manifestation of meridional water-vapour transthrough February, DJF), spring (March through May, MAM),
port. In spite of its significance for the local meteorology, summer (June through August, JJA) and autumn (September
the characterization of water-vapour inversions in the Arc-through November, SON) seasons separately. This is a too
tic remains limited to only a few locations (Serreze et al., short time period for a climate dataset and will not capture
1995 a, b; Gerding et al., 2004, Tjerristn et al., 2004; Tre-  potential effects of decadal oscillations in the climate sys-
ffeisen et al., 2007). Satellite systems prior to 2002 were notem. Specifically, it does not cover different phases of the
capable of resolving the vertical structure of the Arctic atmo- main mode of variability in the Arctic, the Arctic Oscillation
sphere necessary for such studies although providing veryAO). The AO was predominantly in its positive phase during
useful information on the moisture budget (e.g. Groves andhe study period (2002—-2010).
Francis, 2002). With the launch of the Atmospheric Infrared We use WV MRs at 1000, 925, 850, 700, 600, 500, and
Sounder (AIRS) onboard NASAs Aqua satellite, the hyper- 400 hPa levels. For each profile, we examine the lowest level
spectral measurements from its hundreds of channels witior which a valid retrieval is reported in the data. Using
strong and localized sensitivities to different layers of the at-this level as a starting reference, we recursively search for
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an increase in WV MR in the overlying layers. If any of DJF
the layers above the reference level (up to 400 hPa) has ¢ 7'1';(;‘_;" T
higher MR, a WV inversion is considered to be present. It pusaad
is important to note here that the coarse vertical resolution |§
of the satellite data may miss weaker and/or shallower WV |?
inversions, that might be picked up by other sensors, suchf“%
as radiosoundings, and that this may bias the results in somegesz
seasons. d.
Using only those profiles that contain an inversion, we P
quantify the maximum inversion strength by taking the dif-
ference between the MR that has highest value and the MR
at the reference level. We also examine the pressure leve
at which the maximum WV MR occurs, defined as the top
of the WV inversion. The AIRS sensor cannot see through [

only clear-sky cases are analysed. We, therefore, first ex- &
amine the number of clear-sky observations and their spatial
variations to investigate if they introduce any sampling ar-
tifacts in the distributions of WV inversion frequency and
strength (Fig. 1). The spatial pattern of the number of clear- §
sky observations is different in different seasons mainly gov-
erned by the seasonality in the cloud fraction. The cloud frac- =
tion is at a minimum (maximum) in winter (summer) (Curry
et al.,, 1996; Devasthale et al., 2011; Shupe et al., 2011).

Therefore, the total numbers of clear-sky observations are ) fol v ob ) iable f vsis d
highest (lowest) during winter (summer). Fig. 1. Fraction of clear-sky observations available for analysis dur-

ing the 2002—2010 period. The small circle and trapezoid in ma-
genta colour denote the locations of Barrow station and SHEBA
area, respectively.

2.2 Radiosoundings

Radiosoundings released twice daily, and intermittently more

frequently, from the North Slope of Alaska (NSA) AtmO- o, amine only the inversion structure with the largest absolute
spheric Radiation Measurement (ARM) programmes stationy, R This tends to limit our analysis of WV inversions

at Barrow as ‘_Ne" as from_ the drifting Surface HEat Bud- to the lowest inversion layer since WV MR varies with the
g_et of the_ Arctic (SHEBA) ice camp are also analyzed. Ra"temperature and pressure. Thus, we are inherently focusing
diosoundings from the NSA ARM site are released from ;- anaiysis on the portion of the atmosphere that is most

71.3 N 156.6 W, and we examine profiles from January jyoqrtant for the downwelling radiative fluxes (e.g. Ohmura,
2003 to October 2009. The SHEBA ice camp drifted within 5451y e simply exclude the characteristics of additional
74.5 10 80.3N and 143 to 168W in the Beaufort and inversions within the profile when WV inversion statis-

Chukchi Seas approxmately_ a full year_startlng in Octoberyics are computed. Water-vapour inversion strength is defined
1997. The approximate locations for radiosonde releases args the inversion-layer maximum MR minus the inversion-

shown in Fig. 1 (top-left panel). Note that SHEBA occurred g0 (R | similar to the AIRS data analysis. See Fig. 2 for

ang befo're the A_IRS Sensorwas launched. There are 815 "3hversion base and inversion maximum definitions employed
diosounding profiles available from SHEBA and 3483 from ;. s study.

Barrow.

While these profiles lack spatial resolution, they provide
a significantly higher vertical resolution of thermodynamic 3 Results and discussions
properties than AIRS, at a temporal resolution similar to that
of AIRS/Aqua overpasses. Additionally, the WV MRs are 3.1 WV inversion statistics from AIRS
available regardless of sky conditions, increasing data quan-
tity relative to AIRS/Aqua clear-sky only observations ana- Before examining and analysing the data, it is useful to sum-
lyzed here. All radiosoundings are interpolated to a 100-mmarize some of the factors and their interactions that may
vertical grid, essentially filtering the higher-frequency vari- affect the WV inversion characteristics. Temperature inver-
ability while retaining the general larger-scale differential sions are one such factor that require special consideration.
vertical advection of WV. As shown in a typical WV MR The seasonality in temperature-inversion strength has strong
profile in Fig. 2, multiple WV inversions are common, so we influence on the vertical mixing and the degree of coupling
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10000 ‘ ‘ ‘ the relative magnitude differs from season-to-season. The
— WVMR two major transport pathways, from the North Atlantic and
9000 * WV inversion base| North Pacific oceans, are followed with transient moisture
* WV inversion max. flux being the prime driver for the observed seasonality in
8000t 1 the transport. The structure of the inversions, especially in
7000} winter, along with the often high relative humidity in the
boundary layer combined with the Clausius-Clapeyron rela-
— 6000} tionship contributes to the vertical structure of WV. In winter,
% the strong decoupling means that the transported WV often
5, 5000¢ peaks above the temperature-inversion layer, while WV MR
':‘IJ_:J 40001 decreases towards the surface due to the decreasing tempera-
ture (Curry, 1983). Such a separation is more weakly present
3000} in summer.
The third important aspect is the role of natural modes
2000+ of variability in controlling the Arctic atmosphere (Serreze
et al., 1995b; Groves and Francis, 2002; Oshima and Ya-
1000¢ mazaki, 2004; Jakobson and Vihma, 2010). For example,
0 ‘ ‘ ‘ it is shown that during positive phases of the Arctic Oscil-
0 05 1 15 2 25 lation, the moisture transport across’ RDis enhanced up

g/kg to six times during winter, compared to negative AO phase
(Groves and Francis, 2002). While the meridional transport
Fig. 2. Water-vapour mixing ratio profile from SHEBA on Of moisture associated with a positive AO may certainly be
18 April 1998 at 17:10 local time (line). Asterisks indicate the lo- larger at lower latitudes, the net flux into the Arctic across a
cation of WV inversion-structure base (blue), and maximum MR certain latitude band also implies a convergence within the
(red). For profiles with multiple WV inversions, like shown here, Arctic since the Earth, in a sense, “ends” at the pole.
only the inversion structure with the maximum absolute WV MR is  A|| of these aspects shape the vertical distribution of WV
examined and included in the statistics. over the Arctic and imply that the WV inversions would be
expected to be more frequent and stronger in winter than in
summer. This is indeed the case as displayed in Fig. 3, which
of the atmospheric boundary layer to the free troposphereshows the seasonal mean frequency of WV inversion occur-
In the Arctic, the atmospheric boundary layer is partly de-rence using data from both the ascending and descending
coupled from the free troposphere during large parts of theyasses. It is calculated by dividing the number of profiles
year. This decoupling is strongest during winter when solaryith a WV inversion detected by the total number of clear-
radiation is absent and strong surface inversions often forngky profiles. Clearly, the frequency of occurrence is high-
in cloud-free conditions, and weakest during summer, whenest during winter and lowest during summer. The other two
clouds are more frequent and solar radiation warms the sulseasons seem to be in transition between these two modes,
face (Kahl, 1990; Devasthale et al., 2010). The low-level at-pyt with higher frequency of occurrence in spring than in au-
mospheric stability changes not only with the season, but alsgumn. In winter, the mean frequency is higher than 50 % over
with the fraction of open water (Kay and Gettelman, 2009; the Arctic Ocean. Two other regions also show a high fre-
Kay et al., 2011) and with the presence or absence of clougyuency of occurrence; Siberia and the Canadian archipelago.
cover (Persson et al., 2002; Sedlar et al., 2010). The larggy winter, the strongly decoupled clear-sky boundary layer
annual variability in solar radiation causes a large annual cyH3s low WV MRs. Although the moisture is advected above
cle in the near-surface temperature. Since the near-surfagge boundary layer mostly via two major pathways, i.e. from
WV MR over snow and ice surfaces most often lies close toyja North Atlantic and Pacific Oceans, the distribution of wa-
its saturation value (e.g. Andreas et al., 2002) this implies ger vapour is rather homogeneous over the Arctic Ocean. De-
Iarge seasonal Var|ab|l|ty also in near-surface WV MR. Theposition of excess WV direcﬂy on the surface may also con-
absolute WV MR is thus at a minimum during winter and a tribute to the frequency of the WV inversions. Ice precipita-
maximum during summer. tion contributes further to make the boundary layer even drier
Another factor that influences WV inversions is the mois- in an absolute sense (e.g. Blanchet and Girard, 1995; Curry
ture transport to the Arctic from more southerly latitudes. A et al., 1996). Therefore, the conditions for WV inversions
number of studies have addressed this issue (Serreze et ahre more conducive in winter, consistent with our clear-sky
1995b; Groves and Francis, 2002; Oshima and Yamazakiclimatology.
2004; Graversen et al., 2010; Jakobson and Vihma, 2010). In summer, the frequency is less than 10%. Near-surface
The synthesis of the literature shows that moisture transtemperatures in summer are higher and the relative increase
port to the Arctic takes place during all seasons, althoughin depth and turbulent mixing of the boundary layer can
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Fig. 3. Seasonal mean frequency of occurrence of WV 'nvers'ons'seasonality

The data from 2002-2010 for both ascending and descending over-
passes are used for the analysis.

version frequency is very low in summer, only few profiles

are available to compute inversion-strength statistics. More-
over, since we analyzed only clear-sky profiles, the number
of available samples in summer months, when cloud frac-
tion is high, is reduced. Therefore, the distribution shown in

potentially increase the magnitude of WV MR over a poten-
tially deeper layer. Additional latent heating associated with
melting snow and ice at the surface also contributes to a rel
atlve_ mcreas? n Vt\:lv MR near tht_e srlrfacei. tAS n?ttehd in ttr‘eiFig. 4 in summer is very patchy. Nevertheless, the WV in-

previous section, the coarse vertical resolution of the Salelyq g5, strengths were generally largest during the summer

lite data may contribute to an underestimation of summer : ; :
X . . ) relative to the rest of the year. The spatial pattern in the other
WV-inversions if they are weaker and shallower. Still, the y b P

. . . . L seasons looks more robust. The winter season shows more
prevalence of moisture inversions even with the limitations

f th data indicates that this i feat .rgronounced inversion strengths compared to both spring and
ofthese data indicates that tis 1S a very common feature Iy v mn . In general, the areas with high inversion frequency
the Arctic atmosphere.

also show high inversion strength. Figure 5 shows the median
The areas around the Greenland, Iceland and Norwegiagressure level at which the maximum WV MR was observed
Seas have persistent cloud cover and also often have op&Br the inversion cases. The observed peaks in inversion-
ocean, increasing the potential for evaporation and increasegeak height are higher during winter half of the year (De-
moisture in the lower atmosphere. Both processes may corncember through May) at around 850 hPa over most of the
tribute to the lowest inversion frequency values in those re-arctic Ocean, Siberia and the Canadian Archipelago. These
spective regions (Fig. 3). Itis also to be noted that the phasgesults agree with the vertical locations of specific-humidity
of Arctic Oscillation was predominantly positive during the jnversions in Serreze et al. (1995). Towards the summer
study period (2002—-2010). This means that the moisture inmonths, the inversion-top height decreases. The maximum
flux in to the Arctic was enhanced during the winter, con- js around 925 hPa during most of the summer half of the year
tributing further to the favourable conditions for WV inver- (June through November) over the Arctic Ocean. Such sea-
sions. sonal behaviour is in a way expected. For example, the tem-
Figure 4 shows the median of maximum inversion strengthperature inversions are strong and tend to be geometrically
(ingkg™1) and its seasonality. The median values rather tharthicker during winter (Kahl, 1990). Consequently, the mois-
the arithmetic means are shown because of the non-normalre transport above this temperature inversion height will
distribution of WV inversion strength. Since the WV in- lead to vertically deeper WV inversions. In summer such

www.atmos-chem-phys.net/11/9813/2011/ Atmos. Chem. Phys., 11,9823-2011
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Fig. 6. The normalized histograms of pressure levels at which the
peak in WV inversion was observed over°TM0-9C° N, 180° W—
18C° E.
A powerful physical metric to evaluate model statistics

can be achieved by studying the co-variability of tempera-
ture and WV inversions over the Arctic. If a regional and/or

Fig. 5. Median pressure level at which peak in WV inversion 9lobal climate model captures the statistically accurate re-

was observed. 1-1000 hPa, 2-925 hPa, 3-850 hPa, 4-700 hPa, tationship between WV and temperature inversion strengths
600 hPa and above. and its seasonal behaviour, then the large-scale coupling be-

tween circulation, moisture transport, local meteorology and

radiation is also essentially represented well in such a model.
deep surface inversions occur much more seldom. Addition-g study this co-variability, we divided the Arctic (BR—
ally, cloud fraction is climatologically lowest in the Arctic 9o N, 180° W-18C E) into three large regions (180V—
during winter, and the interaction between clouds and radiago W, 60° W—60 E, and 60 E-180 E), which exhibit dif-
tion has been shown to be important for the boundary layekerent inversion frequencies and strengths. We analysed the
depth and vertical mixing potential (e.g. Sedlar and Tjern-joint histograms of WV and temperature inversions for dif-
strom, 2009; Sedlar et al.,, 2010). Thus, these clear-skyferent seasons using 8 years of AIRS profiles containing both
statistics may not capture the complete, all-sky thermody~temperature- and W\V-inversion structures (Fig. 7). A non-
namic structure of the Arctic atmosphere. The normalizedjinear relationship between inversion strengths is clearly seen
histograms of pressure levels at which the peak in WV in-jy )| seasons except during summer. The relationship is
version was observed north of 7 are shown in Fig. 6. most prominent during boreal winter, when a lack of mois-
In general most cases occur at or below 850 hPa with a disyre source at the surface together with (relatively) increased
tinct seasonality. In winter and spring roughly twice as manyater-vapour holding capacity within strong temperature in-
cases (55 and 65 %) occur at the 850 hPa level as at the lowgkrsions via the transient component of heat and moisture
925hPa level (24 and 35 %) while the opposite is the casgjyx into the Arctic supports such vertical structures. How-
for summer and autumn. The summer season has a parti(é\,er, during the summer months, a more well-mixed bound-
ularly clear signal with a large majority of all cases (82 %) ary |ayer does not permit this relationship. Among all three
at the lower 925 hPa height. Finally, note that the footprintsyegions in the Arctic, the region betweerf&80—6C° E shows
of the spatio-temporal variations in the number of clear-skyg distinctive secondary tail in the joint histograms reflecting
observations (Fig. 1) are not visible in the composites of WV the influence of a major gateway for the total moisture flux
inversion frequency, strength and height (Figs. 3-5). This in-intg the Arctic from the mid-latitudes and North Atlantic
dicates that the results are to a first order not contaminateghcean. The MAM and SON months seem to have transi-

by analyzing only the clear-sky conditions hinting at the ro- tional characteristics between winter and summer modes.
bustness of results shown here.
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Fig. 7. The joint histograms of temperature and WV inversion ¢, g sHEBA seasonal radiosounding RFDs (contours, %) of the

strengths for different seasons and for the entire Arctic (left-most, . ./ distribution (hPa) of the WV MR normalized by the profile

column) and for three distinct regions (F88—60° W, 60° W— maximum WV MR for(a) DJF, (b) MAM, (c) JJA and(d) SON.

60° E, and 60 E-180 E). The seasonal median normalized WV MR (magenta line) and the
median for all profiles (magenta dashed) are included.

3.2 WV inversion statistics from radiosoundings

DJF

To corroborate the results identified above, we examine the

WV inversion characteristics from SHEBA and Barrow ra- _

diosoundings. Figures 8 and 9 show the seasonal relative fre€ 7o

quency distribution (RFD, contours) of normalized WV MR

as function of pressure (hPa) for SHEBA and Barrow, respec-

tively. Normalized WV MR provides the vertical location

of largest absolute magnitude (WV MR/WV MRmax=1) of 1000

WV MR within a profile. Here, this is used as a proxy for O ik wiie % O O OB wiiie % 10

large-scale WV inversions. Consistent with the AIRS results,

the maximum WV MRs tend to be found at higher altitude

during winter and spring (Figs. 8, 9a—b), compared to sum-

mer and autumn (Figs. 8, 9c—d) for both locations. In win-

ter, maximum WV MRs are generally found between 800

to 900 hPa. During spring, the maxima are also frequently

found within this pressure range for SHEBA, but are slightly

lower at Barrow. During summer and autumn, the increased

mixing and boundary-layer depth result in the maximum WV YRR AT YR YR

MR to be found closer to the surface and slightly more well- WVMR VMR WVMR VMR

mixed over a deeper layer for SHEBA (Fig. 8c—d). The dif-

ferences in maximum WV MR during summer and autumn Fig. 9. Same as in Fig. 8, but for Barrow radiosoundings from Jan-

between SHEBA and Barrow may be a result of the air-masg&/ary 2003 to October 2009.

origin, e.g. from open ocean, sea-ice covered ocean, or con-

tinental origin, and how the local vertical mixing is affected

by the surface type (sea ice or land). Median profiles of nor-

malized WV MR further confirm the seasonal differences in - L

W\-inversion structure. The radiosounding WV inversion were very similar to the all-sky statistics and are therefore
. - not shown.

statisitics are presented for all-sky conditions and thus may

be impacted by cloud cover. We examined the clear-sky

Pressure [hPa]

Pressure

X

Pressure [hPa]
Pressure [hPa]

900

1000

only conditions, determined by ground-based radar and li-
dar instruments at both Barrow and SHEBA, and the results
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. — En most frequent. Again, this range of inversion strength agrees
200 Ry with median statistics from AIRS data. Slightly broader
150 ——son peaks are observed during both winter and spring for SHEBA

and Barrow, which suggests that stronger inversions occur
more frequently. The long, positive tails of the RFDs emerge
A E e 50 Yo onomie ‘oot ic e mainly from stronger inversions during summer (Fig. 10e—f,
- ofslervaparinversens W inversion max pressure [1Pa] v nversion svengh 9 gl red lines). This increases confidence that the increased in-
version strength observed by AIRS during summer may be
a common feature of the summertime thermodynamics and
not an artifact of data reduction.

Since the radiosounding profiles are analyzed regardless
of cloudiness, it is possible that cloud processing may impact
omiSEE— NS | the presence and/or strength of WV inversions. Considering
W inversion max pressure [hPe] WV inversionsrength /] the relatively low magnitudes of cloud liquid- and ice-water
content observed for Arctic clouds (Shupe et al., 2001, 2008;
Sedlar et al., 2010), we argue that the cloud detrainment
of liquid and ice water alone cannot explain the inversion
taining the largest absolute WV MRe—f) The inversion strength strengths ob;erved by the radlosoundlngg. Instead, Iarge-
(gkg™1) of the inversion structure containing the largest absoluteScale a‘?'VeC“‘?” of WV appears to be the primary mechanism
WV MR. SHEBA statistics are on the top row while Barrow's are for the inversion structures. However, Sedlar et al. (2011)
on the lower row. and Solomon et al. (2011) find that the presence of WV in-

versions, particularly when coinciding with temperature in-
versions, are an important mechanism for cloud formation

Figure 10 shows the total and seasonal RFDs for the numand lifetime in the Arctic.
ber of WV inversions for SHEBA (Fig. 10a) and Barrow
(Fig. 10b) profiles. Water-vapour inversions are a frequent3.3 WYV inversion contributions to total column water
phenomenon and occur in nearly all profiles. Up to 8 indi-
vidual inversion layers are identified, thus the coarse verticall he vertical location and absolute strength of inversions may
resolution of retrieved WV MRs from AIRS will miss a num- Play an important role in radiative and cloud-formation pro-
ber of these vertical features. In the Beaufort Sea region of€sses in the lower atmosphere. Atmospheric precipitable
the Arctic, 2 to 4 WV inversions occur most frequently. water (PW) is the total amount of condensed water vapour

The RFDs of pressure level of the maximum WV MR along a verticgl path. Zhgng et al. (2001) h_ave shown that
within the inversion layer are shown in Fig. 10c—d. To t_he a_tmosph_erlc downwelling longwave qu>_< increases loga-
reiterate, only characteristics from the WV inversion with rithmically with PW and show a robust relationship between
the maximum WV MR are included in Fig. 10c—f statistics. SNOW melt and total PW. Here we estimate the importance of
These histograms show the maximum WV MR occurs gen-WV invgrsions to the toFaI column PW (in cm), calculated by
erally between 800 to 1000 hPa, in broad agreement with théhtegrating the WV vertically by:

Num. of occurrences
Num. of occurrences

b [ T d
DIF DIF

MAM 600 MAM

WA — A

—SON ——SoN

Num. of occurrences
Num. of occurrences
Num. of occurrences

N
=1
3

0
0123456789
Num. of water vapor inversions

Fig. 10. The total (bars) and seasonal (lines) RFD$as) the to-
tal number of WV inversions identifiedc—d) The vertical pressure
level (hPa) of the maximum WV MR for the inversion structure con-

AIRS Arctic-wide inversion maxima levels and Figs. 8-9. 22
The maximum WV MRs are observed at lower pressuresPW= pa- wy-dz (1)
(higher) during winter and spring at SHEBA, while at Bar- “

row the pressures were lower only during spring. However,wherez is height level o, is the air density and, the WV
although the seasonal differences agree well with the AIRSMR. For total PW, we integrate Eq. (1) from the surface to
data, the level of maximum WV MR is generally lower inthe 10km above the surface. The PW estimate is not a true
soundings than in the satellite data. It is not possible to saycolumn-integrated value from a single spatial location. How-
if this indicates a systematic difference or is due to the factever, we make a general assumption to justify this approach.
that the soundings have an increased vertical resolution. Dufirst, we assume that the majority of total PW is found in
to the coarse vertical resolution of the satellite data, it is posthe lower atmosphere where temperatures are higher. We
sible that stronger inversions are missed between the 100then assume that the time scale is shorter for the radiosound-
to 925hPa levels, but are captured by the radiosoundingsng to ascend past approximately the 800 hPa level, where
In terms of a generic climatology, the median inversion basethe majority of inversions are found, than the time scale for
and top pressures (heights) for SHEBA were 982 hPa (200 m)hermodynamic changes through large-scale advection. Thus
and 888 hPa (1000 m) and for Barrow 941 hPa (600 m) ancbur measure of total PW is assumed to be representative of
859 hPa (1300 m), respectively. the lower Arctic atmosphere, where also the majority of WV
In general, WV inversion strengths are positively skewedMR maxima are observed (Figs. 8-10). Analysis of the in-
(Fig. 10e-f), although strengths ranging 0.2—-0.5gkgre  tegrated total PW shows good agreement with independent
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4 Conclusions

The Arctic atmosphere is unique in many ways and is the
result of several geophysical variables interacting with each
other in a complex manner. The need for an accurate char-
acterization of the vertical structure of the Arctic is increas-
ingly relevant as such information is extremely useful in cli-
mate change and attribution studies, as well as for the climate
modelling community to improve projections of the future
climate over this susceptible region. Among the dominant
features of the Arctic atmosphere, the one that is understud-
ied so far is the water-vapour vertical structure and inversions
in its vertical distribution. Using eight years of data from
June 2002 till May 2010 from the AIRS instrument, we quan-
tified the characteristics of clear-sky water-vapour inversions
in terms of frequency of occurrence, strength and height cov-
ering the entire Arctic. We also discussed the seasonality
in these characteristics. We complemented the spatial char-
acteristics observed by satellite with enhanced vertical reso-
lution, all-sky characteristics observed from radiosoundings
released from two Arctic sites.

surface-based microwave radiometers at both Barrow and We found that:

SHEBA sites in terms of absolute magnitudes and the sea-

sonal cycle (not shown). Additionally, we calculate the par-
tial PW for the maximum WYV inversion layers by integrating
Eqg. (1) from each WV inversion base to top (level of maxi-
mum WV MR).

In Fig. 11, the integrated partial PW across the inversion
is normalized by the total PW. This ratio is shown as a func-
tion of the total PW. Comparing the contribution of the max-
imum WYV inversion to the total PW, we find two apparent
regimes. For relatively low values of total PW, the inver-
sion often contributes up to 40 % of the total column PW and
reaches above 50 % for some cases. When the total PW i
relatively large, the inversion contribution is lower and often

less than 15% of the total. The L-shaped relationship be-

tween PW from inversions and total PW suggests that WV
inversions can have a potentially significant impact on the

a. The frequency of occurrence of WV inversions is high-
est during winter and lowest during summer. The other
two seasons seem to be the transition between these two
modes. In winter, the frequency is much higher than
50 % for cloud-free conditions over the Arctic Ocean
on average. The other two regions that also show high
frequency of occurrence are Siberia and the Canadian
archipelago. In summer, the corresponding frequency
is less than 10 %, however these frequencies may be bi-
ased low by the vertical resolution of satellite profiles

Sbh. Radiosounding profiles indicate that water-vapour in-
versions are almost always present, and the occurrence
of no inversions occurred primarily during the autumn
at Barrow. Multiple inversions are much more common

than single-inversion layers.

longwave radiative characteristics of the atmosphere. This

is especially true during the winter and spring seasons when c.
temperatures are generally colder relative to summer and au-

tumn considering the dependence of WV MR on tempera-

ture and pressure. Under cloud-free conditions, the enhanced

WYV advection associated with the inversion may impact the
atmospheric emissivity. Potentially, the emissivity changes
could lead to sufficient longwave radiative cooling and dia-
batically introduce thermodynamic stability changes or lead
to condensation and cloud formation (Curry, 1983), provided
cloud condensation or ice nuclei particles are present and th
large-scale meteorology supports cloud formation.

www.atmos-chem-phys.net/11/9813/2011/

The winter and spring seasons show pronounced inver-
sion strength in locations where inversion occurrence

was most frequent. Summer inversion strengths were
found to be largest, although they are least frequent.

The radiosoundings also suggests that the strongest in-
version strengths tend to be found during summer when
temperatures are the highest, however the inversion
strengths were most often between 0.2—0.5g'kipr

all seasons.

€d. The observed peaks in the median inversion-layer
heights are higher during the winter half-year at around
850 hPa over most of the Arctic Ocean, Siberia and the
Canadian Archipelago. In most of the summer half-

year they are lower, at around 925 hPa over the Arctic
Ocean. Radiosounding inversion structures agree with

these seasonal vertical distributions.

Atmos. Chem. Phys., 11, 98232011



9822 A. Devasthale et al.: Characteristics of water-vapour inversions

e. The lack of clear correlation between the spatio- References
temporal variations in the number of clear-sky obser-

and strength, lends credibility to the results. T.W., Moritz R. E., and Semmer, S. R.: Near-surface water vapor

over polar sea ice is always near ice saturation, J. Geophys. Res.,
f. The contribution of the maximum WV inversion to the 107, 8033d0i:10.1029/2000JC000412002.
dent on the background thermodynamics. When totalB 371'838§ Fl’p" 1935'}( tsov V. M.. Allan. R. P.. Bretherton. C. S
- . . 5 . Bony, S, Colman, R., Kattsov, V. M., Allan, R. P., Bretherton, C. S.,
precllpltable Water. is relatively low, the water vapqur n Dufresne, J.-L., Hall, A., Hallegatte, S., Holland, M. M., Ingram,
version can contribute by up to 40 %, and occasionally

hiah £ th [ col | Wh | . W., Randall, D. A., Soden, D. J., Tselioudis, G., and Webb, M.
igher, of the total column value. en total precip- J.: How Well Do We Understand and Evaluate Climate Change

itable water is relatively high, the maximum inversion  peedback Processes?, J. Climate, 19, 3445-3482. 2006.

structure contributes generally less than 15%. Therecuyrry, J. A.: On the Formation of Continental Polar Air, J. Atmos.

fore the impact of WV inversions on the radiative char-  Sci., 40, 2278-2292, 1983.

acteristics of the atmosphere is largest during the winterCurry, J. A., Schramm, J. L., Serreze, M. C., and Abert, E. E.: Water

and spring seasons, which are the seasons when cloud vapor feedback over the Arctic Ocean, J. Geophys. Res., 100,

fraction is generally lowest (e.g. Curry et al., 1996). 14223-229, 1995.

Curry, J. A., Rossow, W. B., Randall D., and Schramm, J. L.

g. In order to establish a powerful physical constraint Overview of Arctic Cloud and Radiation Characteristics, J. Cli-

to evaluate model statistics, we investigated of co- mate, 9,1731-1764, 1996.

variability of temperature and WV inversion strength Devasthale, A., Wign, U., Karlsson, K.-G., and Jones, C. G.:

over the Arctic. We find a clear non-linear relationship ~ Quantifying the clear-sky temperature inversion frequency and

between the inversion strengths in all seasons except strength over the Argtlc Ocean during summer and winter sea-

during the JJA months. The relationship is most promi- Zoﬂigrgg:\/ms pigofsllggéﬂétgwos.lghem. Phys., 10, 5565-5572,

nent during boreal winter. The MAM and SON months . "> acp-10-5565-2012010.

h . lch istics b . Devasthale, A., Tjerngim, M., Karlsson, K.-G., Thomas, M. A,,
seem to have transitional characteristics between winter Jones, C., Sedlar, J., and Omar, A. H.: The vertical distribution

and summer modes. Global and regional climate mod- ot thin features over the Arctic analysed from CALIPSO obser-
els should be able to reproduce similar features in or-  yations. Part I: Optically thin clouds, Tellus B, 63, 77-85, 2011.
der to test the fidelity of statistics derived from them. Divakarla, M. G., Barnet, C. D., Goldberg, M. D., McMillin, L. M.,
Given the complex nature and various aspects that shape Maddy, E., Wolf, W., Zhou, L., and Liu, X.: Validation of Atmo-
WV inversions, it is a good metric to test the models.  spheric Infrared Sounder temperature and water vapor retrievals
An accurate statistical representation of WV inversions with matched radiosonde measurements and forecasts, J. Geo-
in models would mean that the large-scale coupling of  Phys. Res., 111, D09S186i:10.1029/2005JD006118006.

moisture transport, the temperature and Water-vapouFetzer' E. J.: Preface to special section: Validation of Atmospheric
vertical structure and radiation is also essentially cap- Infrared Sounder Observations, J. Geophys. Res., 111, D09S01,

. . doi:10.1029/2005JD007022006.
tured well in such models. In such an evaluation, how- . ; ] .
. . Gerding, M., Ritter, C., Mueller, M., and Nueber, R.: Tropospheric
ever, ,'t IS |n?por_tant to fll_ter the model data through the water vapour soundings by lidar at high Arctic latitudes, Atmos.
satellite weighting functions in order to get a compara-  Res. 71, 289-302, 2004.
ble result. Gettelman, A., Walden, V. P., Miloshevich, L. M., Roth, W. L., and
Halter, B.: Relative humidity over Antarctica from radiosondes,
satellites, and a general circulation model, J. Geophys. Res., 111,
Acknowledgementsie would like to acknowledge the AIRS D09S13,d0i:10.1029/2005JD006638006.
Science Team and NASAs GES DISC for their efforts in making Graversen, R. G., Mauritsen, T., Drijfhout, S., Tjerdstr M.,
AIRS data freely available for research. In-situ data used in this and Martensson, S.: Warm winds from the Pacific caused ex-
study were provided by the Department of Energy’s Atmospheric tensive Arctic sea-ice melt in summer 2007, Clim. Dynam.,
Radiation Measurement Program, the NOAA Earth System Re- doi:10.1007/s00382-010-08092010.
search Laboratory and the SHEBA Project Office at the UniversityGroves, D. G. and Francis, J. A.: Variability of the Arctic atmo-
of Washington, This work was supported by the Swedish National spheric moisture budget from TOVS satellite data, J. Geophys.

Space Board. Res., 107, 4785-4800, 2002.
Jakobson, E. and Vihma, T.: Atmospheric moisture budget in the
Edited by: T. Garrett Arctic based on the ERA-40 reanalysis, Int. J. Climatol., 30,

2175-2194, 2010.

Kahl, J. D.: Characteristics of the Low-Level Temperature Inversion
Along the Alaskan Arctic Coast, Int. J. Climatol., 10, 537-548,
1990.

Kay, J. E. and Gettelman, A.: Cloud influence on and response to
seasonal Arctic sea ice loss, J. Geophys. Res. Atmos., D18204,

Atmos. Chem. Phys., 11, 9819823 2011 www.atmos-chem-phys.net/11/9813/2011/


http://dx.doi.org/10.1029/2000JC000411
http://dx.doi.org/10.5194/acp-10-5565-2010
http://dx.doi.org/10.1029/2005JD006116
http://dx.doi.org/10.1029/2005JD007020
http://dx.doi.org/10.1029/2005JD006636
http://dx.doi.org/10.1007/s00382-010-0809-z

A. Devasthale et al.: Characteristics of water-vapour inversions 9823

do0i:10.1029/2009JD011773009. Sedlar, J., Tjernsdm, M., Maurtisten, T., Shupe, M. D., Brooks, I.

Kay, J. E., LEcuyer, T., Gettelman, A., Stephens, G., and O'Dell, M., Persson, P. O. G., Birch, C. E., Leck, C., Sirevaag A., and
C.: The contribution of cloud and radiation anomalies to the 2007  Nicolaus, M.: A transitioning Arctic surface energy budget: the
Arctic sea ice extent minimum, Geophys. Res. Lett., 35, L08503, impacts of solar zenith angle, surface albedo and cloud radiative
doi:10.1029/2008GL033452008. forcing, Clim. Dynam.doi:10.1007/s00382-010-0937-2010.

Kay, J. E., Raeder, K., Gettelman, A., and Anderson, J.: The boundSedlar, J., Shupe, M. D., and Tjerristr, M.: On the relationship
ary layer response to recent Arctic sea ice loss and implications between thermodynamic structure and cloud top, and its climate
for high-latitude climate feedbacks, J. Climate, 24, 428-447, significance in the Arctic, J. Climate, submitted, 2011.

doi:10.1175/2010JCLI3651,.2011. Serreze, M. C., Barry, R. G., and Walsh, J. E.: Atmospheric water
Ohmura, A.: Physical Basis for the Temperature-Based Melt-Index vaor characteristics at 70, J. Climate, 8, 719-731, 1995a.
Method, J. Appl. Meteorol., 40, 753-761, 2001. Serreze, M. C., Rehder, M. C., Barry, R. G., Kahl, J. D., and Za-

Olsen, E. T., Susskind, J., Blaisdell, J., and Rosenkranz, P.: itseva, N. A.: The distribution and transport of atmospheric wa-
AIRS/AMSU/HSB Version 5 Level 2 Quality Control and Error ter vapour over the Arctic basin, Int. J. Climatol., 15, 709-727,
Estimation, JPL, Pasadena, USA, 15 pp., 2007a. 1995bh.

Olsen, E. T., Granger, S., Manning, E., and Blaisdell, J.: Shupe, M. D., Uttal, T., Matrosov, S. Y., and Frisch, A. S.: Cloud
AIRS/AMSU/HSB Version 5 Level 3 Quick Start, JPL, water contents and hydrometeor sizes during the FIRE Arctic
Pasadena, USA, 25 pp., 2007h. Clouds Experiment, J. Geophys. Res., 106, 15015-15028, 2001.

Olsen, E. T., Fishbein, E., Hearty, T., Lee, S.-Y., Irion, F. W., Kahn, Shupe, M. D., Kollias, P., Persson, P. O. G., and McFarquhar, G.
B., Manning, E., Blaisdell, J., Susskind, J., Iredell, L., Barnet, M.: Vertical Motions in Arctic Mixed-Phase Stratiform Clouds,
C., Maddy, E., Rosenkranz, P., McMillan, W. W., DeSouza- J. Atmos. Sci., 65, 1304-1322, 2008.

Machado, S., and Knuteson, R.: AIRS Version 5 release Level 2
standard product quick start, JPL, Pasadena, USA, 67 pp., 2007&hupe, M. D., Walden, V. P., Eloranta, E., Uttal, T., Campbell, J.

Oshima, K. and Yamazaki, K.: Seasonal variation of moisture trans- R., Starkweather, S. M., and Shiobara, M.: Clouds at Arctic at-
port in polar regions and the relation with annular modes, Polar mospheric observatories, Part I: Occurrenc and macrophysical
Meteorol. Glaciol., 18, 30-53, 2004. properties, J. Appl. Meteor. Clim., 50, 626-644, 2011.

Pavelsky, T. M., Bé, J., A, Hall, and Fetzer, E. J.: Atmospheric Solomon, A., Shupe, M. D., Persson, P. O. G., and Morrison,
inversion strength over polar oceans in winter regulated by sea H.: Moisture and dynamical interactions maintaining decoupled
ice, Clim. Dynam., 36, 945-9580i:10.1007/s00382-010-0756- Arctic mixed-phase stratocumulus in the presence of a humid-
8, 2010. ity inversion, Atmos. Chem. Phys. Discuss., 11, 13469-13524,

Persson, P. O. G., Fairall, C. W., Andreas, E. L., Guest P. S., doi:10.5194/acpd-11-13469-2012011.
and Perovich, D. K.: Measurements near the AtmosphericTjernstbm, M., Leck, C., Persson, P. O. G., Jensen, M. L., Oncley,
Surface Flux Group tower at SHEBA, Near-surface condi- S. P, and Targino, A.: The summertime Arctic atmosphere, B.
tions and surface energy budget, J. Geophys. Res., 107, 8045, Am. Meteorol. Soc., 1305-1321, 2004.
doi:10.1029/2000JC000703002. Treffeisen, R., Krejci, R., Sém, J., Engvall, A. C., Herber, A., and

Schmidt, G. A., Ruedy, R. A., Miller, R. L., and Lacis, A. A.: At- Thomason, L.: Humidity observations in the Arctic troposphere
tribution of the present-day total greenhouse effect, J. Geophys. over Ny-;&lesund, Svalbard based on 15 years of radiosonde data,
Res., 115, D2010&j0i:10.1029/2010JD014282010. Atmos. Chem. Phys., 7, 2721-2739i:10.5194/acp-7-2721-

Sedlar, J. and Tjerngim, M.: Stratiform Cloud-Inversion Charac- 2007, 2007.
terization During the Arctic Melt Season, Boundary-Lay. Mete-
orol., 132, 455-474]0i:10.1007/s10546-009-9407-2009.

www.atmos-chem-phys.net/11/9813/2011/ Atmos. Chem. Phys., 11,9823-2011


http://dx.doi.org/10.1029/2009JD011773
http://dx.doi.org/10.1029/2008GL033451
http://dx.doi.org/10.1175/2010JCLI3651.1
http://dx.doi.org/10.1007/s00382-010-0756-8
http://dx.doi.org/10.1007/s00382-010-0756-8
http://dx.doi.org/10.1029/2000JC000705
http://dx.doi.org/10.1029/2010JD014287
http://dx.doi.org/10.1007/s10546-009-9407-1
http://dx.doi.org/10.1007/s00382-010-0937-5
http://dx.doi.org/10.5194/acpd-11-13469-2011
http://dx.doi.org/10.5194/acp-7-2721-2007
http://dx.doi.org/10.5194/acp-7-2721-2007

