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Warm and moist air intrusion

In this study, warm and moist air intrusions (WaMAI) over the sea sectors of Kara, Laptev, East Siberian and
Beaufort from 1979 to 2018 are identified in ERAS5 reanalysis and their air-mass transformation is analysed using
interpolation in ERAS and satellite products along trajectories. The analysis shows that WaMAIs, driven by
blocking high-pressure systems over the respective ocean sectors, induce surface warming (11-18 W m 2) and
sea ice melt from positive anomalies of net longwave radiation (5-8 W m 2) and twrbulent flux (8-13 W m 2) to
the surface, although the anomaly of net shortwave radiation (=9 ~ +1 W m ?) is negative. From a Lagrangian
perspective, the surface energy-budget anomaly decreases linearly, while total column cloud liquid water
(TCLW) increases linearly with the downstream distance from the sea-ice edge. However, the cloud radiative
effects of both longwave and shortwave radiation reach an equilibrium as TCLW increases in a much lower rate
beyond 7 degrees north of the sea ice edge. The boundary-layer energy-budget pattern can be categorized into
two classes: radiation-dominated and turbulence-dominated, comprised of 26% and 62% WaMAIs respectively.
Statistically, turbulence-dominated cases occur with 3 times stronger large-scale subsidence, and also feature a
larger anomaly in net shortwave radiation. In radiation-dominated WaMAIs, stratocumulus develops more
strongly and hence exerts larger longwave and shortwave forcing to the surface. In both categories, a well-mixed
boundary layer deepens by 500 m along the trajectories, from the continuous turbulent mixing.

Trajectories

1. Introduction contributing to Arctic amplification are understood, their relative

importance and interactions are poorly known (Vihma et al., 2014).

Arctic near-surface temperatures have increased more than twice as
fast as the global average in recent decades (Cohen et al., 2014; Francis
and Vavrus, 2012; Graversen et al., 2008). This phenomenon, known as
Arctic amplification (AA; Serreze and Francis, 2006), has contributed to
dramatic melting of Arctic sea ice (Simmonds, 2015), rapid decline of
spring snow cover (Derksen and Brown, 2012), thawing of permafrost
(Lawrence et al., 2008) and continued retreat of Greenland’s ice sheet
(Tedesco et al., 2013). Although many of the individual processes

Several previous studies suggested that warm-and-moist-air in-
trusions (WaMAI) into the Arctic from southerly latitudes significantly
contribute to AA (Woods and Caballero, 2016; Johansson et al., 2017;
Liu et al., 2018; Messori et al., 2018; Naakka et al., 2019). Woods et al.
(2013) found that the positive trend in number of WaMAIs episodes can
statistically explain a substantial part of the surface-air temperature and
sea-ice concentration trends in the Barents Sea (Woods and Caballero,
2016). Kapsch et al. (2013, 2016) linked additional incoming longwave
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Fig. 1. Locations of four sea sectors discussed in this paper, the Kara, Laptev,
East Siberian and Beaufort Sea sectors. Black line is the mean September sea-ice
edge of 1979~ 2018 and red line is the mean September sea-ice edge in 2012
when the minimum sea-ice cover was recorded.

surface radiation to an earlier sea-ice melt onset and hence a lower
September ice extent. Climatologically, cloudiness increased by 30%
during Arctic warm-air intrusions and hence additional radiative heat-
ing (up to 0.15 K/d) was exerted on the atmosphere (Johansson et al.,
2017).

Most previous studies focus on winter WaMAls, although we have
the least observational evidence in winter. With no or little solar
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radiation in winter, the analysis of cloud effects on radiative transfer
during WaMAIs is simplified. Summer WaMAIs, however, have another
particular feature of interest. As soon as the surface melt has started and
as long as an appreciable amount of ice or snow is left on the surface, the
surface temperature is prohibited from rising above the melting point by
the latent heat of the phase change, regardless of the air temperature
aloft. This creates a special surface-boundary condition for air-mass
transformation that exists only in summer. At the same time, the
competing effects from cloud formation, with attenuation of solar ra-
diation and enhanced longwave radiation at the surface, complicates the
analysis (e.g. Tjernstrom et al., 2019a).

Most studies were conducted from an Eulerian perspective,
retrieving composite mean of WaMAISs properties (Liu et al., 2018), or
calculating regressions between different metrics (Gong and Luo, 2017).
Based on observations of a particularly strong summer WaMAI event,
Tjernstrom et al., 2015, 2019b argued the need to understand the
physical processes that leads to the warming effect of summer WaMAIs,
and hence to study the air mass transformation linking summer WaMAIs
to Arctic warming and sea-ice decrease. Both Pithan et al. (2018) and
Komatsu et al. (2018) suggested a Lagrangian approach on WaMAI
research. You et al. (2020) designed a method where trajectories are
used in combination with satellite observations and reanalysis to
analyze WMALISs in a Lagrangian perspective and also tested this method
on the event described in Tjernstrom et al. (2015). Here we will extend
this to build a climatology of effects by summer WaMAISs, in terms of the
boundary-layer structure and the energy-budgets for both atmospheric
boundary layer and the sea ice surface.

2. Method
2.1. Data

The detection and Eulerian analysis of WaMAIs is primarily based on
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Fig. 2. Contours of the correlation between local f,, and SIC anomalies (multiplied by —1) for the summer month (JJA) in (a) Kara, (b) Laptev, (c) East Siberian and
(d) Beaufort Sea. The stippling indicates statistical significance at the p < 0.05 level for the Student’s t-test. Red line is the latitude of 75°N where the trajectories

are launched.
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data from the European Centre for Medium-Range Weather Forecast
(ECMWF) latest reanalysis, ERAS (Hersbach et al., 2020) over the period
of June-August from 1979 to 2018, with a 6-hourly temporal resolution
and a 0.75  horizontal resolution. This include the vertically integrated
northward water vapor flux (fy,), sea ice concentration (SIC), 500-hPa
geopotential height (GHsgo), 2 m air temperature (Typ), 850-hPa tem-
perature (Tgsp), and total column cloud liquid water (TCLW).

We also use such satellite products as surface radiation flux extracted
from the Synoptic TOA and surface fluxes and clouds (SYN), 3-hourly
level 3 product (Rutan et al., 2015) from the Clouds and the Earth’s
Radiant Energy System (CERES) satellite. It is on a 1~ x 1" resolution
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grid and cover the period over the period of June-August from 2000 to
2018. Surface temperature (Ts) that comes from the Standard Atmo-
spheric Infrared Sounder (AIRS) version 6, level 3 daily pan-Arctic sat-
ellite product (Chahine et al., 2006; Devasthale et al., 2016; Susskind
et al., 2014) is also utilized. Itisona 1  x 1" resolution grid and cover
the period of June-August from 2003 to 2018. Moreover, we also use
satellite-observed daily sea ice concentration (SIC) from the National
Snow and Ice Data Center (NSIDC).

For the Lagrangian analysis of WaMAIs, we use the same datasets but
at a higher temporal resolution. This includes 1-hourly surface net solar
irradiance (Fy,) and surface net thermal irradiance (F,) from both ERAS
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Fig. 4. Composite ERA5 anomalies of (a) 500-hPa GH (10 gpm), (b) 850-hPa temperature (K), (c) northward water-vapor flux (kgm *s 1), total column cloud liquid

water (g m ), for all EMIs during 1979- 2018 summers.
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Fig. 5. Composite ERA5 anomalies of (a) total surface energy (W m 2), (b) sea ice concentration (%), (c) surface thermal net radiative flux (W m  2), (d) surface net
solar radiative flux (W m 2), (e) surface sensible heat flux (W m 2) and (f) surface latent heat flux (W m 2) for all EMIs during 1979~ 2018 summer.

and SYN. It also includes surface sensible heat flux (Fg,) and surface
latent heat flux (Fp) from ERAS, as well as 1-hourly temperature ten-
dencies due to different model physics at model levels from ERAS5.
Relying on reanalysis especially for the energy budget terms in-
troduces uncertainty. Mean variables are constrained in reanalysis by
assimilating observations in the data assimilation. However, in-situ
observations over the central Arctic Ocean are sparse, except for dur-
ing some field campaigns and polar orbiting satellites are plentiful due
to the geometry of satellite orbits (Tjernstrom et al., 2019a). In a sys-
tematic study of observation impact on analysis and forecasting, Law-
rence et al. (2019) concluded that both in-situ and satellites are
important, with a slight additional weight to satellite observations in
summer and in-situ conventional observations in winter. The latter is
presumably because of the loss of all visible wavelengths in passive

remote sensing in winter.

Several limited evaluations of different reanalysis (e.g. De Boer et al.,
2014; Graham et al., 2019a, 2019b; Jakobson et al., 2012; Wesslén et al.,
2014) or of related models (Sotiropoulou et al., 2016; Tjernstrom et al.,
2020) show that they all suffer from systematic errors, especially for
parameters that have roots in the model’s sub-grid parameterizations.
Moreover, these errors are typically seasonally dependent. However, it is
not possible to climatologically analyze air mass transformation on en-
ergy budgets or clouds along a trajectory with any other ways than using
reanalysis.

The strength of reanalysis is that it combines observed states with an
internally consistent numerical model. If there are errors, and there is,
they are errors in individual processes, and there likely is, they at least
compensating. In this study we alleviate the uncertainty in two ways;
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Fig. 6. Anomalies of (a) 500-hPa geopotential height (gpm), (b) 850-hPa temperature (K), (¢) Fioza, (d) SIC, (€) Fy,, (f) Fyy,, () Fup, and (h) Fy, from linear regressions
against daily fw time series in the Laptev Sea. The stippling indicates statistical significance at the p < 0.05 level from a Student’s t-test.
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Table 1
Regional averaged Fip, Fin, Fo, Fi, and Fooeq in Kara, Laptev, East Siberian and
Beaufort Sea sector. The unit is W m 2 for all variables.

Sea sector Kara Laptev East Siberian Beaufort
Fg 7.47+£5.6 7.12+6.0 5.26£5.6 4.5245.2
Fn 6.14+5.3 4.15+6.0 4.94+5.6 4.04+6.2
Foo —9.57+35.0 ~2.10+33.7 1.46+45.0 —4.79+32.4
Fuy 8.66+9.4 5.75+8.5 6.51+7.4 7.65£6.9
Frotal 12.7431.5 14.92+31.4 18.17+41.0 11.42+29.5

first, by averaging over a large number of cases and second by consid-
ering anomalies rather than actual mean values. Avoiding single case
reduces random errors, while considering anomalies reduces systematic
errors. Additionally, we also compare reanalysis results with corre-
sponding satellite products.

2.2. WaMAI detection

We use fy, to detect WaMAIs, over the sea sectors of Kara, Laptev,
East Siberian and Beaufort separately (Fig. 1). Other important sectors,
like the Barents and Chukchi Seas, are omitted. In the Barents Sea, it is
almost ice free in summer, while in the Chukchi Sea, we find that the
variation of the sea ice is significantly related statistically to WaMAIs
over the East Siberian Sea.

Fig. 2 shows the local regression between the summer (JJA) anom-
alies of f,, and SIC (multiplied by —1) for the Kara, Laptev, East Siberian
and Beaufort Seas. For all these basins we see that large fi, is associated
with a strong SIC decrease. Locations where a Student’s t-test indicate
significance >95% are considered sensitive regions. The average f,; over
each sensitive region, f,,, is approximately normally distributed; as an
example, we show the probability distribution of f,, for the Laptev Sea in
Fig. 3a. Here the cases when f,, > 0 and a maximum larger than the 95-
percentile are considered WaMAIs. Portions of a WaMAI larger than the
95-percentile are considered extreme intrusions, EMIs (Fig. 3b).

Two days forward and backward trajectories are calculated for each
WaMAI event in each ocean basin using the algorithm from Woods et al.
(2013). Launch points at 75°N are set to the location where Tgsp is the
largest while the terminal points of each forward (backward) trajectory
is defined as where a trajectory starts tracking southward (northward).
Hence, we only capture the part of each trajectory that continuously
tracks northward. Therefore, as a trajectory crosses the pole, it by
definition starts southward and the pole is then the terminal point. In
reality, most trajectories bend southward much earlier, and then the
terminal point is their northernmost point. Finally, selected trajectories
have to conform to two additional criteria: 1) the terminal point has to
be located north of 80°N and at least 5° north of the sea-ice edge, defined
as where temperature gradient over the sea is maximum; 2) the north-
most location of 5 °C temperature-contour should be at least 5° north of
the sea-ice edge. Eventually, 42, 63, 62 and 67 WaMAIs are detected
over the sea sectors of Kara, Laptev, East Siberian and Beaufort,
respectively, for a total of 234 during the summer months over the 40
years, roughly consistent with the statistics in Sedlar and Tjernstrom
(2017). The launch time and longitude of these 234 trajectories are
listed in Table Al. Trajectory calculation is also prone to uncertainty
(Bowman et al., 2013). Trajectories rely only on the resolved-scale
motions that here come from reanalysis which is uncertain to begin
with. Additional uncertainty also comes from interpolation errors in the
gridded wind fields from the reanalysis. The uncertainty grows with the
length of the trajectories and with the temporal and spatial resolution of
the wind fields. Restricting the trajectories to two days and using ERAS

Atmospheric Research 256 (2021) 105586

with 6-hourly output and reasonably good spatial resolution should
reduce the error to within O(10 km), see Bowman et al. (2013). A
Lagrangian study of air-mass transformation in the boundary layer using
trajectories strictly only works in barotropic flow, where the wind varies
little with height. However, such ideal conditions rarely exist and a
compromise is necessary.

Following You et al. (2020), trajectories are calculated at several
different heights, every 100 m, from 300 m to 800 m. Vertical profiles of
the various variables are then extracted from reanalysis, from the sur-
face to 2 km, by interpolation in time and space along each of these
trajectories. The final vertical cross-section for each WaMAI is the
ensemble average of the result for all trajectories.

2.3. Energy budgets

The surface energy budget can be written as

Fuowr = Fow+ Fio + Fa + Fy m

where Fj,, and Fy, are surface net solar and thermal irradiance, and Fy,
and Fj, are the surface turbulent sensible and latent heat fluxes,
respectively. Note that all surface net energy fluxes are considered
positive when contributing to a surface warming; ocean heat fluxes are
not considered here. Individual terms in Eq. 1 are also interpolated from
ERADS at each 0.5-degree interval in latitude along the trajectories. With
the same method, we also look at the cloud radiative effects (CRE) on F,,
(Fsw cre) and Fy, (Fy, cre)- They are defined by.

Fov_cre: = Fov_an_sky = Fow_ctear_skys Fro_cri = Fiw_ati_sky = Fru_ctcar_sky (2)

In Eq. 2, Fay antsky and Fyy au sky are the surface net solar and thermal
irradiances, considering the actual clouds present, while Fy ceqr sky and
Fly, clear sky are clear-sky counterparts, assuming clouds were not present
even if there was.

To explore the boundary-layer energy budget, we also extract tem-
perature tendencies due to different model physics from ERA5, with
which we can resolve all terms in the thermal equation

_or or or or

T, =— = e =
[ T TP

3)

Here, temperature tendency T; of an air-mass in a WaMALI is due to
heating/cooling from shortwave irradiance (%m), longwave irradiance
(’%w), latent heat of condensation in cloud formation ('gl_y), and vertical
turbulent heat transport (%m). Note that in a Lagrangian sense, the
advection tendencies are by definition zero, while in a Eulerian sense
they would additionally be balanced by temperature advection. All these
terms are also interpolated along the trajectories as previously
discussed.

3. Results
3.1. Large-scale features

We identified EMIs for the Arctic ocean basins of Kara, Laptev, East
Siberian and Beaufort. As an example, Fig. 4 shows a composite of all
EMIs over the Laptev Sea. The composite of the GHsg anomaly (Fig. 4a)
shows a strong dipole anomaly, producing an intensive f,, anomaly into
the Arctic (Fig. 4c), which is consistent with an anticyclonic circulation,
during strong WaMAI episodes found in previous studies (Tjernstrom
etal., 2015; Overland and Wang, 2016; Gong and Luo, 2017; Johansson
etal., 2017; Sedlar and Tjernstrom, 2017; Messori et al., 2018; Cox et al.,
2019). The enhanced temperature advection and cloud formation are
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(e) Tom Anomaly (K)
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Fig. 7. Composite of anomalies in (a) AIRS surface temperature (K), (b) NSIDC sea-ice concentration (%), (c) net surface longwave and (d) shortwave irradiance

(both in W m 2). Figures e-h are their counteracts from ERAS reanalysis.
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Table 2
Regional averaged F,,, Fy, and their counteracts from CERES in Kara, Laptev,
East Siberian and Beaufort Sea sector. The unit is W m 2 for all variables.

Sea sector Kara Laptev East Siberian Beaufort

Fon cores ~9.09 +33.8 0.012 +39.6  3.96 +£58.0 —4.19 +43.0
Foy 11.35 £29.9 3.58 £32.1 0.82 +44.0 6.02 £32.9
Fiw.ceres 6.76 6.3 1.40 £8.1 2.81 £8.0 4.91 £8.3
Fuy 9.35 £8.7 5.29 9.0 6.27 7.5 7.43 £6.9
P cores . ceres 2.33 £33.0 1.41 £37.4 6.77 £56.8 0.72 £41.5
Fovriw —2.0 £26.4 1.71 £29.5 5.45 +42.4 1.41 £31.2

manifested by the positive Tgso and TCLW anomalies in Fig. 4c and d,
respectively. These features in the GHsgo, Tgso and TCLW anomalies are
also found in all the other three ocean basins.

As warm and moist air is advected into the Arctic, it interacts with
the cool surface through turbulence and radiation, enforcing positive Fg,
and Fj, anomalies at the surface (Fig. 5e and f). The Fy, anomaly reaches
~10 W m™2 at the coast, tapering off northward all the way to the pole.
The pattern of Fj, anomaly is similar to that of Fy, but the magnitude is
somewhat smaller. The long and narrow belt of TCLW anomaly in
Fig. 4d, extending from 60°N to the north pole along the path of the
EMIs, affects the surface energy-budget by enhancing Fy, and attenu-
ating Fg, on the surface, respectively (Fig. 6e and f). The anomalies sum
up to a positive Fyq anomaly, inducing decreased SIC (Fig. 5b). Note
that the SIC decrease could also be contributed by sea-ice drift. This
surface energy-budget setting agrees well with the in situ observations
from an EMI in the East Siberian Sea during a field campaign on the
icebreaker Oden (Tjernstrom et al., 2015, 2019b). Similar relation be-
tween Fy, anomaly and winter EMIs is also found in other climatological
analysis (Gong et al., 2017; Gong and Luo, 2017).

From averaged surface-energy budgets over sea ice in the sensitive
regions across the four basins (Table 1, Fig. 2), a complex picture
emerges. Except for in the Laptev Sea, Fj, anomalies are larger than
those for the turbulent heat fluxes. However, since Fy, and Fg, anomalies
typically have opposite signs, the cloud-effects on the surface energy-
budget tend to partly offset, leaving the turbulent flux anomalies to
dominate Fyyq. These results are consistent with the conclusions from
Tjernstrom et al. (2019Db), compiling surface energy-budget observa-
tions from the summer of 2014 along the Russian coast, comparing on-
and off-ice flows. During the particularly strong WaMAI analysed in
Tjernstrom et al. (2015), the observed estimated Fyyeq anomaly was —15
W m ™2, consistent with the results in Table 1. Due to a strong sensitivity
to cloud properties, the variability in Fyq is dominated by Fg,; this will
be discussed further in section 3.2.

Fig. 5 shows the spatial distribution of the surface energy-budget
anomalies for EMIs over the Laptev Sea. The maxima of the turbulent
heat-flux anomalies and the net anomaly are located near the coast,
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gradually decreasing as the warm-air is advected farther into the high
Arctic, reflecting the air-mass transformation. The main positive Fy, and
negative Fy, anomalies are more evenly distributed over the latitudes.
Also note that irradiance anomalies have opposite sign on the eastern
flank of the EMIs, where high-pressure center is located and hence
clouds tend to dissipate (negative TCLW anomaly in Fig. 4d).

The composites of large-scale pattern discussed above are extracted
from extreme events which may not necessarily represent the general
pattern of all WaMAIs. Therefore, linear regressions of GH, Tsso, SIC,
Fowa, Fsh, Fin, Fsw and Fy, anomalies against the time series of daily
averaged f,, are calculated for all the examined ocean basins; the Kara,
Laptev, East Siberian and Beaufort Seas. Since the regressions over these
four regions lead to the same conclusion, the Laptev Sea is again taken as
an example (Fig. 6). All the regressed fields have similar pattern as their
counterparts in Figs. 4 and 5, implying a similar relationship for all
‘WaMALISs but at smaller magnitudes.

We also compare the anomalies of Topm, SIC, Fy, and Fg, from ERAS
with their counterparts from corresponding satellite products (Fig. 7) as
a sanity check. The Ty, anomaly from ERAS has a similar pattern and
magnitude as the T; anomaly from AIRS over the ocean, but the Ty
anomaly over land is much larger than that of T (Fig. 7a, e). They also
share similar pattern and magnitude for the SIC anomaly, but in ERA5
the maximum SIC values are shifted north compared to that from NSIDC
(Fig. 7b, f). The Fy, and Fy, anomalies from ERA5 also share similar
patterns and magnitudes with those from CERES, except larger distinc-
tion in the Arctic (Fig. 7c, f; Fig. 7d, g), implying that the ERAS rean-
alysis has stronger cloud effects in the Arctic by inducing weaker
shortwave forcing but stronger longwave forcing on the surface
(Table 2). In CERES, the enhanced longwave forcing mostly offsets the
enhanced negative shortwave forcing and hence the total surface radi-
ative forcing is similar to that in ERA5 even if the individual terms are
larger (Table 2). Stengel et al. (2018) also found this Arctic cloud
overestimation in ERA-interim reanalysis, consistent with cloud prob-
lems in the ECMWF Integrated Forecasting System, the atmospheric
model powering the ERA5 reanalysis dataset (Tjernstrom et al., 2020).
Although details might differ, the large agreements between ERAS5 and
satellite products give us confidences to conduct Lagrangian analyses
with ERAS dataset in following sections.

3.2. The surface energy-budget

As the warm-air propagates over the sea ice, a large temperature
gradient is formed in the vertical. From 0 to 7 degrees north of the sea ice
edge, the height to the maximum vertical temperature gradient (h,) and
TCLW increase almost linearly by 50 m degree ™ and 17 g m ™2 degree ",
respectively, implying that stratocumulus develop intensively during
this period (Fig. 8). Afterwards, they increase at a much slower rate. The
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Fig. 8. Average variation of (a) the height to the maximum temperature gradient (m) and (b) total column cloud liquid water (g m 2) with the downstream
northward distance from sea-ice edge, along the WaMAI trajectories. Note that this is not necessarily the distance travelled, since WaMAIs need to travel

due northward.
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gradual increase of g, which is a manifestation of increased boundary-
layer mixing, leads to a reduction in near-surface gradients. Since the
turbulent heat fluxes at the surface are dependent on these gradients, Fg,
and Fj, anomalies also gradually decrease until 8 degrees north of sea-ice
edge (Fig. 9c, d). Farther north, they start to increase slightly but
decrease again from 10 degrees north of sea-ice edge till the central
Arctic (Fig. 9¢, d). The spreads of Fj, and Fy are large initially but around
10 degrees north of the ice edge both Fg, and Fj anomalies become
significantly positive (Fig. 9¢, d). Simultaneously, Fy, anomaly increases
almost linearly by 3 W m ™2 degree ! from 0 to 7 degrees north of the sea

ice edge, but does not become significantly larger than zero until around
~10 degrees into the sea ice (Fig. 9e), while Fg, anomaly decreases
linearly by 6 W m ™2 degree™ from 0 to 11 degrees into the sea ice but it
never becomes significantly positive or negative (Fig. 9b). The variation
of both Fy,, and Fy, along trajectories are due to the cloud radiative ef-
fects of the stratocumulus. As shown in Fig. 9f, Fy, cre (Fu, cre) decreases
(increases) from 0 to 7 degrees north of sea-ice edge and remain almost
unchanged afterwards (Fig. 9f). However, the net effect of CRE is always
negative, manifesting that Fg, and Fy, are the main contributor of surface
warming during WaMAIL
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Fig. 12. Same as Fig. 11 but for a selected radiation-dominated WaMAI.

Unlike the larger-scale features in Table 2, both Fy, and Fy, anoma-
lies, in particular the latter, are larger in ERA5 (Fig. 10a) in comparison
with their counterparts from CERES. However, Fy, cre in ERAS develops
in parallel to its counterpart in CERES (Fuy, cRE ceres); While Fgy cre is
stronger than its CERES counterpart (Fig. 10b). Therefore, the smaller
Fgy anomaly indicates smaller climatological mean of Fy, in ERAS5, which
implies that climatologically ERA5 overestimates CRE (Fig. 10c). The
net CRE in both ERA5 and CERES are negative along the whole way to
the central Arctic but is stronger in ERAS5 than in CERES (Fig. 10b).

3.3. The boundary-layer energy-budget

As discussed in previous section, cloud formation as part of the air-
mass transmission can exert large variability on the surface forcing.
Here, we focus on the cloud effects on the boundary-layer energy-
budget. For each WaMAI, the boundary-layer energy-budget terms are
evaluated and interpolated along the trajectory as described in section 2.

We then analyze the energy-budgets on a case-by-case basis and cate-
gorize their patterns into two main categories: a) turbulence-dominated
(TBL) and; b) radiation-dominated (RAD). Some typical cases of both
categories are shown in Fig. 11-14. To further clarify the two energy-
budget patterns for all the four ocean basins, the heights to the
maximum longwave cooling () and to the maximum turbulent cooling
and warming (. and hy,) in relation to the h;, are illustrated in Fig. 15.

3.4. Turbulence-dominated

About 62% of WaMAIs feature turbulence-dominated (category TBL)
energy-budget patterns in the boundary layer (Table 3). For this cate-
gory, turbulent heating and cooling dominate the boundary-layer en-
ergy-budget (Fig. 11e and h), even though stratocumulus develops along
the trajectory (Fig. 11a) and affects the radiative processes. Note that the
total temperature tendency (Fig. 11e) is balanced by the tendency from
advection (not shown) as was illustrated in You et al. (2020). Also note
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Fig. 13. Same as Fig. 11 but for radiation-dominated WaMAI with double inversions.

that unlike radiation, turbulence does not generate heat by itself.
Instead, it heats/cools air locally by redistributing heat from one altitude
to another through mixing within the column. As the development of
these clouds are considerably suppressed, the cloud water concentra-
tions are usually low (Table 4, TCLW) and the cloud tops are usually
located just below the inversion. Consequently, the contribution to the
temperature tendency by latent heat release (Fig. 11g) is also small.
Turbulent mixing happens across the inversion between the cold surface
and the warm air aloft (Fig. 11 h). This is also borne out statistically in
Fig. 15¢, with hy located near hy and hy, located below hy. Since the
turbulent mixing persists along the trajectories, the well-mixed layer
below the inversion is continuously deepened along the trajectory

(Fig. 11b), while the inversion (Fig. 8) and the cloud top are gradually
elevated (Fig. 11a). This supports the hypothesis from Tjernstrom et al.
(2019b), that the surface inversion formed at the sea ice edge is eroded
progressively downstream, by the entrainment mixing along with the
surface turbulent mixing, and eventually the boundary layer must
transform into the often observed well-mixed cloud-capped boundary
layer (e.g. Tjernstrém et al. 2012; Sotiropoulou et al., 2014; Brooks
et al.,, 2017).

In this category, stratocumulus develops less strongly than that in
category RAD, because of the stronger large-scale subsidence. In most
cases from category TBL, large-scale convergence persists along the
trajectory (Table 4, CONV), which decreases moisture supply to
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Fig. 14. Same as Fig. 11 but for WaMAI with both turbulence-dominated and radiative-dominated segments.

stratocumulus by entrainment and shorten its lifetime (Dimitrelos et al.,
2020). Therefore, longwave cooling, the primary cause of turbulent
overturning in stratocumulus (Wood, 2012), is not intensive enough to
supply enough moisture for the cloud formation. Near cloud top, radi-
ative cooling (Fig. 11f), apparently weaker than turbulent cooling, is
usually balanced by the turbulent warming (Fig. 11e, f and h). In a few
cases, the magnitude of radiative cooling is comparable to the turbulent
cooling, but still can be offset by the turbulent warming, illustrated by
Fig. 15d. As extreme turbulent cooling happens together with extreme
longwave cooling (Fig. 15d), hy is mostly above the h,, while most hy,
(cloud top) is located below h,, and overlapping with hy,. This implies
that, statistically, the cloud top is below the inversion and the longwave
radiative cooling could be offset by the turbulent warming.

Below the cloud top there is always longwave warming, also
apparently weaker than turbulent warming. In this case, thicker clouds
usually develop with the existence of large-scale uplift, near the terminal

end of the WaMAI (Fig. 11a), where warm air converges with cold air. As
thicker clouds formed, the turbulent-dominated energy pattern also di-
minishes in the boundary layer (Fig. 11e and h). Generally, in this
category, turbulent heating is apparently larger than radiative heating
and boundary layer warming is mostly contributed by turbulence
(Table 4).

3.5. Radiation-dominated

Only around 26% of all WaMAIs belongs to category RAD (Table 3).
For these, the large-scale subsidence is not as intensive as in category
TBL (Table 4, CONV) and h, is also higher (Fig. 16a), suggesting that the
stratocumulus develops more strongly (Table 4, TCLW; Fig. 16b),
although cloud tops still remain constrained by the inversion (Fig. 12).
At the cloud top, turbulent heat is distributed with warming below and
cooling above, which implies entrainment mixing driven by longwave
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Table 3

Number of WaMAIs with boundary layer energy budget pattern of category TBL

(turbulence-dominated), RAD (radiation-dominated), DIN (double inversion)
and T&R (category TBL and RAD happen in one case).

Category Kara Laptev East Siberian Beaufort Sum
TBL 32 45 32 35 144
RAD 5 17 22 17 61
DIN 0 1 2 1 4
T&R 5 1 8 15 29

radiation (Fig. 12h, 13h, highlighted with a rectangle). As this entrain-
ment mixing provides the moisture for the cloud development from the
warmer and moister air aloft, the TCLW is usually larger and hence the
cloud top can emit more longwave radiation. This enhances the long-
wave cloud-top cooling and intensifies the cloud development (Moeng
et al., 1996; Wood, 2012) and maintains the inversion. As this cloud
formation process persists along the trajectories, more and more mois-
ture from above the inversion is consumed and the cloud top is lifted,
along the temperature and humidity inversions. With more cloud water
produced than in category TBL, longwave radiative cooling is also
partially balanced by the latent heat (Fig. 12g). The warming in the
boundary layer is contributed by turbulent heat, latent heat, shortwave
and longwave warming together (Fig. 12e, fand h). For this category, Fy,
is much larger than that in category TBL, but all other surface energy-
budget terms are smaller (Table 4). This can also be seen in a

Table 4
Averaged Fg, Fyy Fos Fiy TCLW (from bottom to hy; g m 2) and large-scale

convergence (CONV; 10 *kgm ?s ') from category TBL and category RAD.

Category TBL Category RAD
Fan 43.0 +81.2 8.77 +12.1
Fn 19.2 £45.9 11.6 +11.2
Fou ~0.223 +116 ~4.16 £63.3
Faw 9.15 +£27.6 16.5 +10.9
TCLW 17.2 +44.4 82.7 +£50.8
CONV 94.1 +173 30.9 +83.5

Lagrangian perspective from 0 to 8 degrees north of the sea ice edge
(Fig. 16¢). However, farther north, Fy, and Fy, in category RAD is par-
allel to, while turbulent heat fluxes (F; Fi, + Fsp) is much smaller than,
those in category TBL (Fig. 16¢). Generally, Fiq in category RAD is
somewhat weaker than that in category TBL all the way to thee central
Arctic (Fig. 16d).

3.6. c. Decoupled inversions

The above discussed set of coupled mechanisms, where cloud for-
mation and cloud top cooling along with turbulent transfer of heat
strikes a balance, only works below the maximum of specific humidity;
above this maximum, entrainment would bring drier air into the cloud-
capped PBL and suppress the cloud development. That is why mostly hy,
is below hgp (the height of maximum specific humidity) in Fig. 15a. In
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very few cases, hg, is farther away from the initial inversion (Fig. 13d).
The cloud top, in conjunction with the inversion, is lifted faster and
gradually separates from the initial inversion; this forms a double
inversion structure (Fig. 13¢, Table 3 DIN). In the lower inversion, the
energy budget is dominated by turbulent cooling (Fig. 13h), similar to
category TBL, while in the upper inversion, energy budget of the
boundary layer is dominated by longwave radiative cooling (Fig. 13f),
similar to category RAD. Local observations indicate that decoupled
cloud layers are common in the central Arctic (e.g. Brooks et al., 2017),
while model evaluations indicate that the IFS has a problem describing
the underlying physics (e.g. Sotiropoulou 2016). Hence the low fre-
quency of occurrence of this case here should be interpreted with some
caution.

In some cases, turbulent cooling is located right below the radiative
cooling. The mechanism is similar to the double inversions, but the
distance between the inversions is too small to be considered as double
inversions. As mentioned earlier, the cloud top lies just beneath or in the
maximum specific humidity. Since the maximum specific humidity in
these cases is just a small distance above the upper edge of the inversion,
the distance between the inversions maintained by radiative cooling and
turbulent cooling, respectively, is too small to be detected from
inspecting temperature contours, but can still be identified from the
energy budget pattern. This energy pattern can be illustrated statistically
by Fig. 15b. hy, is located near or above hy, while hy lies right below hy,
with hy, right at the bottom.

3.7. Transition between categories

In some cases, clouds beneath the inversion are very thin at the
beginning of the trajectory but develops strongly after the warm air is
advected over the sea ice for a considerable distance (Table 3 T&R,

Fig. 14). As the clouds are thin at the beginning, the energy budget in the
boundary layer is turbulence-dominated (Fig. 14h, south of 80'N)
belonging to category TBL, while after the clouds has developed, the
energy budget pattern in the boundary layer becomes radiation-
dominated (Fig. 14f, north of 80 N), belonging to category RAD.

4. Conclusion

In this study, we have detected WaMAIs over the sea sectors of Kara,
Laptev, East Siberian and Beaufort in 40 recent summers (JJA from 1979
to 2018) using the ERAS reanalysis. The climatological analysis shows
that blocking high-pressure systems over corresponding sea sectors
contribute to transport warm-and-moist air into summer Arctic on the
western flank, supplying moisture for cloud formation. The cloud water
exerts a positive total energy-budget anomaly on the surface (11-18 W
m™2), contributed by positive anomalies in the longwave radiative heat
flux (5-8 W m~2) and the turbulent heat fluxes (sensible and latent;
8-13 W m~2), often moderated by a negative shortwave anomaly (—9 ~
+1 W m~2). In comparison with CERES products, surface shortwave flux
is 2-3 W m~2 underestimated in ERA5 but surface longwave flux is 3-4
W m~2 overestimated, which implies that ERA5 overestimates the
amounts of clouds. However, the overall surface radiation flux from
ERADS is comparable with that from CERES.

We have also analysed the boundary-layer vertical structure and the
associated energy-budget pattern of WaMAIs along their trajectories and
find two main categories: turbulence-dominated (category TBL,
Fig. 17a) and radiation-dominated (category RAD, Fig. 17b), comprised
of 62% and 26% WaMAISs respectively. In response to less large-scale
subsidence, stratocumulus develops more strongly in category RAD
with 3 times more TCLW and hence exerts a ~ 7 W m™~2 more intensive
longwave flux on the surface and more intensive cloud-top cooling,
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while the heating/cooling due to sensible turbulent fluxes and surface
shortwave flux are more than two times larger in category TBL. For most
cases in category RAD, entrainment mixing at the cloud top is coupled
with surface turbulent mixing. In category RAD, the maximum in spe-
cific humidity is located just above the inversion. However, if this
maximum is located farther up from the temperature inversion, strato-
cumulus develops upward to the height of the maximum specific hu-
midity. Entrainment and cloud-driven mixing at the cloud top then
separates from the surface turbulent mixing (Fig. 17c¢). In this case, two
inversion are formed; one above the original (cf. e.g. Brooks et al.,
2017). In all categories, a well-mixed layer deepens gradually along the
trajectory forced by continuous cloud-generated and surface-based tur-
bulent mixing as was hypothesized in Tjernstrom et al. (2019b).

Statistically, as warm and moist air is advected over the sea-ice, the
longwave flux anomaly increases linearly by 3 W m™~2 degree ™ as the
total column cloud liquid water increases linearly by 17 g m~2 degree ™!,
while north of 7 degrees, they continue the increase with a much lower
rate. Meanwhile, the anomaly in shortwave flux decreases linearly as the
cloud water increase linearly. However, the net cloud radiative effects
are negative and the main contributor to the positive net surface energy-
budget is turbulent heat flux.

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.atmosres.2021.105586.
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