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Abstract

Using data sets of frequent radiosonde observations and surface meteorological observations obtained
during an Arctic cruise in September 2014, the reproducibility of the ERA-Interim reanalysis product
was evaluated with reference to the upper troposphere. Relative humidity in the ERA-Interim
reanalysis was found overestimated with a positive bias of cloud cover in the upper troposphere,
which was attributable partly to the parameterization of cloud formation. Relative humidity in the
lower stratosphere was also higher than observed, suggesting that a small amount of moisture was
transported from the troposphere to the stratosphere via mixing induced by radiative/evaporative
cooling at the level of the excessive upper cloud. Ozone profiles, based on ozonesonde observations,
revealed that a positive bias of ozone partial pressure below the tropopause in the ERA-Interim
reanalysis could be attributed to downward transport of ozone from the lower stratosphere into the
upper troposphere via entrainment of a high-ozone air mass. The positive bias of upper cloud in the
ERA-Interim reanalysis also affected downward radiation at the surface for the case of absent
boundary layer clouds.
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1. INTRODUCTION 2014), although cloud cover is also reproduced well in
Arctic cloud is one of the most important componentsother reanalysis products (Liu and Key, 2016).
of the Arctic climate system for determining surface Although lower boundary layer clouds have been
heat budgets over both the sea ice and the open oceanvestigated and compared with in situ observations
However, it is known that the reproducibility of Arctic
cloud in climate models is inadequate and that it
evaluation is difficult because of the lack of
observations for validation purposes (e.g., surfac
boundary conditions, boundary layer profiles, anc
aerosol/condensation nuclei). Several special fiel
campaigns and model intercomparison projects hay
been performed to try to overcome this difficulty and tc
develop parameterizations related to clouds (e.g., Cur| 00:51UTC 1
et al., 2000; Uttal et al., 2002; Curry and Lynch, 2002).

Cloud-top radiative cooling enhances the vertica
mixing of heat, moisture, and momentum in the
boundary layer (e.g., Nicholls and Leighton, 1986), bu
it is a very complicated process and it is hard to obsen
without aircraft. In addition, multiple layers of cloud in
the Arctic, which consist of stable boundary layel
clouds near the surface and mid-/upper-layer clouc

S

associated with cyclones, make it difficult to w if Bo,
understand the surface heat budget (e.g., Imebu., Fig. 1 Infrared satellite images (NOAA/AVHRR)
2005 2006). received onboardRV Mirai on 13 and 15
The ERA-Interim reanalysis product (De al., September 2014. Red dot indicates location of
2002) is known as one of the best reanalysis products fixed-point observations. Numeric value in the
for Arctic research (Inouet al., 2011 Lyndsay et al., lower-right corner in each image is the infrared

temperature ahe fixed point
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red dot in Fig. 1) during 6-25 September 2014. After
each observation, all data were sent to the World
Meteorological ~ Organization via the Japan
Meteorological Agency and the global

telecommunication system (GTS).

The other type of observation comprised ozonesonde
observations (Fig. 2) acquired using Electrochemical
Concentration Cell ozonesondes (6A, Science Pump
Corp.), an Ozone Interface Kit (RSA921, Vaisala), and
a GPS radiosonde (RS92-SGPD, Vaisala). Prior to
launch, the ozone sensor was calibrated using an
Electrochemical Concentration Cell Ozonesonde
Ozonizer/Test Unit TSC-1 (Science Pump Corp.).
Ozonesondes were launched every two days at 2200
UTC during 6—24 September 2014. The data were not
sent to the GTS.

Ancillary data sets included surface meteorological
observations including downward shortwave and
longwave radiation, and satellite imagery acquired from
the Advanced Very High Resolution Radiometer and
received onboard the ship. For further information, the
cruise report (Inoue, 2014) is available online
(http://www.godac.jamstec.go.jp/catalog/data/doc_catal
og/media/MR14-05_all.pdf).

2.2 ERA-Interim product
The ERA-Irterim reanalysis product (Dest al.,

Fig. 2 Launching an ozonesonde frévi Mirai . .
gat 2200 UTC 194 September 2014. 2011) (hereafter, ERA-I) was validated using the

sounding data acquired during tR¥ Mirai cruise.
L 2006: Schwei ol 2008: T "2 al The horizontal and temporal resolutions of the
a. , Schweiger e al., » Tjemstrom €t al,, — yaqyct are 0.75° x 0.75° and six hours (0000, 0600,

and model outputs (e.g., Intriesi al., 2002; Inoue et

2008; Sato et al., 2012), the upper-tropospheric -
situation has not been evaluated fully. Because of Arcticlzoo’ and 1800 UTC), respectively. The parameters

amplification, moisture transport is enhanced, even inused in this study were air temperature, relative

the upper troposphere, and vice versa (e.g., Maturillihum'.d.'ty’ ozone partial pressure, cloud cover,
and Kayser, 2016); thus, validation of the specific humidity, and surface downward radiation.

reproducibility at the upper troposphere using Gfid-point mean values, comprising the averages of

observation data is desirable. the two grids 74.25°N, 162.00°W and 75.00°N,
In September 2014, as part of an Arctic researcht62.00W) closest to the fixed sampling point (Fig.

cruise undertaken by a Japanese research vessel i) Were usd for comparison with the observed

the Chukchi Sea, frequent fixed-point radiosondeValues.

observations and surface meteorological

measurements were acquired. Using these data setd3, RESULT '

this study investigated the reproducibility of the 3.1Validation of reanalyss _ _

ERA-Interim reanalysis product with reference to the Figure 3 shows the vertical profiles of air

upper troposphere and related processes. temperature obtained from the ozonesonde soundings
(2200 UTC) and ERA-I (0000 UTC). Because our
2. DATA 3-hourly regular radiosonde observations were
2.1 Radiosonde observations obtained during the ~ assimilated into the ECMWEF operational system
RV Mirai Arctic cruise (ECMWF, 2014), the vertical structure of air

In September 2014, two types of special radiosonddemperature is reproduced very well for each day,
observabns were performed during an Arctic cruise by €xcept for the minimum temperature near the
RV Mirai under sea-ice-free conditions. One comprisedtropopause. The tropopause height is deviated from
regular 3-hourly (0000-2100 UTC) GPS radiosonde300 to 200 hPa because of the intrusion of upper
observations (RS92-SGPD, Vaisala) acquired above @otential vorticity (e.g., 11 September). In the lower
fixed point in the Chukchi Sea (74.75°N, 16280  troposphere, clear inversion layers can be observed
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on 7, 9, 11, 13, and 17 September, while in ERA-I LRoR. . 2 11 e /‘3 i f15 3

the inwersion layer is reproduced on 7,13 and 17 _ .
September. In the lower stratosphere, the temperatus =|s ::",:m:,;;’: \
is reproduced well. J o

D

Height

The structure of relative humidity (Fig. 4) is very \
different to that of air temperature. The value in “° ‘ 3
ERA-1 is overestimated from 20% to 40%, 1}”5;,' 5 19 Sep 21 Sep 23 Sep 25 Sep
particularly in the mid- and upper troposphere
between 500 and 200 hPa although the relativ
humidity data by radiosondes were assimilated int(=

the system. The vertical distribution of cloud covers , K

g g

in ERA-I indicates that upper-layer clouds are™
produced in all cases, except for 13 Septembe : : . =
Based on the satellite image of 13 September, th Temperature [*C]

infrared temperature at the ship position was Fig. 3 Vertical profiles of air temperature based on
established as -1.2°C, i.e., indicating sea surface ©0zonesonde data fromRV Mirai (red line) and
temperature. Therefore, this day was a clear-sky case. ERA-I values averaged over the two grids closest
Only in this case is the vertical structure of relative _todt_he Sh'pl(bl(‘;‘Ck "”e).forE‘E&CT O:@;'] Gray -Szi$ng
humidity reproduced relatively well. On the other Qegiitﬁ]sgrca?ﬁﬂc&zerd;k gray-' >(5|%0/2)gray. >
dates, e.g., 15 September, it was cloudy and, in fact, ' ' ' '

the infrared temperature derived by the satellite war 7 Sap 9 Sep 11Sep 13 Sep 15 Sep
-2.7°C, which corresponded to the cloud-top

temperature. However, the height at which the aii_ * 5 dow cmar > 1%

temperature was equal to —2.7°C is near the surfac * "ot

(i.e., fog or stratus clouds), while in ERA-I, the cloud & - L)\
top is around 200 hPa because of the saturate™ 5 = f;‘s_)

condition at the upper troposphere. The vertical E e e =" ]
structure of specific humidity indicated that the 17 Sep 19 Sep 21 Sep 23 Sep 25 Sep
difference was very small compared with relative

humidity (not shown), suggesting there might be
some problems in the parameterizations of relative= ,

-

humidity and cloud formation in ERA-I. §mi— kbl
Ozone partial pressure is completely - o _:,%
data-assimilation free in ERA-I. Therefore, it is == S e S—— S

worth comparing the ERA-I ozone profiles with our Relgte N 18]
observations to assess the performance of ERA-I.Fig. 4 As in Fig. 3 but for relative humidity.
Even though our ozone data were not transferred to
the GTS, the vertical profiles are reproduced to som=
extent (Fig. 5). In the troposphere, the observe
ozone partial pressure decreases slightly from th_
surface to the tropopause, while in the lowel£
stratosphere, the value increases up to around 70 hc
Here, we focus on upper-tropospheric ozone. Th=
typical observed value between 300 and 200 hPa , - :
approximately 2.0 mPa, which is the minimum value 17 Sep 19 Sep 21 Sep
in each profile. However, most ERA-1 profiles
overestimate it by about 0.5 mPa near the tropopauF ’
In other words, the ERA-I vertical gradient of ozonez *
partial pressure is weaker than observed, suggestng ol
that certain mixing processes must be active. On™ _| Le=

possibility comes from the overestimation of - R 25 )
upper-layer cloud and the resultant cloud-top coolini 0, [mPa]
which enhances the vertical mixing processes.

9 Sep 11 Sep 13 Sep 15 Sep

{

50

Fig. 5 As in Fig. 3 but for ozone partial pressure.
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3.2 Parameterization of cloud and relative Radiosonde
humidity in ERA-Interim R ——

Generally, the performance of ERA-I is known as
the best among the available reanalysis product:
particularly in polar regions (e.g., Inoeeal., 2011;
Nicolas and Bromwich, 2011; Lindsay €t al., 2014).
There have been many development points in ERA-
One of the remarkable modifications is a new clouc
parameterization based on Tompkigtsal. (2007),
which accounts for supersaturation with respect tc
ice in the cloud-free part of a grid box at -
temperatures <250 K (Dest al., 2011). Although ; Bl
they stated that this parameterization leads t¢ ™ = T
substantial increase of relative humidity in the uppel
troposphere, methods to verify this parameterizationFig. 6 Time—height cross sections of relative humidity
are not available because of the bias of the relative (%: shading) and potential temperature (K:
humidity data obtained by radiosondes in the upper ~contours) based on observations (upper) and-I
layers (e.g., Kawai et al., 2017). Nevertheless, th
time—height cross sections of relative humidity, =
illustrated in Fig. 6, clearly show that ERA-I e
overestimates relative humidity throughout the entire
period, particularly between the mid- and uppet
troposphere. As confirmed from the satellite imagery

30 40 50 70 80 90 EE]

Height [hPa]

Obs

(Fig. 1; bottom), upper clouds were absent on 15 & 2 Sbg-

September, while ERA-I appears to have a thicl f;;‘x .

cloud layer from 500 to 200 hREig. 7; top). L CAVAY VRO T AT ATV W W LA W,
Following the implementation of a new moist - T

boundary layer scheme in ERA-I (Kohlet al., T
2005; Kohler et al.,, 2011), it was reported that =
marine cloud cover increased by 15%-25%, evel =
over the Arctic Ocean (Deet al., 2011). This is B meoowmomewmeme e we
partly consistent with our results shown in Fig. 7 (i.e.,Fig. 7 Time—height cross sections of cloud cover in
overestimation of cloud cover in the upper  ERA-l (upper), and downward shortwave (middle)
troposphere under cold conditions with temperatures and longwave (lower) radiation based on
<250 K). Time series of the downward shortwave Observations (red line) and ERA-I (black dots).

and longwave radiation derived from the (Eslgck cogtoulr mdmatgshalr temperature of 250 K.
observations and ERA-lI indicate that the sefved vallies are o ruhhing means.
overestimated upper-layer clouds sometimes affecstart. When the mass flux term is used to calculate
the negative (positive) bias in shortwave (longwave)the counter-gradient transport at the top of the
radiation (Fig. 7). For example, on 15 Septemberoverestimated clouds, additional biases would be
(Figs. 1 and 2), the shortwave and longwaveexpected in ERA-I. Here, we focus on the ozone
radiation was underestimated by more than 50 ¥V m partial pressure and relative humidity near the
and overestimated by more 20 W mespectively, in  tropopause. If entrainment of a dry air mass with
ERA-I. The converse situation was observed on 7high ozone partial pressure were active from the
September mainly because of the lack of low-levellower stratosphere into the upper troposphere,
clouds (see relative humidity in Fig. 6). because of evaporative and radiative cooling at the
As reported by Deet al. (2011), the entrainment cloud top, the high-ozone air mass would be
process at the top of the boundary layer for the moistransported into the upper troposphere, whereas the
boundary layer is explicitly prescribed in terms of moist air would be transported into the lower
buoyancy flux with a surface buoyancy componentstratosphere. In fact, the ozone partial pressure in
(Troen and Mahrt, 1986; Holtslag, 1998) and a  ERA-l is larger than observed, particularly for
cloud-top radiative cooling component (Lock, 1998). cloudy cases near the tropopause (Fig. 5). In addition,
Therefore, once upper-tropospheric clouds arethe relative humidity is overestimated in ERA-I
formed, these buoyancy-driven mixing processesabove the tropopause, indicating that a small amount
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Fig. 8 Schematic of processes in ERA-I associated
with overestimated upper-layer cloud (gray box).
Red (blue) arrows and lines indicate the observed
(ERA-I) situation of surface radiation and profiles
of relative humidity and ozone partial pressure.

of moisture has been transported into the lower

troposphere (Fig. 4).

In the real condition, based on our observations,
relative humidity at the mid- and upper troposphere

is relatively low; thus upper tropospheric clouds and

troposphere would be expected to become more
important in understanding the radiation balance at the
surface as well as at the top of the atmosphere. This
study did not investigate the seasonal variability of the
reproducibility of the ERAnterim reanalysis product;
however, a full years’ special observations (e.g., Year of
Polar  Prediction:  http://www.polarprediction.net/
yopp-activities/ MOSAIC: http://www.mosaic
observatory.org/) would make such an evaluation
possible in the near future.
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