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Abstract: Atmospheric rivers are important atmospheric features implicated in the global water
vapor budget, the cloud distribution, and the associated precipitation. The ARiD (Atmospheric
River Detector) code has been developed to automatically detect atmospheric rivers from water
vapor flux and has been applied to the ECMWEF ERAS5 archive over the period 1980-2020 above the
Atlantic Ocean and Europe. A case study of an atmospheric river formed in the East Atlantic on
August 2014 that reached France has been detailed using ECMWF ERADJ reanalysis, ground based
observation data, and satellite products such as DARDAR, AIRS, GPCP, and GOES. This atmospheric
river event presents a strong interaction with an intense upper tropospheric jet stream, which induced
stratosphere-troposphere exchanges by tropopause fold. A 1980-2020 climatology of atmospheric
rivers over Europe has been presented. The west of France, Iberian Peninsula, and British Islands are
the most impacted regions by atmospheric rivers with an occurrence of up to four days per month
during the October—April period. Up to 40% of the precipitation observed on the west European
coast can be linked to the presence of ARs. No significant trend in the occurrence of the phenomena
was found over 1980-2020.

Keywords: atmospheric river; water vapor; precipitation; upper tropospheric jet-stream; stratosphere-
troposphere exchange; tracking algorithm

1. Introduction

Water vapor is one of the most important natural greenhouse gases and is also a key
component in the formation of clouds, which constitutes an important source of uncertainty
in climate response [1]. The concentration of this gas is highly variable both horizontally
and vertically. From a global perspective, most of the water vapor is concentrated in
tropical regions, providing a cloudy region known as the inter-tropical convergence zone
(ITCZ). The radiative impact of the ITCZ and its evolution are linked to the cloud influence
on the large scale circulation [2]. The vertical distribution is also highly heterogeneous,
with the majority of water vapor found in the low troposphere. The concentration of
water vapor decreases with altitude [3] and anomalously dry layers in the troposphere
can be interpreted as small-scale features of stratospheric intrusions [4]. The variability
of the humidity field is causing difficulties in the global climate models to determine the
water vapor and cloud feedback under global warming [5]. It is therefore important to
understand every atmospheric process affecting the water cycle, particularly to study
long-term water vapor distributions, cloud structures, and associated precipitation.

In the 1990s, long and narrow filaments of water vapor fluxes associated with extrat-
ropical cyclones have been discovered and named atmospheric rivers (hereafter ARs) [6].
Other different concepts exist to describe narrow features of enhanced vapor transport.
Two commonly used are the warm conveyor belt (WCB) and the tropical moisture export
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(TME). TME is defined as an intense advection of tropical moisture into mid-latitudes [7],
where WCB is characterized by strong upward movements of air masses in the vicinity of
an extra-tropical cyclone [8]. These concepts emphasize different meteorological charac-
teristics, and the boundaries (in space and time) between WCBs, TMEs, and ARs are not
always clear. In some cases, moisture transport events can fulfill the criteria for the three
phenomena. However, differences remain, and the WCB, AR, and TME can exist separately.
In contrast to TMEs and WCBs, ARs are defined by an integrated vapor transport (hereafter
IVT) greater than 250 kg m~! s71, a length of at least 2000 km, poleward of 20° N. ARs also
differ from TMEs because they do not need to contain moisture from tropical origin [8].

Since the pioneering work of Zhu and Newell [6], AR has become a major research
field, particularly in California and multiple case studies in different regions of the world
have been explored. Behringer and Chiao [9] investigated two AR events in 2017 and
2018 over the Santa Clara Valley focusing on the link between precipitation and AR.
Bozkurt et al. [10] reported a record-setting temperature at the Esperanza station (Antarctic
Peninsula) induced by a foehn event triggered by AR. Mattingly et al. [11] showed some
examples of ARs over Greenland and studied the link between the atmospheric moisture
transport associated with AR and the evolution of the Greenland Ice Sheet surface mass
balance. Recently, Lakshmi Douluri and Chakraborty [12] investigated several microphysi-
cal model schemes on heavy precipitation events associated with ARs over the west coast
of India.

Concerning the European continent, Lavers and Villarini [13] were the first to estab-
lish the connection between precipitation, ARs, and NAO conditions. Pasquier et al. [14]
focused their study of AR events over the North Atlantic Ocean on a weather regime
approach and showed that accurate forecasts of weather regimes can give guidance for
predicting large-scale precipitation extremes. Ramos et al. [15] presented a comprehen-
sive assessment of the relationship between AR and extreme precipitation events in the
European Macaronesia Archipelagos. They showed that the occurrence of AR and the
importance on extreme precipitation were the most important in Azores, significant in
Madeira, and lower in the Canary Islands. Nevertheless, the phenomenon remains poorly
documented in Europe, specifically in France.

In this paper, we present our methodology of the detection of AR followed by a
19802020 climatology of ARs, the link with related precipitation over Europe, and an
estimation of long-term tendencies. Finally, we focus on a case study of an AR event that
formed in August 2014 over the North Atlantic basin, moved eastward, and reached France.
The AR is coincident with an extratropical cyclone driven by an intense upper tropospheric
jet stream that induced a tropopause fold, injecting dry air masses in the lower troposphere.

2. Data
2.1. ECMWF ERA5

Atmospheric re-analysis are an important and reliable source of weather parameters.
We used the new re-analysis from the European Center for Medium Range Weather Forecast
(ECMWEF ERAD) over the 1980-2020 period. This tool allowed us to obtain hourly data
with a better accuracy than ERA-Interim, the previous re-analysis [16].

Surface and vertically integrated variables (total precipitation and integrated water
vapor, hereafter IWV) were extracted on a grid of 0.125° x 0.125° resolution and 3D
variables on a grid of 0.25° x 0.25° resolution. Each parameter was extracted in an area
covering France and the North Atlantic Ocean (40° W 20° E, 30° N 60° N). The zonal and
meridional (u and v) wind components and the specific humidity (q) were extracted on
20 pressure levels from 1000 hPa to 300 hPa. In addition to the detection of AR events, we
aimed to quantify the impact of AR on precipitation, and the interaction with the synoptic
dynamics. We also extracted the vertical velocity w, the potential vorticity (hereafter PV),
the cloud cover fraction, the total precipitation, the total column of water vapor, and the
mean sea level pressure.
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2.2. Ground Based Data

ECMWEF ERAS data, used to detect AR and to provide the large scale dynamical
description of the case study, were supplemented by observational ground based data
performed in the framework of the Cézeaux—Aulnat-Opme-Puy de Déme instrumented
site [17] to estimate the local influence of AR on water vapor and precipitation near
Clermont-Ferrand. The air masses arriving at Puy de Dome (45.77° N, 2.96° E; 1465 m)
originate mainly from the Atlantic Ocean (more than 50% in winter, more than 40% during
the other seasons [17]). We used GPS series from the ground-based station at the Cézeaux
site (45.76° N, 3.11° E, 410 m) and the rain estimations were made from disdrometer and
rain gauge series at Opme (45.71° N, 3.09° E, 660 m). The stations are separated by a few
kilometers. To compare the results from different sources, we extracted each parameter
with a temporal resolution of 1 h.

The principle of global positioning systems (GPS) is based on information provided by
satellites that allow a user equipped with a receiver to access three-dimensional positioning
at any point on the globe. The presence of humidity and vertical pressure gradient in the
troposphere modify the refractive index of the atmosphere. Therefore, when the radio
signals traverse the atmosphere, their speed and the direction of propagation from satellites
to the receiver are also modified. By comparing the delay induced by humidity in the
signal transmission times measured during the passage through the atmosphere with the
theoretical one in a standard dry atmosphere, it is possible to estimate the total amount of
water vapor in the crossed column and then to deduce the IWV [18]. The final precision on
IWV is about 0.5 mm to 2.5 mm [19].

Two instruments were used to estimate the rain rate, a rain gauge, and a disdrometer.
The disdrometer in operation at Opme is an Ott Parsivel®. It is an optical instrument
designed to provide rain drop spectra (velocity /diameter of rain drops combination). This
measurement is made when drops intersect a laser beam with a final sampling surface of
54 cm?. The diameter of droplets is estimated from the decrease in the intensity of the laser
beam received by a photoelectric diode, and the fall speed is estimated by the time taken
by the drop to cross the beam. Rain rates are calculated by integrating the number and size
of the drops. Raw spectra are filtered and processed following Raupach and Berne [20].

2.3. Satellite Products
In this study, we used diverse satellite products: AIRS, DARDAR, GPCP, and GOES.

e Atmospheric InfraRed Sounder (AIRS) is a NASA instrument onboard the sun-
synchronous Aqua satellite launched in 2002 on a near polar low orbit (~705 km
high) among the A-train constellation [21]. AIRS provides vertical profiles of tempera-
ture, water vapor, ozone, carbon monoxide, and methane. In this study, we used the
version 7 standard physical retrieval combining AIRS and AMSU, which provides data
with a horizontal resolution of 50 km. Water vapor mixing ratio (hereafter WVMR)
was retrieved on 15 pressure levels from 1100 hPa to 50 hPa. In this work, we used
this product to provide 2D imagery of the AR structure on a given pressure level;

e raDAR/IIDAR (DARDAR) is a satellite product obtained from a combination of the
CPR radar onboard CloudSat and CALIOP liDAR onboard CALIPSO [22]. CloudSat
and CALIPSO were launched in 2006 to study cloud structures and aerosol particles
in the atmosphere. The two satellites follow the same orbit and belong to the same
constellation as Aqua (A-train). DARDAR consists of three different products: CSX-
TRACT, DARDAR_MASK, and DARDAR_CLOUD. We will use the DARDAR_MASK
simplified categorization product, which provides vertical cross sections of clouds
(ice, liquid, or super cooled water), aerosols, and rain with a vertical resolution of
60 m [23];

e  The large scale precipitation was provided by the Global Precipitation Climatology
Project (GPCP [24]). GPCP is based on estimated precipitation by microwave polar-
orbiting satellites and infrared imager onboard geostationary satellites. We used the
product v1.3., which provides the mean daily precipitation at 1° x 1° resolution; and
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e  The large scale horizontal cloud structures were provided by the Geostationary Oper-
ational Environmental Satellite (GOES 13). GOES 13 was launched in 2006 and took
imagery in infrared and visible channels with a best resolution of 1 km at nadir [25].
We used the true color product over the North Atlantic (10° N-70° N, 80° W-20° E).
True color is a daily mosaic in the visible channel.

3. Methodology for Atmospheric Rivers Tracking: The ARiD (Atmospheric River
Detector) Code

3.1. Integrated Vapor Transport and Threshold

Two parameters are commonly used to detect AR structure. The first is based on the
IWV and the second on the IVT, which represents the magnitude of the horizontal water
vapor flux vertically integrated between 1000 and 300 hPa as follows:

IVT = <1/300 d >2+<1/3OO d >2 1)
N g 100 T4 4P g w00 4P )

where g is the specific humidity (kg kg ~!); u and v are the zonal and meridional components
of wind (ms™!); g is the acceleration due to gravity (m s~2); and dp is the pressure difference
between two adjacent pressure levels. The specific humidity and the wind components
were averaged on the layer between two adjacent pressure levels.

Equation (1) indicates that IVT is calculated by vertical integration between 1000 and
300 hPa. Water vapor is rarely homogeneously distributed over this entire atmospheric
layer. It is often concentrated in specific vertical layers of the atmosphere. If a strong
vertical wind shear occurs in a dry area, the impact on the IVT will remain small. If the
wind shear occurs in or near the maximum of water vapor, it could have an impact on the
development of the atmospheric river and on the integrated vapor transport, but this is
taken into account in the IVT calculation, which integrates wind and water vapor on every
level. For example, Norris et al. [26] calculated the water vapor budget during an AR event
over the Northeast Pacific. They neglected the second-order effects of vertical wind shear,
considering that the impact at the hourly time scale was small and that the troposphere
was nearly barotropic in their case study.

An AR is typically associated with an IWV greater than 2 cm coupled to horizontal
wind greater than 12.5 m s~ 1in the lower 2 km [27] or IVT greater than 250 kg m1s1[28].
The IWV was used initially because it was directly available from the satellite, however,
this parameter is very sensible to the temperature, and so to the latitude. For these reasons,
the use of IVT as a proxy for AR detection is now well-established.

To be considered as an atmospheric river, the IVT structure must be longer than
2000 km, with IVT values greater than a given threshold. Choosing a constant threshold for
the IVT is very convenient, but it cannot represent an accurate characteristic as the mean
value of IVT depends on both the season and the considered region. To solve this issue,
some studies such as Rutz et al. [29] tried to determine a variable threshold for the IVT,
depending on the latitude, in a given ocean basin.

Threshold values are often obtained using the 85th percentile of the IVT distribution,
extracted from a climatology, like in Guan and Waliser [30] or Lavers and Villarini [13].
Some other studies use a constant threshold of 250 kg m~1s71[31]. There is currently no
consensus on how to define an IVT threshold to detect AR [32]. In the present study, we
calculated the IVT from 1980 to 2020 at 00 and 12 UT with ECMWF ERA-5 at 10° W and
from 20° N to 70° N. Then, we used the 85th percentile of the IVT distribution to calculate
an IVT threshold that depends on the latitude. To avoid some threshold discontinuities with
the latitude and to optimize computation time, a sinusoidal fit of the 85th percentile is used
by the algorithm. The equation of the sinusoidal fit and the comparison between the real
distribution and the sinusoidal fit are provided in the Supplementary Materials (Figure S1).
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3.2. Atmospheric Rivers Tracking

To be considered as an AR, the IVT structure must be greater than the threshold values
(depending on the location) in a continuous way of at least 2000 km. The ARiD code has
been developed to identify AR structures, based on the following methodology:

Every grid point with an IVT less than the threshold value is set equal to 0;

Along 10° W, the latitude of the IVT maximum, if identified, is called max,. If no
value above the IVT threshold is found, the record is stopped. If an AR exists only
westward of 10° W, it will not be detected by ARiD. If more than one AR is present at
10° W at different latitudes, only the AR with the higher IVT will be identified, but
this situation is rare;

e A westward search is done, and the latitude of the IVT maximum along the new
longitude maxjy,; is found. If there is a discontinuity greater than 3° in latitude
between the points max;, and max,,, the record is stopped;

e  The record continues until a discontinuity is found in the longitude (IVT less than
the threshold), or in the latitude (more than 3° of latitude between two adjacent IVT
maxima). A same forward search is performed to the east. The mean latitude A of the
AR is determined and gives us a mean size of the grid point; and

e  The number of recorded points is converted in kilometers. If the final length is greater
than 2000 km, the time-step corresponds to an AR event.

A schematic overview of the methodology is given in Figure 1.

ECMWF ERA5 Matrix IVT Calculation and threshold

Inputs IVT Calculation
> Longitude (0.25 ")

4 ! 1 300 o 1 300 e
» Latitude (0.25 ) IVT = (7 j qu dp) + (— f qu dp)
» 20 pressure levels :> 9 J1o00 9 J1000

» Time (3 hours resolution)

Variables Threshold latitude dependant
» Wind (u, v) IVT < Threshold IVT > Threshold
¥ Specific humidity g IVTfiltered= 0 IVTfiltered = IVT
Outputs AR tracking
» AR length IVT tracking
» Instantaneous scale Find the IVTfiltered maximum at 10°W

(AR1 to ARS)

Backward search to the West: find IVTfiltered maxium

Latitude impacted at 10 °W
Mean latitude of the river
2D map of the event:

Discontinuity between the maxima?
Yes |] No

<: Stop the record Continue to the next grid point
Same with forward search to the East

LAY

LB

Calculation of the AR length using IVT tracking
Is the IVT tracking greater than 2000 km ?

Yes [I No
AR detected No AR detected

Figure 1. Schematic overview of ARiD. AR1 to AR5 refer to the recently created atmospheric river
intensity and impact scale [33].

3.3. Precipitation Associated with AR

The link between AR situation and precipitation was established using the total pre-
cipitation ECMWF ERAS parameter (with a 3 h temporal resolution) when a pixel (latitude,
longitude) associates a detected AR (IVT) and a positive value of total precipitation at the
same time step.

The part of precipitation related to AR is determined in the whole extracted region for
each month from January 1980 to December 2020 by simply making the ratio between the
monthly precipitation occurring during an AR and the accumulate precipitation the same
month. Even if a coincidence between AR and precipitation is found, it does not mean
that a causal link between them is established. Precipitation can also be related to very
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specific thermodynamic conditions (such as a high convective available potential energy,
an unstable atmosphere, moisture recycling through evapotranspiration processes etc.),
even in presence of ARs. This was not considered in this study.

3.4. Long Term Trend Estimation

The trends on the number of occurrences of AR and on the associated precipitation
were simply estimated by linear regression on the 19802020 data series at a monthly
frequency. The uncertainty of the trend is related to the statistical error of the slope, which
represents the geophysical variability of the data. The Student’s law allows the estimation
of the statistical error on the slope of the regression line by:

ap = 6-a1't1(11__20<)/2r 2)
with .
” Ox
O = 4 V(x) ©)
and
. 1 2
Ox = ——> Y x(t) 4)

where 7 is the number of measurements x with a sampling of one day; V(x) is the variance
of the observation variable x; and tr(‘f jx) /2 is the quantile of the Student’s t distribution,
equal to 1.98 at 97.5% level of confidence.

4. Climatology and Long-Term Trends
4.1. Localization of ARs

This section aims to determine the frequency of AR events and the average amount of
precipitation that could be associated with AR in the 19802020 period.

Figure 2 presents the average number of AR days per month. The Atlantic area is the
most impacted (maximum of four days per month), and AR occurrences decreased as the
distance from the ocean increased. The October to January period is of most concern with
an average of three AR days per month on the west coasts of the Iberian Peninsula, France,
and British Islands. Interestingly, Mediterranean regions are also of concern.

The climatology covers the period 1980-2020, providing a significant sample of ARs.
In the context of global warming and water vapor increase in the troposphere, one could
expect an increase in the frequency of extreme events including AR. Nevertheless, we
estimated the long-term trend using the method presented in Section 3.4.

For Clermont-Ferrand, we found —1.3 + 2.0 h of AR decade™!. In a first approach,
no significant tendency was thus observed. This was also the case for sites closer to the
Atlantic Ocean such as Brest (48.44° N,4.41° W, —0.5 + 3.5 h of AR decade_l) and Bordeaux
(44.83° N, 0.69° W, —0.9 + 2.8 h of AR decade™!). Further studies on the evolution of AR
frequency could be done using trends on other parameters such as the IVT distribution,
multi-linear regression analysis, or by performing seasonal tendencies.
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Figure 2. Average number of AR days each month over the period 1980-2020 from January (top left)
to December (bottom right). The location of Clermont-Ferrand is marked by a pink cross.

4.2. Precipitation Related to AR

While Figure 2 presents the localization of ARs, Figure 3 describes precipitation areas
that coincided with detected ARs each month (following the methodology presented in
Section 3.3). Our results are comparable to those obtained by Lavers and Villarini [34].
December and January were the months where the greatest AR contribution to rainfall was
found, in agreement with AR occurrences found in Section 5.1.

The most impacted regions were the west coast of France and the Iberian Penin-
sula with part of the precipitation linked to AR presence greater than 40% in December,
and greater than 30% from October to January. The spring and summer months (from
April to August) had lower AR contribution due to the fewer numbers of extra-tropical
cyclone occurrence.

Finally, AR contribution to precipitation reduces as the distance from the Atlantic
Ocean increases because the phenomenon weakens when penetrating inland.



Atmosphere 2021, 12, 1075

8of 19

February

[}
°
2
©
-

Latitude

20 -10 0

September

Latitude

-40 -30 -20 -10 0 10 -40 -30 -20 -10 0 10 -40 -30 -20 -10 0 10 -40 -30 -20 -10 0 10
Longitude Longitude Longitude Longitude

l-m %
0 10 20 30 40 50

Figure 3. Monthly percentage of precipitation linked to the presence of AR over the period 1980-2020
from January (top left) to December (bottom right). The location of Clermont-Ferrand is marked by
a pink cross.

5. Case Study: 26 August 2014

While the aim of Section 4 was to estimate the frequency of AR events and the average
amount of precipitation coinciding with AR events during the 1980-2020 period, the
purpose of the Section 5 is to highlight a case study of AR that reached Clermont-Ferrand.

5.1. Conceptual Schemes of Jet Stream Dynamics and Stratosphere-Troposphere Exchange

The AR event of 26 August 2014 seems to be closely related to dynamic processes that
are fundamental to understanding the evolution of this event. In this section, we present
three of these concepts: ageostrophic circulations induced by jet stream, a reminder of the
structure of extra-tropical cyclones, and the concept of PV.

5.1.1. Jet Streams and Ageostrophic Circulations

Jet streams constitute a major feature of the upper tropospheric dynamics. These
narrow currents of strong horizontal wind are formed in response to the strong latitudinal
gradients of temperature near frontal zones [35]. Wind speed is not constant along the
jet stream and acceleration and deceleration zones are observed. These zones, called jet-
streaks, are responsible for the ageostrophic wind circulation in the upper troposphere and
lower stratosphere.

An entrance zone can be distinguished downstream of the jet streak, and an exit zone
upstream. In the south entrance of a jet-streak, updrafts are observed in the troposphere
while downdrafts are observed at the north entrance. An opposite circulation in the strato-
sphere is seen. In the north exit of the jet-streak, updrafts are observed and downdrafts in
the south exit. In the same way as the entrance region, the air motion in the troposphere
is associated with an opposite air motion in the stratosphere [36]. Such jet-streaks can be
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responsible for tropopause deformation and can even lead to tropopause folding [4,37,38].
The regions of downdrafts and updrafts can be responsible for perturbations in air fronts,
triggering the cyclogenesis.

5.1.2. Extratropical Cyclones

Extratropical cyclones regulate the weather variability in mid-latitude regions. The
air flows in such cyclones were first explained by the Bergen school at the beginning of
the 20th century with two radically different air masses. The first one from polar origin
will form the cold front, and the second one from tropical origin, the warm front. A small
cyclonic disturbance (often due to jet streak) along the polar front will result in cold air
advection (to the south) on the west side of the cyclone, and the advection of warm air
(to the north) on the east side, leading to the typical structure of mid-latitude cyclones.
Between the two fronts, a zone of enhanced moisture transport is found and is called the
warm conveyor belt (WCB), which is characterized by a strong ascending trajectory [39].
Atmospheric rivers are usually sub regions of such WCBs [8].

The cold conveyor belt comes from the east or north and rotates anticlockwise due to
the low-pressure circulation associated with the Coriolis force in the Northern Hemisphere.
Usually, a dry intrusion of air coming from the upper troposphere is observed beyond the
cold front and forms a cloud free zone.

5.1.3. PV and Stratospheric Intrusions

The thermal tropopause is defined as the lowest altitude at which the temperature
lapse rate T = —9T/dz is lower than 2 K km~! and the lapse rate averaged from this
level to any other point in the next 2 km also has a I lower than 2 K km~! [40]. This
definition exhibits a vertical discontinuity in the static stability, which strongly increases in
the stratosphere.

PV is one of the parameters regularly used to emphasize the height of the tropopause at
mid-latitudes and to identify stratospheric intrusions [41]. With the conventional definition
of PV (1 PVU = 10% m? s 7! K kg 1), the tropopause was found to be relatively close to
2 PVU with a sharp decrease in the troposphere and high values in the stratosphere.

Hence, the notions of PV and thermal tropopause allow us to define the transition
zone between the troposphere and the stratosphere, and PV values greater than 2 PVU in
the troposphere can be a sign of stratospheric intrusion.

There are several processes that can lead to air mass exchange between the troposphere
and the stratosphere [37]. The first one concerns the tropopause fold induced by the
entrance and exit regions of a jet streak, which is described in the precedent part. The second
one concerned cut off low, which could also be responsible for stratospheric intrusion [38].
Finally, intense convection can induce troposphere to stratosphere exchange by vertical
flux, and stratosphere to troposphere exchange in the outlying regions [42].

5.2. Synoptic Context and Temporal Evolution

The aim of this section is to detail the meteorological context that led to the formation
and evolution of an AR detected by ARiD. The IVT patterns exhibited AR characteristics
(no discontinuity, length greater than 2000 km) from 25 August at 07 UT (6200 km length)
to 26 August at 23 UT. Figure 4 describes the successive stages of the AR event.
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Figure 4. ECMWF ERAS5 IVT maps during the atmospheric river event from 24 (top left) to 27
August 2014 (bottom right). The location of Clermont-Ferrand is marked by a pink cross.

On 24 August, an extra-tropical cyclone started forming off the British Islands. Strong
discontinued IVT patterns could be observed. The low-pressure system then advected to
the west, driven by an intense jet stream.

The mid-latitude cyclone strengthened rapidly on 25 August and exhibited a mini-
mum mean sea level pressure of 980 hPa at 07 UT. At this date, the IVT pattern crossed
the west coast of France while it reached its maximum in magnitude (IVT greater than
1000 kg m~! s71) and in length (6200 km). The AR crossed France within a day, from 25
August (northwest) to 26 August (southwest).

On 26 August at 00 UT, the AR crossed over Clermont-Ferrand (pink cross on Figure 4)
and then decreased in intensity as it penetrated inland. At this date, a tropical cyclone
named Cristobal (Category 1 hurricane, 26 August at 00 UT) was located at the extreme
west of the AR around 70° W/25° N [43]. A Category 1 hurricane corresponds to sustained
wind speed greater than 32 m s~! on the Saffir-Simpson scale.

The AR event ended south of Alps Mountain during the night between 26 and 27
August. The whole event seems to be closely related with the presence of an altitude jet
stream and this interaction will be investigated in the following part.
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5.3. Atmospheric River, Jet Stream, and Tropopause Deformation

Section 5.2 detailed the AR evolution from its formation on 24 August 2014 to its end
on 27 August 2014. The purpose of this section is to detail the phenomenon in the whole
troposphere. Figure 5 presents the horizontal wind in the upper troposphere (250 hPa,
corresponding to about 10 km) compared to the signature of the AR (IVT). A high-speed
wind zone (more than 60 m s~ 1) occurred near 47° N between 35° W and 15° W. This
zone presents the characteristics of a jet streak, with a west—east orientation. A second jet
streak was located over England and France, in a northwest-southeast orientation. The AR
was localized just southward and along the jet streaks. An extra-tropical cyclone formed
off the British Islands, and the minimum mean sea level pressure at 985 hPa (not shown)
corresponded to the dry region at 52° N.

Wind at 250 hPa (m s'1) Integrated Vapour Transport (kg m™ s'1)
60 60

1000
.
900

800

40 50
o {700
©
3
= 30 45 600
©
-l
500
20 40
400
10 35
[1300
|
0 30 U200
-40 -30 -20 -10 0
Longitude Longitude

Figure 5. ECMWF ERAS horizontal wind on the 250 hPa pressure level (left) and IVT maps (right)
on 25 August 2014 at 00 UT. The dashed line represents the cross sections presented in Figure 4. The
location of Clermont-Ferrand is marked by a pink cross. An animated version of this figure covering
the 24-28 August period is provided as a video in the Supplementary Materials.

The cross section, in dashed line in Figure 5, is performed in the exit zone of the first
jet-streak at 20° W, where the ageostrophic wind circulations detailed in Section 5.1 are
expected (Figure 6). Figure 6 shows the vertical cross sections of vapor flux, PV, horizontal
wind, and vertical velocity.

In the water vapor flux cross section, the AR (between 800 hPa and 400 hPa) appeared
to be lifted over a moist region and the dry zone at the center of the extra-tropical cyclone
was clearly identifiable at 52° N. The PV cross section indicates a descent of the tropopause
at 49° N with PV values greater than 4 PVU sinking until almost 500 hPa and another zone
of high PV greater than 2.5 PVU coming from the ground between 50° N and 52° N and
extending to 500 hPa.

The stratospheric intrusion observed around 49° N is probably due to a complex
relationship between the jet-streak exit and the rapid cyclogenesis occurring at this date.
Further studies including a mesoscale model will be needed to identify the role of latent
heating in such rapid cyclogenesis and the interaction with the moisture provided by the
AR. The following section will provide a 3D description of the water-vapor, liquid, and ice
cloud structures obtained from satellite data.
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Figure 6. ECMWF ERAS5 Cross sections along 20° W longitude (25 August 2014 at 00 UT) of water
vapor flux (kg kg‘1 ms~1, top left), PV (PVU, top right), horizontal wind (m s~1, bottom left), and
vertical wind (Pa s71 the correspondence between sign, colors, and direction of the vertical wind is
given with the color bar, bottom right).

5.4. Vertical Description of Water Vapor and Liquid and Ice Clouds

Figure 7 presents a DARDAR cross section and satellite imagery of WVMR at 700 hPa
provided by AIRS. The structure of the AR and of the extra-tropical cyclone appeared
clearly on the satellite observations. A deep ice cloud structure was observed around 53° N
from 4 km to 10 km with a super cooled liquid water layer at 7 km (Figure 7 top). Rain and
liquid water were also present underneath the ice cloud in the cross-section.

Here, we are close to the region where two PV anomalies were observed in Figure 6.
The morphology of this cloud structure can be associated with deep convection mechanism.
This deep convection could be responsible for the PV anomaly observed close to ground
until 500 hPa and the presence of ascending air motion (negative values of w in Pa s~! in
Figure 4 near 52-53° N). It is also interesting to note that no substantial cloud was observed
in the cross section between 47° N and 51° N where the tropopause anomaly and the
stratospheric intrusion were found.

Funatsu and Waugh [44] found a connection between PV intrusion and convection in
the eastern tropical Pacific Ocean. We hypothesize that the upper PV anomaly triggered
convection by causing an upward air motion ahead of the stratospheric intrusion. Further
studies (latent heat release, isentropic inclinations etc.) would be necessary to confirm or
refute this hypothesis for this case study.

The AR signature was observed on the AIRS WVMR map, with values reaching
8 g kg~ ! at 700 hPa, corresponding to an altitude of about 3 km (Figure 7 bottom). The
zone corresponding to the ice cloud presented more moderated values of about 6 g kg~!. A
dry region (2 g kg~ !) was also highlighted by AIRS where the stratospheric intrusion was
localized (20° W and 47° N), although Figure 7 (bottom) corresponds to low-tropospheric
levels. The upper troposphere levels confirm the presence of this dry region (not shown).
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Figure 7. DARDAR simplified characterization on 25 August 2014 at 04 UT (top), and WVMR
retrieved by AIRS at 700 hPa on 25 August from 00 to 06 UT (bottom). The black line represents the
localization of the DARDAR cross-section.

5.5. Clouds and Precipitation, Evolution until Central France

Figure 8 presents a mosaic of GOES satellite images in visible channels, covering the
period of the AR event (24-27 August 2014). The extra-tropical cyclone is particularly
visible on 25 August off the British Islands. A cloud free zone corresponding to a vast
anticyclonic region was observable in all the pictures south of 40° N. The AR formed on 24
August and cloud structures followed the discontinued IVT patterns seen in Figure 2.

On 25 August, the extra-tropical cyclone was well developed, and a substantial cloudy
region crossed Western Europe. The AR passed over France during the night between
the 25 and the 26 August and a thin cloud region remained blocked in the north of the
Pyrenees Mountains. Clouds were sparser on 26 August as the mid-latitude cyclone died
in Eastern Europe.

Figure 9 presents the mean daily precipitation from GPCP v1.3 at the same dates as the
GOES imagery, indicating that clouds developed near (around) the AR induced important
rainfalls (more than 30 mm day’l).
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Figure 8. GOES mosaic in visible channels covering the different stages of the AR from 24 (top left)

to 27 August 2014 (bottom right).
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Figure 9. Daily precipitation estimates from GPCP v1.3 from 24 (top left) to 27 August 2014
(bottom right). The location of Clermont-Ferrand is marked by a pink cross.



Atmosphere 2021, 12, 1075

15 0f 19

Zones of intense precipitation in the Atlantic Ocean east of the United States (maxi-
mum on 25 and 26 August) can be attributed to the tropical cyclone Cristobal mentioned in
Section 2.2. Intense precipitation was also found on 25 August in northern France (greater
than 30 mm day ') and can be associated with the AR.

These rain areas were advected eastward and precipitation was much more moderate
(less than 10 mm day~!) at Clermont-Ferrand on 25 and 26 August. Two measurement
points near Clermont-Ferrand, Cézeaux and Opme, separated by few kilometers were
used to observe water vapor columns and precipitation during the AR event. Cézeaux
is equipped with a GPS receiver for INV measurement and Opme is equipped for rain
measurements (rain gauge and disdrometer). Figure 10 presents the IWV, IVT, and rain

rate series.
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Figure 10. IVT and IWYV retrieved by ERA5 and IWV retrieved by GPS at Cézeaux (top); hourly
precipitation accumulation from ERA5, disdrometer and rain gauge at Opme (middle); cloud cover
and cloud base height (ECMWF ERA5, bottom). The interpolation location of ERA5 is 3° E, 45.75° N.
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The IWV and IVT signals were intense when the AR crossed over the weather station
(from 25 August at 21 UT to 26 August at 09 UT). The peak of IVT values were immediately
followed by moderate precipitation retrieved by the disdrometer and the rain gauge (peak
at 1.5 mm h~! on 26 August at 00 UT). This peak of precipitation could also be seen by
ERAD, but with much greater quantities. This difference in intensity can be explained by
the resolution of the re-analysis, and the very local character of precipitation. It must be
noticed that the correspondence between the peak in IWV and a subsequent precipitation
event has already been documented with a statistical approach [45]. Finally, the cloud
structures observed on the GOES imagery corresponded well to the ERAS cross section,
with high clouds on 25 August and sparse low clouds after 26 August.

6. Conclusions

Atmospheric rivers (AR) are important processes at the origin of many extreme
precipitation and flood episodes in the mid-latitudes. First studied over the U.S. west coast,
we proposed documenting the climatology established over the period 1980-2020 with
ARiD, which uses a threshold based on the 85th percentile of the IVT distribution over
the North Atlantic basin. We then detailed a case study of AR that occurred in France in
August 2014 and reached Clermont-Ferrand located 400 km inland.

The first part of the study investigated AR climatology in Europe over the 1980-2020
period. The calculation of the tendencies in AR frequency indicates that the occurrence
of the phenomenon remains stable, and no significant trend was found. The study in AR
localization highlights that the coastal regions of Western Europe (west of France, Iberian
Peninsula, and British Islands) are the most impacted by AR with an occurrence up to four
days per month. The greatest contribution of AR to precipitation was found to occur in
December and January in west France and west of the Iberian Peninsula with a contribution
of about 40%.

Next, we detailed the evolution of an AR event detected by ARiD in August 2014. We
found the evidence of a stratospheric intrusion in the PV signature and satellite imagery
provided by DARDAR and AIRS helped us to hypothesize that this phenomenon could
be linked to the rapid cyclogenesis of the extra-tropical cyclone that carried the AR. We
observed the cloud formations (from GOES-13) and the precipitation structures (from
GPCP) linked to the AR event at a regional scale. At the local scale, we found significant
signatures in the IWV measures retrieved by GPS and precipitation was observed by
disdrometer and rain gauge when the AR passed over the Clermont-Ferrand region. The
precipitation occurred just after the observation of the IWV maximum. The observation
of the case study emphasizes the need for mesoscale modeling to better understand the
structure of AR and their interaction with the high troposphere. Some points remain
unexplored such as the role of latent heating and the role of moisture provided by AR in
rapid cyclogenesis.

Further studies in trends are needed to investigate the tendencies in the IVT dis-
tribution. AR occurrence is dependent on the season [30], and trend should take this
characteristic in consideration. The climatology could also be extended to other regions of
the world. For example, a study could be performed over the Indian Ocean of the Southern
Hemisphere, which presents a different dynamical configuration, with southeasterly trade
winds that flow in the lower troposphere and a westerly flow in the upper troposphere
with the Maido Station [46] in Reunion Island as a measurement point. Threshold for AR
detection should then be recalculated using the IVT distribution of the region of interest.
A consensus on the determination of this threshold remains the greatest aim to pursue.
Indeed, climatology on AR occurrence or on precipitation due to AR depends on the
threshold used: the higher the threshold, the lower the number of ARs detected.

Supplementary Materials: The following is available online at https:/ /www.mdpi.com/article/10
.3390/atmos12081075/s1, Video S1: Animated Figure 5, details on the sinusoidal fit of IVT. Figure S1:
The figure shows the good agreement between the real distribution of the 85th percentile of IVT (in
black) and the sinusoidal fit (red circles).
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