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Abstract: A cold air outbreak (CAO) is an extreme weather phenomenon that has significant social
and economic impacts over a large region of the midlatitudes. However, the dynamical mechanism
of the occurrence and evolution of CAO events, particularly the role of the stratosphere, is not well
understood. Through an analysis of one extreme CAO episode that occurred on 27–31 January 2019
across much of the US Midwest, this study examined its thermodynamic structure and the impact of
stratospheric downward transport using the single-field-view (SFOV) satellite products (with a spatial
resolution of ~14 km at nadir) from the Cross-track Infrared Sounder (CrIS) onboard Suomi National
Polar-Orbiting Partnership (SNPP) in conjunction with MERRA-2 and ERA-5 reanalysis products.
It is found that along the path of cold air transport, particularly near the coldest surface center,
there exists a large enhancement of O3, deep tropopause folding, significant downward transport
of stratospheric dry air, and a warm center above the tropopause. The upper warm center can be
observed directly using the brightness temperature (BT) of CrIS stratospheric sounding channels.
While similar large-scale patterns of temperature (T), relative humidity (RH), and ozone (O3) are
captured from CrIS, MERRA-2, and ERA-5 products, it is found that, in the regions impacted by
CAO, MERRA-2 has a thicker dry layer under the tropopause (with the difference of RH up to ~10%)
and the total column ozone (TCO) from ERA-5 has a relatively large positive bias of 2.8 ± 2.8%
compared to that measured by Ozone Mapping and Profiler Suite (OMPS). This study provides
some observational evidence from CrIS that confirm the impact of the stratosphere on CAO through
downward transport and demonstrates the value of the SFOV retrieval products for CAO dynamic
transport study and model evaluation.

Keywords: cold air outbreak (CAO); stratosphere; CrIS; ozone; reanalysis

1. Introduction

A cold air outbreak (CAO) is an extreme weather phenomenon in which the equa-
torward surge of extremely cold air from polar to subtropical latitudes travels over the
continents during winter (e.g., [1]) and has significant social and economic impacts, such as
on human health, livestock and wild animals, agriculture, and property [2]. CAOs are often
characterized by a large negative deviation in temperature across a wide spatial extent
that lasts for multiple days. Even though there are lots of studies on CAO events, there is
no universal definition of a CAO. On the basis of [2], Smith and Sheridan [3] developed
a CAO index and ranking system based on the magnitude, duration, and spatial extent,
and using the data from 20 surface weather stations from 1948 to 2016 they found a total
of 49 CAOs during the 67-year period, with the majority occurring during mid-winter
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and the number of CAOs being largely dependent on the stations’ latitude and maritime
influence [3]. Long-term climate modeling studies suggest that, in general, the frequency
of CAOs in the Northern Hemisphere will decrease by 50 to 100% owing to global warm-
ing [4,5]. However, a study by Portis et al. [6], using the hourly data from 17 relatively
evenly distributed stations east of the Rocky Mountains and in the winter seasons from
1948–1949 to 2001–2002, show no overall trend in CAO frequency, but found regionally
based trends in the intensity of long-duration (five day) CAOs. A large disparity exists in
the climatology of CAOs over North America from different studies using different models.
For example, using the data of a 50-year simulation by the Whole Atmosphere Community
Climate Model (WACCM) and the 45-year (1957–2002) European Centre for Medium-Range
Weather Forecasts (ECMWF) 40 Year Re-Analysis Project (ERA-40) [7], Wheeler et al. [8]
found that the CAOs in WACCM occur about 30% less frequently than in ERA-40 but cover
a roughly 30% greater area and are 1–2 K colder. In midwinter, WACCM CAOs form at
lower latitudes and penetrate to lower latitudes compared with CAOs in ERA-40 [8]. Using
the climate reanalysis data sets from the National Center for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR) [9] and the fifth generation of
European Centre for ECMWF atmospheric reanalysis of the global climate (ERA-5) [10] dur-
ing 1979–2018, Smith and Sheridan [11] calculated the trends of CAOs in different regions
across the globe and found CAOs occur more frequently in the Northern Hemisphere than
the Southern Hemisphere, with the highest number of CAOs in Europe, Central Eurasia,
and North America. Smith and Sheridan [11] also found a decreasing trend of CAOs in
spatial extent, frequency, duration, and magnitude across much of the globe, particularly
across Alaska, Canada, and the North Atlantic, while an increase in CAOs is observed in
Eastern Europe, Central Eurasia, and the Southern Ocean.

It is widely recognized that the CAO events can be linked with the polar vortex, a
phenomenon in the stratosphere and a large-scale low-pressure system that is unusually
persistent during winter and spring. The undisturbed vortex has a strong transport barrier,
but if the wintertime Arctic polar stratospheric vortex is distorted there is a concomitant
redistribution of stratospheric potential vorticity (PV) that induces perturbations in key
meteorological fields in the upper troposphere [12]. The strength of the Northern Hemi-
sphere polar vortex is an important element for coupling between the stratosphere and
the troposphere during winter and spring (e.g., [13]), and the stratospheric polar vortex
can influence the tropospheric circulation and thereby winter weather in the mid-latitudes
(e.g., [14,15]). While the intensity of the stratospheric polar vortex can be linked to the
frequency of extreme CAO events over monthly and seasonal time scales [16], the tro-
pospheric polar vortex, an extension of the stratospheric polar vortex to troposphere,
is weaker than average prior to CAO onset and the vortex strengthens following CAO
onset [2]. The efforts to uncover the physical mechanisms that drive CAOs have continued
for a few decades and mostly were based on climate model simulations or reanalysis
products (e.g., [17–20]). The major thermodynamic and dynamic processes impacting CAO
evolution include diabatic, adiabatic and advective processes, and radiative cooling, but
the relative importance of these processes is quite different in different studies. For exam-
ple, Tanaka and Milkovich [17] found that advective rather than diabatic processes were
responsible for the formation of an extreme cold air pool in late January 1989 over Alaska,
leading to a CAO in February 1989. Relative to these advective processes, net radiative
cooling had only a secondary effect. However, Curry [18] found that the diabatic process
involving the radiative cooling of the condensate was a significant process in the evolution
of a cold-core anticyclone, and in another study regarding the February 1989 CAO, Tan
and Curry [19] found that diabatic processes were relatively unimportant compared with
vorticity advection and differential thermal advection in the evolution of the anticyclone.
Colucci et al. [20] showed a subtle balance between diabatic and adiabatic processes in
CAO formation in their ensemble of numerical model simulations of the January 1985 CAO.
Some more recent studies pointed out that the large-scale circulation plays an important
role in the frequency and possibly the evolution of CAO events, and the CAO events can be
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linked with teleconnection patterns such as the Northern Hemisphere annular mode (also
known as the North Atlantic Oscillation [21]) and the Pacific–North American pattern [22].
For example, Thompson and Wallace [21] demonstrated that the northern annular mode
exerts a strong influence on wintertime climate over both the Euro-Atlantic half and the
Pacific half of the hemispheres, modulating the frequency of CAOs, and the trend in north-
ern annular mode tends to reduce the severity of winter weather over most middle- and
high-latitude Northern Hemisphere continental regions. Cellitti et al. [2] found that the
North Atlantic Oscillation is negative prior to onset of the composite CAO but becomes pos-
itive approximately five days after onset, and the Pacific–North American teleconnection
pattern becomes increasingly positive during onset of the composite CAO. Scaife et al. [23]
found that downward coupling of observed stratospheric circulation changes to the surface
can account for the majority of changes in regional surface climate over Europe and North
America between 1965 and 1995.

However, the dynamical mechanisms for the downward stratospheric influence on CAO
are still ambiguous due to the lack of observations, and, as indicated by Kretschmer et al. [14],
the stratospheric dynamics and its feedback on the troposphere are more significant for cli-
mate modeling and data assimilation than was previously assumed. Analysis of the model
simulations data suggested that the anomalies in the stratospheric circulation can be linked
with tropospheric CAOs (e.g., [16,24]), and after reaching the tropopause, the anomalies
may impact the troposphere through an interaction with synoptic-scale eddies or more
directly through induced meridional circulations [25]. Black [26] found that large-scale PV
anomalies in the lower stratosphere induce zonally symmetric zonal wind perturbations
extending downward to the earth’s surface. One more recent theory about the role of the
stratosphere on CAO is through altering the wave propagation [27,28]. The wintertime Arc-
tic polar stratospheric vortex can be distorted either by waves propagating upward from the
troposphere [29] or by eastward-traveling stratospheric waves [30]. Kretschmer et al. [14]
found two dominant patterns of increased polar cap heights in the lower stratosphere,
and both patterns represent a weak polar vortex, but they are associated with different
wave mechanisms and different regional tropospheric impacts. The first pattern is zonally
symmetric and associated with absorbed upward-propagating wave activity, leading to a
negative phase of the North Atlantic Oscillation and CAOs over northern Eurasia. This
coupling mechanism is consistent with the downward migration of the northern annular
mode. The second pattern is zonally asymmetric and linked to downward reflected plane-
tary waves over Canada followed by a negative phase of the Western Pacific Oscillation
and cold spells in central Canada and the Great Lakes region.

Since these studies mentioned above are mostly based on climate model simulations or
reanalysis products, this study aims to explore the possibility of using satellite observations
to explicitly show the thermodynamic structure of CAO and the role of the stratosphere.
With the improvement in spatial resolution, the reduction of the apparent noise in Cross-
track Infrared Sounder (CrIS) measurement [31,32] and the accurate simulation for the
cloud effects in the retrieval products [33–36], a relatively new single field-of-view (SFOV)
retrieval product with a relatively high spatial resolution of ~14 km has been developed
at NASA Langley Research Center. The advantage of the SFOV ozone (O3) products over
previous AIRS-like products was shown in a recent study on stratospheric intrusions [37]. A
stratospheric intrusion is associated with the dynamical process whereby the tropopause is
drawn down below the jet stream (known as tropopause folding) transporting stratospheric
O3-rich air into the troposphere, and it plays an important role in the tropospheric O3
budget. Particularly, the high spatial resolution of SFOV products can better capture the
fine-scale features of O3 in the upper troposphere and lower stratosphere (UTLS) region
and help to derive the ratio of O3/PV for studying the O3 budget from the stratosphere-
to-troposphere exchange [37]. In addition to using the SFOV O3 product to examine the
tropopause change associated with CAO, this study will further explore the potential values
of the SFOV retrieved temperature (T) and relative humidity (RH) products in observing the
fine thermodynamic structure of CAO based on a case study on one extreme CAO episode
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that occurred during 28–31 January 2019. To characterize the dynamic transport processes,
the winds, geopotential height (GPH), and PV fields from two reanalysis products, ERA-5
and the NASA Modern-Era Retrospective Analysis for Research and Applications Version-2
(MERRA-2), will be used. Section 2 gives a brief introduction of these products, plus data
of the total ozone (TCO) measured by the Ozone Mapping and Profiler Suite (OMPS) used
in this study. Section 3 presents the large-scale patterns of T, GPH, RH, and O3 change and
their links with the stratospheric downward transport during a CAO event on 29 January
2019. Some comparison of the T, RH profiles, and TCO will also be presented in Section 3
for evaluating the model performance in simulating T, RH, and O3 profiles in this extreme
weather system. A summary and conclusions will be given in Section 4.

2. Data and Methods

The CrIS is an advanced Fourier transform spectrometer that measures the thermal in-
frared radiances in three spectral bands, i.e., the long-wave IR band 1 (648.75–1096.25 cm−1),
the mid-wave IR band 2 (1208.75–1751.25 cm−1), and the short-wave IR band 3
(2153.75–2551.25 cm−1) [31,32]. Since 14 December 2014, CrIS on SNPP has been switched
to full spectral mode, which has a spectral resolution of 0.625 cm−1 in all three bands
and 2211 channels in total. Using CrIS combined with Advance Technology Microwave
Sounder (ATMS), a couple of algorithms have been developed to generate atmospheric T,
RH, O3, and other trace gases products with a global coverage twice daily.

There are two operational algorithms that use CrIS and ATMS to generate near-real-time
atmospheric sounding products with a coarse spatial resolution of approximately 45 km at
nadir. One is the NOAA Unique Combined Atmospheric Processing System (NUCAPS) [38]
and the other is the NASA Community Long-Term Infrared Microwave Combined Atmo-
spheric Product System (CLIMPCAPS) [39,40]. Similar to the previous Atmosphere Infrared
Sounder (AIRS) algorithm [41,42], they all rely on a cloud-clearing method that converts 9
field-of-view (FOV) radiance spectra within one field-of-regard (FOR) into a cloud-cleared
radiance spectrum. On the contrary, the SFOV product is derived on the basis of each
FOV and without using the cloud-clearing method, resulting in a finer spatial resolution
of 14 km at nadir. The concept of the SFOV retrieval methodology was first introduced to
deal with cloudy sky conditions and was successfully validated by airborne campaign data
from the National Airborne Sounder Testbed-Interferometer (NAST-I) onboard the NASA
suborbital ER-2 aircraft [43]. As it includes a physical cloud radiative transfer model based
on the DIScrete Ordinate Radiative Transfer (DISORT) model [44], atmospheric profiles
(i.e., T, RH, O3, and CO) together with cloud microphysical properties (i.e., phase, optical
depth, droplet size, and cloud height) or surface properties (i.e., skin temperature and
emissivity) can be retrieved under cloudy or cloud-free conditions, respectively [45,46].

The CrIS SFOV algorithm used in this study is based on a fast principal component
(PC) radiative transfer model (PCRTM) and an optimal estimation method [33–36,47,48].
Different from many other algorithms, such as the AIRS [41,42], NUCAPS [38], and CLIM-
CAPS algorithms [39,40] that use a portion of the hyperspectral channels selected from
the hyperspectral sounders, the SFOV algorithm uses information from all CrIS spectral
channels by compressing all channel radiances into the PC domain. In general, the in-
formation content of a CrIS spectrum can be captured by the first 120–160 PCs and the
retrievals are made in the PC domain using these PCs, which helps to reduce the apparent
noise of the retrieval products and to speed up inversion process. As the PCRTM includes
accurate computations of cloud multiple scattering, which uses cloud lookup tables cal-
culated by a 32-stream DISORT model [44], this algorithm retrieves atmospheric profiles
together with cloud properties (i.e., phase, optical depth, droplet size, and cloud height)
and surface properties, simultaneously. This algorithm has been delivered to the NASA
Science Investigator-led Processing System (SIPS) for integration and the SFOV products
will soon become publicly available in the NASA Goddard Earth Sciences (GES) Data and
Information Services Center (DISC). The CrIS SFOV retrieval products on 29 January 2019
used in the following study were generated at NASA Langley Center. More details about
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the PCRTM model and the retrieval algorithm can be referred to in [35,47]. In addition
to the retrieval products, the brightness temperature (BT) from two CrIS stratospheric
sounding channels will be used directly to display a warm center in the UTLS region that
corresponds to the cold surface center.

MERRA-2 and ERA-5 are two reanalysis products used. MERRA-2 has a spatial resolu-
tion of 0.5◦ × 0.625◦ latitude-by-longitude grid with a 3-h interval and 72 model layers up
to 0.01 hPa [49]. ERA-5 has a resolution of 0.25◦ × 0.25◦ latitude-by-longitude grid with a
1-h interval [10]. To match up two reanalysis data with CrIS measurements, the differences
between the models and CrIS in both temporal and spatial domains have been taken into
account. To account for temporal difference, a linear interpolation was first made between
the 3-h interval of the MERRA-2 reanalysis data and the 1-h interval between the ERA-5
reanalysis data bounding the CrIS observation, then it was interpolated to the center of
each FOV of CrIS to match up the model data with CrIS observation. Considering the
rapid change of winds within the 3-h interval of the MERRA-2 reanalysis data and its rela-
tively coarser spatial resolution than the SFOV products, we chose to use the interpolated
wind from ERA-5 in the following analysis. To examine the impact of the stratospheric
downward transport on CAO, the latitude-pressure and longitude-pressure cross-sections
of T, RH, and O3 from CrIS SFOV products will be analyzed along with the corresponding
ERA-5 and MERRA-2 products. Two types of tropopauses are used to characterize the
stratospheric intrusion and the dynamic transport. One is the dynamic tropopause defined
by PV = 2 PVU, as the extratropical tropopause is found from observation to be remarkably
close to 2 PVU [50]. PV is somewhat analogous to spin angular momentum and its defini-
tion can be referred to in Holton et al. [50]; PVU denotes the standard potential vorticity
unit (1 PVU = 10−6 m2 s−1 K kg−1). The other is the thermal tropopause, defined as the
lowest level at which the (negative) vertical gradient in temperature decreases to 2 ◦C per
km or less [51]. The thermal tropopause is computed by adopting the method based on the
concept of a threshold lapse rate; see Reichler et al. [52] for full details.

The OMPS on SNPP and its follow-up missions represent the next generation US
space-based ozone-monitoring instrument, and the nadir mapper (NM) is one sensor
that measures total ozone with daily global coverage at a spatial resolution of 50 km near
nadir [53,54]. It was found that the OMPS-NM TCO has a small zonal average bias of −0.2%
over the 60◦ S to 60◦ N latitude zone [55] and is in good agreement with the data from the
SBUV/2 instrument on NOAA-19, therefore the OMPS TCO will be used as a reference for
intercomparison with the TCO from CrIS SFOV and the two reanalysis products.

3. Results and Discussion
3.1. Distribution of T and GPH at Different Levels and the CAO Transport Path on 29
January 2019

In late January 2019, severe cold waves caused by a weakened jet stream around the
Arctic polar vortex hit the Midwestern United States and Eastern Canada, killing at least
22 people. It came after a winter storm brought up to 13 inches (33 cm) of snow in some
regions from 27–29 January and brought the coldest temperatures in over 20 years to most
locations in the affected region, including some all-time record lows [56]. Using the data
from 29 January 2019, Figure 1 shows the distribution of temperature at 300 hPa and 850 hPa
impacted by this CAO over North America. Overall, the CrIS SFOV retrieval products and
the corresponding ERA-5 and MERRA-2 reanalysis products show very similar patterns to
show the cold air blast across a large region in the midwestern United States and Eastern
Canada. An interesting feature is that near the region with very cold air temperature at
850 hPa (right panels), a warm area at (100◦–80◦ W, 40◦–50◦ N) is evident at 300 hPa. Some
minor differences among them are visible, for example, over the Pacific Ocean off the west
coast there is an obvious small warm cyclone center near (142◦ W, 42◦ N) at 300 hPa and
its size as evident from CrIS is similar to that from ERA-5, but the size from MERRA-2 is
much smaller.
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From the wind direction in the lower two panels of Figure 1, we can see the southward
transport of airmass in the region between 105◦ W–96◦ W, which starts to turn counter-
clockwise between 40◦ N–50◦ N. Along this southward transport path (105◦ W–96◦ W, 50◦

N–70◦ N) the air at 300 hPa is slightly warmer than the air immediately to the east and
west and an obvious warm center at 300 hPa forms at (100◦ W–80◦ W, 40◦ N–50◦ N) with
the counterclockwise flow of air (see ERA-5 winds in Figure 1, bottom panel). The location
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of the 300 hPa warm center is close to the coldest air center at 850 hPa. To better see the
distribution of cold airmass in different altitudes, Figure 2 plots the GPH at three levels. It
is evident that the location of the coldest air below 850 hPa shifts a little to the east at (98◦

to 72◦ W, 40◦ to 50◦ N) as compared with the air below 500 hPa. By comparing the GPHs at
300 and 500 hPa (Figure 2), we can also see some slight shift of the cold region (with a low
GPH) towards the east between 65–70◦ N. We also found that the transport path of the dry
stratospheric air can be displayed clearly using the CrIS SFOV retrieved RH at 300 hPa, as
shown in Figure 3.
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3.2. Enhancement of O3 along the CAO Transport Path and Its Link to Stratospheric Intrusion

As CrIS has a good sensitivity to measure O3 in the UTLS region, O3 at 300 hPa from
CrIS can be used to track the stratospheric intrusion to the troposphere [37]. From Figure 4,
the enhancement of O3 at 300 hPa is evident along the path of cold air transport and ERA-5
shows more fine features. Plots of the PV contours from MERRA-2 (right panel) further
confirm the link of the cold air transport with stratospheric intrusion, as the PV = 2 PVU
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contour usually marks the boundary of dynamic tropopause, and the contour lines of 5
and 7 PVU indicate that the airmass along the transport path and over the coldest surface
center is largely from the stratosphere (Figure 4). The purple PV line has a good match
with the transport path mentioned above and within it the O3 concentration is greater than
150 ppbv (parts per billion in volume). The black PV line is near the coldest surface center
and the 300 hPa warm center and within it the O3 concentration is greater than 300 ppbv
from CrIS SFOV and ERA-5 products.
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Figure 4. Distribution of O3 at 300 hPa from CrIS SFOV (left), ERA-5 (middle), and MERRA-2
reanalysis (right). The PV contours are overlaid with the MERRA-2 O3 (red line for 2 PVU, purple
line for 5 PVU, and black line for 7 PVU).

Enhancement of O3 along the transport of this CAO is also evident from the total
column ozone (TCO), as shown in Figure 5. The TCO measured by OMPS shows a
similar spatial pattern as those from CrIS SFOV, ERA-5, and MERRA-2 products, however
the advantage of the CrIS SFOV O3 product over OMPS is evident by comparing the
spatial resolutions in the top two panels of Figure 5. In addition, CrIS provides one night
observation that OMPS lacks every day (not shown here). Some quantitatively comparisons
of the TCO in the three regions marked in the top right panels as well as the comparison of
T and RH will be presented in Sections 3.5 and 3.6.
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3.3. Upper Warm Center Detected Using CrIS Stratospheric Sounding Channels

Using the Satellite Infrared Spectrometer (SIRS) flown on Nimbus 4, Ghazi [57] first
found that the SIRS radiance center at 678 cm−1 is highly correlated with the mean tem-
perature of the stratospheric layer at 100–5 mb (approximately 16–36 km). Following this
study by Ghazi [57], Figure 6 plots the brightness temperature (BT) measured by a CrIS
stratospheric sounding channel at 678.25 cm−1; obviously the location of the warm center is
correlated with the location with the largest enhancement of O3 at 300 hPa and TCO. Such
a positive correlation was first found by Ghazi [57]. A similar positive correlation between
TCO and polar lower stratospheric temperature resulting from a sudden stratospheric
warming (SSW) was also found by Madhu [58], but they observed a negative correlation
between O3 concentration and stratospheric temperature in the middle latitude regions. Us-
ing another stratospheric sounding channel at 691 cm−1, which measures thermal radiance
from a layer lower than 678.25 cm−1, the warming center is still evident, but the location
has slightly shifted and some warm air is evident along the transport (middle panel).
However, if using the BT at channel 668 cm−1, whose sensitivity is at a higher altitude at
30 hPa and above, the warm center is invisible (not shown), suggesting the warming of the
stratosphere only occurs below 30 hPa. Along the transport path (105–96◦ W, 50–70◦ N)
and over the warm center (100–80◦ W, 40–50◦ N), the low RH (<30%) (see Figure 3) is
correlated with the contour of BT at 218.9 K. The location of this warm center from the
BT at 691 cm−1 is also very close to the warm center of temperature at 300 hPa (bottom
left panel of Figure 1). More analysis later in this paper will provide more evidence to
demonstrate that the forming of the warming center is caused by the downward transport
of the warming airmass in the lower stratosphere. Please note that, in general, it is hard to
tell the accurate altitude of this warm center based on the BTs in one or two CrIS sounding
channels, and the CrIS SFOV retrieved temperature products should be used instead.
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3.4. Analysis of Stratospheric Air Downward Transport Using the Cross-Sections of T, RH, and O3

To better understand the transport in a vertical direction, Figure 7 plots the
longitude-pressure cross-section of T and the equivalent potential temperature (Θe) from
120–80◦ W along 45◦ N (red dash line in Figure 1). For comparison, both the thermal
tropopause (calculated using different T profiles) and the dynamic tropopause (using
MERRA-2 data only) are plotted. A large difference in the two tropopause heights is
evident between 100–80◦ W, where the altitude of the dynamic tropopause is much lower
than that of the thermal tropopause. Between 90–97◦ W, the dynamic tropopause is below
550 hPa, indicating that a deep stratospheric intrusion occurred in this area. The pattern of
the change of temperature gradient with longitude, overall, follows the pattern of down-
ward intrusion of the dynamic tropopause, with the lowest dynamic tropopause in the
coldest region between 100–90◦ W (at 800 hPa), suggesting the link of stratosphere intrusion
with CAO. In the region with low dynamic tropopause (purple crosses) (>500 hPa), a warm
air above the thermal tropopause (dark crosses) is evident from the CrIS SFOV product
and the two reanalysis products. The pattern of this warm center above the tropopause
is similar to that found by Tao et al. [59] using the simulations by the Weather Research
and Forecasting (WRF) model, where the upper troposphere–lower stratosphere warm
temperature anomaly distribution is resulted from the stratospheric vortex downward
intrusion [59].

Some previous studies have used the potential temperature and shown that within
the tropopause folding region (tropopause folding refers to a process in which a thin
band of stratospheric air intrudes more or less deeply into the troposphere along the
strongly titled isentropes associated with an upper tropospheric frontal zone [50]), the
transport of stratospheric O3 occurred along the downward sloping isentropes (lines of
constant potential temperature) [50,60]. The equivalent potential temperature (Θe), in which
both the temperature and the moisture are considered, has also been used in some other
studies [61,62], and by using Θe, the drier stratospheric air may be more easy to separate
from the moist tropospheric air than using Θ. Hence, in Figure 7 we plotted the equivalent
potential temperature longitude-pressure cross-sections along with the cross-sections of
temperature. From Figure 7, it is evident that the contours of Θe dip down to the west of
102◦ W and to the east of 82◦ W. Such a transport of stratospheric air along the downward
sloping isentropes of Θe is also evident from the RH (Figure 8), particularly the downward
path with a very low RH from (400 hPa, 100◦ W) towards (800 hPa, 104◦ W). As suggested
by Xiong et al. [37], RH is better to be used to illustrate the depth of transport than O3 due
to the limited sensitivity of CrIS to O3 in the lower atmosphere. From the RH in Figure 8,
it is evident that the intrusion depth of stratospheric dry airmass between 95–85◦ W is
at ~430 hPa from CrIS and ERA-5, and ~500 hPa from MERRA-2. The filament of deep
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dry air transport in the west of 100◦ W is well captured by CrIS, ERA-5, and MERRA-2.
Some thinner downward transport of dry air in the east of 82◦ W is also evident from
CrIS and the two reanalysis products, even though the agreement between them is a little
worse. Overall, the cross-section of RH shows a finer structure of the dry air transport
from stratosphere to troposphere than what is shown from the O3 cross-sections. Between
98–82◦ W, the intrusion depth from O3 almost equals that from RH in both CrIS SFOV and
ERA-5 products, but MERRA-2 shows a large disparity, with a thin O3 enhancement layer
and a thick dry layer.
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but using MERRA-2 PV data only.
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From the comparison of the patterns shown in Figures 7 and 8, it is evident that the
agreement of temperature among CrIS SFOV, ERA-5, and MERRA-2 (Figure 7) is relatively
better than the agreement of O3 and RH (Figure 8). From the cross-sections of O3 and
RH, the ERA-5 is overall in a better agreement with CrIS SFOV retrievals than MERRA-2.
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One obvious feature is in the layer below the thermal tropopause and above the dynamic
tropopause; MERRA-2 has a thicker dry layer than CrIS and ERA-5. The disparity of RH
between these two reanalysis products with the CrIS retrieval products may indicate some
disparity between these two assimilation model systems. It should be noted that some
difference of their products can be attributed to the observation data assimilated in their
systems. For example, radiosondes have been widely used in the data assimilation system.
Vaisala RS41 radiosondes have replaced RS92 to become the dominant radiosonde type
in the upper air network. In a recent study by Sun et al. [61], they found the standard
RS92 may have a dry bias of 3–4% and RS41 may still have a dry bias of 1–1.5% for both
daytime and nighttime. Compared with Infrared Atmospheric Sounding Interferometer
(IASI) measurements, Sun et al. [63] also pointed out that the simulated radiances using
ERA-5 match better than those using radiosondes is perhaps because ECMWF assimilates
IASI measurements. These results demonstrate the capability to use the SFOV product
to capture the thermodynamic structure impacted by CAO events, which may help us to
better understand the dynamic transport and help model evaluation. Further analysis of
their difference is important for improving their model for climate analysis and weather
forecasting, but this is out of the scope of this paper. In this instance, CrIS SFOV products
may be a valuable observational-based dataset for their evaluation.

In order to have a picture of the meridional transport, we also plotted the latitude-pressure
cross-sections of T, Θe, O3, and RH along 100◦ W (along the black dash line in Figure 1)
in Figure 9. The largest gradient of tropopause change occurred at (35–46◦ N). At ~46◦ N
the dynamic tropopause reached its lowest height of 500 hPa, where a significant decrease
of temperature in the layers under the tropopause until the lower troposphere is evident.
This pattern is due to the transport of cold air from the north, blocked by the warm air
from the south to form a shear near 40◦ N (see the wind fields at the bottom panels of
Figure 1). The largest gradient of Θe also suggests the transport of stratospheric air along
the downward-sloping isentropes of Θe between 35–42◦ N, where we can also see the
formation of warm air between 40◦–57◦ N above the thermal tropopause. At 800 hPa, the
location of the coldest area is between 46◦–53◦ N. From the RH in Figure 10, the path of the
downward transport of the dry stratospheric air from (400 hPa, 46◦ N) down to (800 hPa,
42◦ N) is evident. Another filament of the downward transport path from (250 hPa, 39◦ N)
down to (700 hPa, 36◦ N) is also evident from the cross-section of RH, which is associated
with a dip of the dynamic tropopause to ~300–350 hPa ner ~38◦ N. Similar to that shown in
Figure 8, it is evident from Figure 10 that MERRA-2 has a thicker dry layer (i.e., a low RH)
below the thermal tropopause than CrIS and ERA-5 data in the region between 45–60◦ N,
and the stratospheric intrusion depth shown from O3 disagrees with that shown from RH.
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3.5. Comparison of T and RH Profiles from CrIS SFOV with ERA-5 and MERRA-2

To further analyze the impact of CAO on the change of T and RH profiles along the
transport pathways and to quantify the performance of CrIS SFOV retrievals and the ERA-5
and MERRA-2 reanalysis products in this extreme weather condition, we selected three
regions, as shown in Figure 5, and compared the mean T and RH profiles. As shown in
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Figure 11, in region A, which is outside the CAO impacted region, the mean temperature
decreases with altitude and reaches the minimum at ~200 hPa. Under the impact of CAO,
the level with the minimum of temperature moves down to ~300 hPa in region B and
moves to an even lower altitude in region C. In the CAO impacted regions B and C, a large
increase of temperature in the order of 10 K is evident in the layer between 100–200 hPa as
compared with region A, showing the warming in the lower stratosphere. Based on the
CrIS SFOV retrievals, at 200 hPa the mean temperatures increase from 211.6 K (in region A)
to 223.7 K (in region B) and 226.3 K (in region C). The location with the lowest temperature
around 300 hPa is roughly the location of thermal tropopause, and it is evident that the
tropopause in region C is slightly lower than in region B from the top right two panels
of Figure 11. Near the surface, the temperature at 950 hPa is 272.4 K (in region A) and
it decreases to 241.8 K (in region B). In region B, an inversion layer below 850 hPa from
CrIS SFOV, ERA-5, and MERRA-2 suggests that the advection of polar cold air plays an
important role in impacting the surface temperature along the transport path of cold air.
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Figure 11. Top panels are the mean temperature profiles in the regions A, B, and C (see the boxes in
Figure 5) for ERA-5 (black line), MERRA-2 (green line), and CrIS SFOV (red cross line) and bottom
panels are the mean difference of T from ERA-5 (black) and MERRA-2 (green) vs. SFOV. To better see
the difference of T at 300 hPa among three regions, a horizontal red dash lines is plotted.

Figure 11 shows the mean difference of the matchup temperature profiles from ERA-5
and MERRA-2 minus the CrIS SFOV retrieval profiles (bottom panels). It is evident that in
the CAO-impacted regions B and C, the temperature at 300 hPa from ERA-5 and MERRA-2
is warmer than the CrIS SFOV product by 1.0 K to 1.5 K, while the difference between ERA-5
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and MERRA-2 is much smaller. As expected, the difference of the surface temperature
from the CrIS SFOV retrieval with both reanalysis data is a little larger than in the upper
troposphere layers and this uncertainty is partially associated with the uncertainty in the
retrieval of surface emissivity. This difference is similar to one previous validation to AIRS
and/or NUCAPS products [38], suggesting the quality of the CrIS SFOV temperature
product in this extreme CAO conditions is reasonably good as compared with MERRA-2
and ERA-5 reanalysis products. However, the relatively larger difference at the tropopause
needs more investigation.

From the vertical profile of RH in Figure 12, it is evident that the mean RH in region
A is >70–80% in the layer above 300–200 hPa, indicating it is the tropospheric air at
~200 hPa. Due to the descending of stratospheric dry air (RH < 30%), in regions B and
C the air at 300 hPa is clearly from the stratosphere as the SFOV RH and MERRA-2 RH
is about 28 and 20%, respectively, and the ERA-5 RH is even 5–6% less. The transport of
stratospheric air is extending to 350–400 hPa (RH < 30%). From the RH differences, it is
evident that the disparity of RH between ERA-5 and MERRA-2 can be as large as 10%,
showing the agreement of the RH product from the two reanalysis data is not as good as
their temperature products. The difference of CrIS SFOV RH with ERA-5 and MERRA-2 is
within the range of 10–20% in the CAO-impacted regions (B and C), which is comparable
with previous validation of AIRS and/or NUCAPS products [38]. In the CAO-impacted
regions B and C, the RH from MERRA-2 is less than CrIS SFOV and ERA-5 by 5–10% layer
between 400–550 hPa, which is consistent with the previous finding of a thick dry layer
under the tropopause (see Figures 8 and 10). A relatively larger disparity of T and RH in
region A can be partially attributed to the use of data along the coast, where the retrieval
uncertainty is usually relatively larger.
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3.6. Comparison of TCO from ERA-5, MERRA-2, CrIS SFOV with OMPS

The TCO from OMPS on S-NPP is used as a standard to compare against the TCO from
CrIS SFOV, MERRA-2, and ERA-5 reanalysis data in the same three regions as before. As
shown in Figure 13, overall across these three regions the SFOV TCO has a better agreement
with MERRA-2 than with ERA-5, and the ERA-5 TCO is biased high compared with OMPS,
while SFOV and MERRA-2 are biased low. In the CAO-impacted region C, the errors of CrIS
FOV, MERRA-2, and ERA-5 TCO relative to OMPS TCO are −1.29 ± 2.32%, −2.79 ± 3.12%,
and 1.06 ± 2.32%. By using all the co-located data in the whole image shown in Figure 4,
the errors of CrIS FOV, MERRA-2, and ERA-5TCO relative to OMPS TCO are −2.5 ± 3.2%,
−1.0 ± 3.8%, and 2.8 ± 2.8%, respectively. This estimated error of MERRA-2 is consistent
with the study of Wargan et al. [64] that compared MERRA-2 total ozone with TOMS data
(1980–1993) and found their difference is less than 2% in bias and less than 6% in standard
deviation. The finding of a positive bias of ERA-5 TCO, as compared with OMPS and
MERRA-2, is consistent with the finding by Xiong et al. [37].
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4. Summary and Conclusions

An extreme CAO event that occurred during 28–31 January 2019 was examined with
a focus to understand the impact of the stratosphere to the surface cold air transport.
In this study, the distributions of T, RH, and O3 on 29 January 2019, as well as their
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cross-sections, were analyzed using the CrIS SFOV retrieval products, a new product from
NASA Langley Research Center. For comparison, the corresponding ERA-5 and MERRA-2
reanalysis products were used in the same way. Data of wind, PV, and GPH from ERA-5
and MERRA-2 were used to characterize the dynamic transport of this CAO event. Served
as a simple cross-validation to the performance of SFOV retrievals and reanalysis products
under this extreme weather condition, some comparison of the SFOV retrieved T and RH
profiles with ERA-5 and MERRA-2 products, as well as their TCO with OMPS data, were
also made.

It is found that the path of the cold air transport on 29 January 2019 across the US
Midwest can be well captured from the wind fields, GPH at 300 and 850 hPa, the map of
O3 and RH at 300 hPa, and the map of TCO. Along this cold air transport path, particularly
over the coldest center, the source of air at 300 hPa is largely from the stratosphere as the
modeled PV is larger than 5 PVU and the O3 concentration is much larger than 150 ppbv, a
value used in the chemical tropopause [65]. The downward transport of stratospheric air
has been illustrated explicitly from the cross-sections of T, RH, and O3. More fine features
of the transport path and the transport depth can be captured using RH, even though the
agreement of RH in different models is not so well as their temperature products. In consis-
tent with the observation by Ghazi [57] and the model simulations by Tao et al. [59], a warm
center above the tropopause was directly observed using the CrIS stratospheric sounding
channels. This warm center is associated with stratosphere warming [57,58] as well as the
downward stratospheric transport. While several possible dynamical mechanisms for the
downward stratospheric influence on CAO have been proposed from previous studies that
were mostly based on model data, such as the link of the large-scale PV anomalies in the
lower stratosphere with zonally symmetric zonal wind perturbations extending downward
to the earth’s surface, wave propagation, or stratosphere vortex downward intrusion [59],
this study provided direct evidence from satellite observations to confirm the impact of the
stratosphere to the CAO process through the downward transport.

Overall, CrIS SFOV products and the two reanalysis products perform well to capture
the large-scale patterns of T, RH, and O3 associated with this CAO and characterize the
tropopause descending and downward isentropic stratosphere-to-troposphere transport.
However, compared with the good agreement in T, the disparity of RH can be up to
10% between the two reanalysis products, and it is noteworthy that in the CAO-impacted
regions MERRA-2 shows a thicker dry layer below the tropopause than that from the ERA-5
and CrIS SFOV products. Moreover, comparison of TCO with measurement by OMPS
show that the ERA-5 TCO has a positive bias of 2.8 ± 2.8%, while CrIS and MERRA-2
TCO have a negative bias of −2.5 ± 3.2% and −1.0 ± 3.8%, respectively. Please note that
these differences are only based on one CAO case and should not be overexplained. More
validation to CrIS SFOV products using more in situ observations for more cases is ongoing.

This study provides evidence that CrIS observations can be used to identify
stratosphere–troposphere coupling and the impact of the stratosphere on synoptic systems,
confirming the impact of the stratosphere on CAO through downward transport. It also
demonstrated the potential value of CrIS SFOV products, with a high spatial resolution
of about 14 km, for observing the thermodynamic state of extreme weather systems like
CAO as well as the value for model evaluation. As a new product that will soon become
publicly available, the fine-scale three-dimensional variation of T, RH, and O3 as captured
from this SFOV products could benefit for future CAO dynamic transport study and likely
the assimilation of these SFOV products in the model could help to improve the simulation
and forecast of CAO events.
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UTLS Upper Troposphere and Lower Stratosphere
WMO World Meteorological Organization
WRF Weather Research and Forecasting model
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