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ABSTRACT: Interannual variability of tropospheric moisture and temperature are key aspects of Earth’s climate. In this
study, monthly mean specific humidity (¢) and temperature (7)) variability is analyzed using 12 years of COSMIC-1 (C1)
radio occultation retrievals between 60°N and 60°S, with a focus on the tropics. C1 retrievals are relatively independent of
the a priori values for ¢ and T within the lower/middle troposphere and upper troposphere/lower stratosphere, respec-
tively. Tropical interannual variability is dominated by El Nino-Southern Oscillation (ENSO). Systematic increases and
decreases in zonal mean g and T are observed during the 2009/10 and 2015/16 EI Nifo events and 2007/08 and 2010/11
La Nifla events, respectively. ENSO patterns in g and T are isolated using linear regression, and anomaly magnitudes
increase with altitude, reaching a maximum in the upper troposphere. Upper-tropospheric ¢ anomalies expand from the
tropics into the midlatitude lower stratosphere, and the 7 vertical structure is consistent with a moist adiabatic response. C1
results are compared with NCAR’s Whole Atmosphere Community Climate Model (WACCM), forced by observed sea
surface temperatures, to evaluate model behavior in an idealized setting. WACCM ENSO variations in g and T generally
show consistent behavior with C1 with somewhat smaller magnitudes. Case studies are conducted for major ENSO events
during the study period. The spatial variability of ¢ is closely aligned with outgoing longwave radiation (OLR) anomalies.
For example, midtropospheric g increases over 100% and OLR decreases over 50 W m ™2 over the central Pacific during the
2015/16 El Nifio, and substantial regional g and 7 anomalies are observed throughout the tropics and midlatitudes for each
event.
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1. Introduction and this work provides an initial analysis of large-scale geo-
physical variability in these data.

One of the key components of tropospheric interannual
variability is El Nifio—Southern Oscillation (ENSO), as it is
linked to variations in tropical sea surface temperatures,
convection, atmospheric moisture, temperature, and circula-
tion throughout the troposphere (e.g., Guan and Nigam
2008; Capotondi 2013). ENSO has its origins in the tropics
due to coupled ocean—-atmosphere dynamics and it is the
dominant driver of tropical tropospheric interannual vari-
ability (e.g., Yulaeva and Wallace 1994). Strong circulation

Knowledge of tropospheric moisture and temperature vari-
ability is essential to understanding the global climate system.
Tropospheric moisture is one of the key parameters driving
weather and climate variability, and moisture transport plays a
significant role in the global hydrological cycle (e.g., Kim et al.
2019). To accurately model current and future climate, it is cru-
cial to understand the variability, distribution, transport, and
vertical structure of tropospheric water vapor (Rieckh et al.
2018). Observations of humidity are available from various
satellite observations (Chahine et al. 2006; Pougatchev et al.

2009; Tian et al. 2013; Tian and Hearty 2020) and isolated ra- effects have also been observed in the extratropics associated
diosonde measurements (e.g., McCarthy et al. 2009), as well as ~ With Rossby wave propagation (Trenberth et al. 2002). The

global analyses or reanalysis datasets (c.g., Hersbach et al. Warm phase of ENSO is known as El Nino while the cold
2020). In this work, we study a novel set of humidity retrievals ~ Phase is known as La Nifia, and these two phases occur irregu-
derived from Constellation Observing System for Meteorology, ~1arly every ~2-7 years with maximum sea surface temperature
Tonosphere, and Climate (COSMIC) global navigation satellite ~ (SST) anomalies typically occurring in November-December
system (GNSS) radio occultation (RO) measurements (Anthes ~ (Liou and Ravindra Babu 2020).

et al. 2008; Ho et al. 2020). These data provide near-global The impact of ENSO on temperature and precipitation

coverage for monthly means spanning the period 2007-18, has been studied extensively in past research. Positive correla-
tions have been shown for ENSO and temperatures through-

out the tropical troposphere (Yulaeva and Wallace 1994;

Calvo Fernandez et al. 2004). Considerable tropospheric

P Supplemental information related to this paper is available ~Wwarming occurs during El Nifio, with the largest warming
at the Journals Online website: https://doi.org/10.1175/JCLI-D-21-  occurring in the eastern Pacific (Yulaeva and Wallace 1994)
0884.s1. and the upper troposphere (Scherllin-Pirscher et al. 2012)
and is attributable to anomalous heat flux from the tropical

Corresponding author: Benjamin R. Johnston, bjohnston@ucar. ~ Pacific to the atmosphere (Seager et al. 2003). Interannual
edu tropospheric temperature anomalies associated with ENSO
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FI1G. 1. C1 zonal mean monthly sampling totals within 10° latitude bands from 2007 to 2018.

also appear to be related to tropical mean SST anomalies by a
simple moist adiabatic relationship (Sobel et al. 2002). While
the impact of ENSO on stratospheric temperatures has not
been studied as frequently, a few studies have shown that a
transition from positive to negative correlations for tempera-
ture and ENSO occurs around the tropopause, with moderate
cooling observed in the tropical lower stratosphere during
El Nifio events (Scherllin-Pirscher et al. 2012; Randel and Wu
2015). The propagation of the ENSO signal into the strato-
sphere has been documented into the middle and high lati-
tudes, where ENSO is able to modify the stratospheric mean
meridional circulation, also known as the Brewer—Dobson cir-
culation (Calvo et al. 2010).

ENSO also produces significant changes in precipitation
patterns around the globe. For example, warm SST anomalies
produce increases in precipitation over the equatorial central
and eastern Pacific and western Indian Ocean, while precipi-
tation decreases are found to the north and south of the
enhanced precipitation region as well as near the Maritime
Continent (Ropelewski and Halpert 1987; Chou and Lo 2007;
Yun et al. 2021). These precipitation anomalies are associated
with a strengthening of the Hadley circulation and anomalous
diabatic forcing of the global atmosphere circulation (Seager
et al. 2003). In the midlatitudes, a prominent zonally symmet-
ric component in precipitation patterns has been shown to
occur due to tropically forced changes in the subtropical jets
(Seager et al. 2005). Many of these studies have focused on
the lag between the response of the tropical atmosphere and
ENSO as well, with maximum correlations between ENSO
indices and temperature/precipitation occurring at a lag of
2-6 months, depending on the datasets used (Trenberth et al.
2002; Calvo Fernandez et al. 2004; Compo and Sardeshmukh

Brought to you by University of Colorado Libraries | Unauthenticated | Downloaded 07/31/23 06:55 PM UTC

2010; Zheng et al. 2015; Randel and Wu 2015). This lagged
atmospheric response to SST forcing has been shown to depend
on the oceanic mixed layer depth, the ENSO SST forcing
period, the areal fraction of the mixed layer ocean, and the
strength of tropics-to-midlatitude transport (Su et al. 2005). In
contrast, fewer studies have been conducted on changes in
tropospheric moisture due to ENSO. Liang et al. (2011) identi-
fied the interannual signal of ENSO and described the connec-
tion between tropospheric and stratospheric water vapor, Teng
et al. (2013) documented links of ENSO to variations in precip-
itable water and precipitation rates over the ocean, Llamedo
et al. (2017) identified ENSO-related moisture anomalies near
South America, and Tian et al. (2019) quantified the impact
that ENSO has on tropical upper-tropospheric water vapor
variance. However, it is still necessary to better characterize
interannual moisture variability on a more global scale and to
quantify variability throughout the entire troposphere.

Global Navigation Satellite System Radio Occultation
(GNSS-RO) observations from various missions have been
used in many aspects of climate research over the past two
decades (Ho et al. 2020). Specifically, the joint U.S.-Taiwan
six-satellite. FORMOSAT-3/COSMIC (FORMOSA Satellite
Series No. 3/Constellation Observing System for Meteorology,
Tonosphere, and Climate, henceforth abbreviated C1) mission,
launched in 2006, provides a long data record of temperature
and moisture profiles. These data are characterized by high
accuracy and precision, high vertical resolution, insensitivity
to clouds and precipitation, and global coverage distributed
relatively evenly in time and space (Anthes et al. 2008), mak-
ing C1 an ideal choice for climate variability studies. Previous
studies have demonstrated the value of C1 data for understanding
the climate system, such as from analyzing the vertical and spatial
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FIG. 2. (a) Contribution of the dry neutral atmosphere Ny, and water vapor Ny, to the C1 mean refractivity profile
within 0°~10°N, 140°~150°E. (b) Mean temperature and dry temperature (K) within the same region. (c) Zonal mean
contribution of water vapor to the C1 mean refractivity profile (%) within 60°N-60°S from 2007 to 2018. Tropopause

heights are denoted by the solid black line.

structure of temperatures during ENSO (Scherllin-Pirscher
et al. 2012), examining atmospheric diurnal variability (Xie
et al. 2010), describing upper-troposphere and lower-stratosphere
(UTLS) temperature anomalies due to the Madden—Julian
oscillation (MJO) (Tian et al. 2012), estimating tropopause
height variability and trends in relation to ENSO (Gao et al.
2015), and quantifying the effects of deep convection on the
surrounding temperature environment (Johnston et al. 2018).
However, these and other climate studies have often used the
“dry” RO retrieval and focused on temperature in the UTLS
region. Our focus here is to assess the quality of C1 moisture
retrievals and identify the interannual water vapor variability
throughout the troposphere. Because ENSO dominates tropo-
spheric variability, we isolate and quantify the ENSO signal as
part of the data validation.

In this study, we use C1 GNSS-RO observations to quantify
interannual tropospheric moisture and temperature variabil-
ity throughout the tropics and extratropics and to analyze
how ENSO impacts this variability. The main goals of this
paper are to evaluate the zonal mean specific humidity and
temperature variability over 2007-18 as part of C1 data vali-
dation and quantify large-scale changes associated with
ENSO from the tropics into the midlatitudes. We also assess
ENSO variability in a free-running global climate model
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(WACCM) simulation forced with observed (historical) SSTs,
in order to evaluate model ENSO variability compared to the
C1 observations. Finally, we evaluate the spatial variability
during several El Nifio and La Nifia case studies, highlighting
local moisture anomalies and their correlation with changes in
precipitation.

The structure of the paper is as follows: section 2 provides
background on the C1, WACCM, and ERAS data and meth-
odology used in the study; section 3 provides a description of
the C1 “wetPf2” one-dimensional variational retrieval and a
comparison with the ERAS a priori used in the C1 retrieval;
section 4 presents the key results of the study, including mois-
ture/temperature anomaly magnitude time series, linear regres-
sions between ENSO and C1/WACCM moisture/temperature,
and case studies for El Nifio and La Nina events; finally, the
main conclusions and future work are provided in section 5.

2. Data and analyses
a. COSMIC-1 GNSS radio occultation

By measuring the phase delay of radio waves from GNSS
satellites as they bend through Earth’s atmosphere, profiles
of bending angles and refractivity can be obtained (Anthes
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FIG. 3. Time-average zonal mean differences in specific humidity (%) between C1 and ERAS
over 2007-18. Tropopause heights are denoted by the solid black line.

2011). At microwave frequencies in the troposphere and
stratosphere, the refractivity varies due to contributions from
the dry neutral atmosphere and water vapor. Specifically, the
atmospheric refractivity N can be related to atmospheric pres-
sure P, temperature 7, and water vapor partial pressure e
(Smith and Weintraub 1953):
— P s(_¢
N = 77.6(7,) +3.73 X 10 (ﬁ) 1)
In this study, C1 GNSS-RO soundings are obtained from
2007 to 2018. The C1 constellation provided up to 2500 sound-
ings per day shortly after launch in January 2007. However,
as individual satellites within the constellation went offline
throughout the study period, the number of daily soundings
decreased to ~250 per day at the end of 2018. We obtained
the “cosmic2021” reprocessed level-2 profiles from the
COSMIC Data Analysis and Archive Center (CDAAC) at
the University Corporation for Atmospheric Research
(UCAR). We use the new “wetPf2” retrieval, which provides
refractivity, temperature, and moisture from near the surface
to ~60 km. The wetPf2 product was designed to improve
upon the older “wetPrf” retrieval by using a variational regu-
larization on the Abel inversion during the retrieval process,
which constrains retrievals with the aid of prior information
(Wee 2018). The vertical resolution of RO soundings varies
from ~200 m in the lower troposphere to ~500 m in the upper
troposphere (Zeng et al. 2019) while the horizontal foot-
print (horizontal scale represented by a single observation;
Boukabara et al. 2021) is ~200 km (Anthes et al. 2008). The re-
trieved profiles are reported as a function of geometric height
above mean sea level and the profiles are quality controlled by
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excluding profiles with “bad” flags (such as if the observation
bending angles exceed the climatology by a specific threshold).

Figure 1 shows the C1 zonal mean monthly sampling density
during the study period using 10° latitude bands. Owing to the
72° orbital inclination of the C1 constellation, sampling is slightly
lower in the tropics and highest in the midlatitudes. Sampling is
largest earlier in the C1 lifespan (up to 6000 profiles in the mid-
latitudes from 2007 to 2010) and then steadily decreases over the
years (less than 500 profiles in the tropics in 2018) due to loss of
individual satellites within the constellation.

b. Whole Atmosphere Community Climate Model

We analyze moisture and temperature profiles from simula-
tions using the Whole Atmosphere Community Climate Model
version 6 (WACCM6). The model results analyzed here are
free-running simulations of the recent past (1950-2018), which
include forcings from observed SSTs, greenhouse gases, and
ozone-depleting substances. Using observed SSTs forces the
model to have ENSO events that are similarly timed to ob-
servations, and our objective is to compare the moisture and
temperature responses in such an idealized model with
the observations. The horizontal resolution of the model
is 0.95° latitude X 1.25° longitude and there are 70 vertical
levels (Gettelman et al. 2019) from Earth’s surface to 140 km
(Smith et al. 2020). We focus on simulations from 2007 to 2018
to overlap with the C1 data and zonal monthly mean analyses
are shown in this study.

c. ERAS

ERAS is the fifth generation of atmospheric reanalysis to
be produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF). ERAS provides an enhanced
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FIG. 4. Time-height cross sections of C1 monthly zonal mean (a) fractional specific humidity

(%) and (b) temperature (K) variability from
shown, with the solid red line indicating El
La Nifa events.

number of output parameters over the outgoing ERA-Interim
with hourly temporal resolution, a horizontal resolution of
31 km, and a vertical resolution of 37 pressure levels from
1000 to 1 hPa (Hersbach et al. 2020). Note that ERAS assimi-
lates COSMIC-1 bending angles. In this study, ERAS tempera-
ture and specific humidity profiles are obtained for a comparison
with the C1 wetPf2 retrievals.

d. Oceanic Nino index

The intensity of ENSO events can be characterized by
several well-known tropical Pacific SST indices. In this study,
we use Oceanic Nifio Index (ONI) data obtained from the
NOAA Climate Prediction Center from 2007 to 2018. The
ONI is calculated using a 3-month running mean of sea surface
temperature anomalies [using the Extended Reconstructed Sea
Surface Temperature version 5 (ERSST.v5) dataset] in the
Nino-3.4 region (5°N-5°S, 120°-170°W), based on centered
30-yr base periods updated every 5 years (NOAA Climate
Prediction Center 2021). El Nifio or La Nifia occurrences are
determined when a threshold of +0.5°C is met for a minimum
of 5 consecutive overlapping seasons.

e. Outgoing longwave radiation

Monthly mean outgoing longwave radiation (OLR) data are
obtained from the NOAA Climate Prediction Center from
2007 to 2018 and is used to identify convection anomalies. OLR
has been used in many past studies as a proxy for deep convec-
tion in the tropics (Massie et al. 2002; Randel and Park 2006;
Pearson et al. 2010; Zhang et al. 2017), with lower mean OLR
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2007 to 2018 within 10°N-10°S. The ONI is also
Nifio events and the solid blue line indicating

values (in W m™?) indicating more frequently occurring deep
convection (and vice versa). OLR (top of the atmosphere) is
observed from the AVHRR instrument aboard the NOAA
polar-orbiting spacecraft—specifically, from the NOAA-18 sat-
ellite during this study period. This is an interpolated dataset,
which is done to fill in gaps in the data and minimizes the dis-
tance in space and time over which a value is interpolated
(Liebmann and Smith 1996). The data are provided on a
2.5° X 2.5° latitude-longitude grid.

f- Methodology

Cl and WACCM moisture and temperature profiles are
obtained between 60°N and 60°S from 2007 to 2018 using a
height range of nearest to surface to 20 km. Each Cl and
WACCM profile is interpolated to a 50-m uniform vertical grid
using a quadratic interpolation scheme and then smoothed to
250 m, which is roughly the native resolution for RO profiles in
the troposphere. First, zonal mean variability is analyzed using
both time-height and time-latitude diagrams. To derive inter-
annual variations in the moisture and temperature fields, spe-
cific humidity (¢) and temperature (7) profiles are binned
by month and the 12-yr monthly mean is then removed. Also,
spatial variability (using 5° latitude X 10° longitude gridding) at
various altitudes is shown during different El Nifio and La Nifia
seasons to highlight key moisture and temperature changes that
occur between these events and relate these changes to fluc-
tuations in deep convection. For this analysis, g and T pro-
files are binned by season [e.g., January—-March (JFM)] and
the 12-yr seasonal mean is also removed. JFM is chosen for
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FIG. 5. Time-latitude cross sections of C1 monthly zonal mean (top) fractional specific humidity (%) and (bottom)
temperature (K) variability from 2007 to 2018 at (a),(c) 6 and (b),(d) 12 km. The ONI is also shown, as in Fig. 4.

study to account for the 2-3-month lag in tropospheric ¢ and
T anomalies in responding to the November/December peak
of SST anomalies, and this lag will be discussed later in the
manuscript.

3. C1 1D-Var retrieval

The UCAR CDAAC wetPf2 one-dimensional variational
(1D-Var) retrieval uses an a priori state of the atmosphere
(background vertical profile), an observable (RO refractivity
or bending angle), and their specified associated errors to re-
trieve best-fit temperature and moisture profiles that mini-
mize a quadratic cost function (Rieckh et al. 2018). ERAS
pressure-level temperature and humidity profiles are used as
the a priori, which are interpolated to the time and location of
the occultation. Figure 2 shows the contribution of the dry
neutral atmosphere and water vapor terms in the refractivity
equation, Eq. (1), to the overall refractivity profile over the
Pacific warm pool (a region with considerable atmospheric
moisture) and globally, as well as how this impacts the re-
trieved temperature and dry temperature profiles. Refractivity
decreases exponentially with height in the troposphere.
Within the boundary layer (~0-2 km), where moisture
amounts are largest, the water vapor term (Ny,) can account
for 25%-30% of the observed refractivity. However, the dry
neutral atmosphere term (Ngy) still contributes the most to
refractivity in the troposphere and contributes nearly 100%
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above ~12 km since moisture is generally negligible above
this altitude (Figs. 2a,c). This can also be seen in the differ-
ences between 7 and Ty, (Fig. 2b), as T — T4,y can be over
80 K near the surface while differences are nearly zero above
12 km. Thus, at high altitudes, the refractivity due to water
vapor is too small to be detected by GNSS-RO and wetPf2
moisture retrievals shown at these altitudes mainly contain in-
formation from the a priori (ERAS) rather than observational
information.

While the C1 1D-Var retrieval uses ERAS as an a priori to
derive moisture and temperature profiles, this does not mean
that C1 g and T profiles are identical to ERAS. Figure 3
shows the time-average zonal mean ¢ differences between C1
and ERAS between 60°N and 60°S. As is well known, nega-
tive RO refractivity bias occurs within the boundary layer
(<2 km) due to a combination of various receiver tracking
errors and the presence of superrefraction (Rocken et al.
1997; Ao et al. 2003; Yu et al. 2018; Feng et al. 2020), which
results in relatively large negative g biases for RO at these al-
titudes. Above the boundary layer, minor differences are ob-
served within ~2-5 km, while C1 displays a positive bias of
6%—-8% in the tropical middle troposphere. These results are
similar to biases between COSMIC-2 and ERAS shown in
Johnston et al. (2021). Since reanalysis assimilation systems
often rely on moisture data sources that have larger uncertain-
ties in the presence of deep tropical clouds, the larger differ-
ences observed in the tropical midtroposphere may be due
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FIG. 6. Time-height cross sections of WACCM monthly zonal mean (a) fractional specific
humidity (%) and (b) temperature (K) variability from 2007 to 2018 within 10°N-10°S. The ONI

is also shown, as in Fig. 4.

to ERAS underestimating the moisture. Previous studies
have revealed that reanalysis mid-to-upper-tropospheric
humidity is slightly dry in regions associated with deep con-
vection and have suggested that this could be due to insuffi-
cient model convective parameterization (Luo et al. 2008;
Takahashi et al. 2016; Xue et al. 2020). Thus, the C1 1D-Var
retrievals may provide significant added value in these re-
gions. C1 and ERAS agreed well in temperature throughout
the troposphere above the boundary layer (not shown),
with C1 showing a small positive bias up to 0.2 K in the mid-
dle troposphere and differences < 0.1 K elsewhere. Along
with the mean biases, we also evaluated the correlations be-
tween monthly zonal mean ¢ variations from C1 and ERAS
(not shown). The correlations were extremely high (>0.9)
over all latitudes throughout the troposphere, demonstrat-
ing strong similarity between C1 and ERAS5 for monthly
zonal mean variability. This may be partly due to the fact
that monthly zonal mean ¢ variations typically have broad
spatial and vertical scales that are well resolved in both
datasets.

Finally, it is important to understand the dependence of the
1D-Var retrieval on the a priori. This dependence was evalu-
ated in the tropics by deriving another C1 wetPf2 dataset for
one month using the National Centers for Environmental
Protection (NCEP) Global Forecast System (GFS) opera-
tional analysis as the a priori (instead of ERAS) and compar-
ing the g and T differences between the two Cl1 1D-Var
retrievals to the differences between their corresponding a
priori (see Fig. 1 in the online supplemental material). In this
comparison, the mean differences between the C1 retrievals
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were smaller relative to the corresponding a priori mean dif-
ferences for g within the lower/middle troposphere and for
T within the UTLS, while the standard deviation of the dif-
ferences was considerably reduced for the C1 retrievals rel-
ative to the a priori at the same altitudes. These smaller
mean differences and standard deviations demonstrate that
the C1 1D-Var has more independence from its a priori for
q and T within the lower/middle troposphere and UTLS,
respectively. In contrast, the mean differences between the C1
retrievals displayed similar patterns and magnitudes to the
corresponding a priori mean differences for g within the up-
per troposphere and for 7' within the lower/middle tropo-
sphere, while the standard deviation of the differences was
only slightly reduced for the C1 retrievals at these altitudes,
indicating that the C1 1D-Var has a stronger dependence on
its a priori for g and T within the upper troposphere and
lower/middle troposphere, respectively.

4. Results
a. CI zonal mean variability

The C1 zonal mean tropospheric fractional specific humidity
and temperature variability in the deep tropics (10°N-10°S)
from 2007 to 2018 are shown in time-height cross sections in
Fig. 4, with the ONI overplotted to highlight the role that
ENSO plays in forcing the observed atmospheric variability.
Both the observed g and T variability show a clear relationship
with ENSO, as large increases in tropospheric ¢ and T are
seen during El Nifio events while decreases are observed
during La Nina events. The g anomalies in the lower
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FIG. 7. Correlation coefficients between the Oceanic Nifio Index (ONI) vs C1 g at various lead and lag times and
latitudes at (a) 4 and (b) 12 km, as well as (c) for various lead and lag times and heights within 10°N-10°S.

troposphere are generally within =15% and increase in
magnitude into the upper troposphere (up to *30%).
Anomaly patterns are similar for T; again, anomaly magni-
tudes increase from the lower troposphere (within =1 K)
into the upper troposphere (within =2 K). This behavior is
consistent with a temperature response to SST anomalies by
a moist adiabatic relationship (Santer et al. 2005). Anomaly
magnitudes are strongly influenced by the strength of the
SST anomalies, as the largest increases in ¢ and T occur
during the robust El Nifio of 2015/16 and the largest de-
creases are observed during the La Nina of 2007/08.

Next, we show the observed g and T variability using time—
latitude cross sections in the middle and upper troposphere in
Fig. 5 to resolve whether the ENSO-forced variability is lim-
ited to the tropics or also occurs into the extratropics. For g at
6 km (Fig. 5a), anomalies consistent with the ENSO signal
[moisture increases (decreases) during El Nifio (La Nifia)] are
generally restricted to within the deep tropics and are in the
range *15%. Beyond those latitudes, considerable noise is
apparent as the g variability is impacted by a variety of other
factors. At 12 km (Fig. 5b), the g anomalies show remarkable
consistency with ENSO even into the midlatitudes and again
increase in magnitude, similar to Fig. 4. For example, in-
creases in moisture of up to 20%-30% are evident during the
El Nifio events of 2009/10 and 2015/16 from ~40°N to 60°S,
while the strong La Nifa of 2007/08 produced moisture de-
creases of 20%-30% throughout the entire study region. In
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contrast, coherency of the zonal mean 7 anomalies with
ENSO is generally observed within 30°N-30°S at both 6 and
12 km (Figs. S5c,d). The largest magnitudes are usually
observed within 10°N-10°S, ranging from *=1 K at 6 km and
+2 K at 12 km. This zonal mean warming of the tropical
and subtropical troposphere is a well-known feature of ENSO
and agrees well with previous studies (Yulaeva and Wallace
1994; Calvo Fernandez et al. 2004; Scherllin-Pirscher et al.
2012; Randel and Wu 2015). As a note, we also conducted
similar analyses to Figs. 4 and 5 using the ERAS pressure-
level data (not shown), which displayed extremely similar g
and T variability patterns and magnitudes to C1. Additionally,
previous studies (e.g., Johnston et al. 2021) have shown close
agreement between GNSS-RO and ERAS tropospheric mois-
ture. This excellent agreement further attests to the capability
of using GNSS-RO 1D-Var retrievals for climate studies.

b. WACCM zonal mean variability comparison

We analyze the zonal mean ¢ and 7 variability within
WACCM to evaluate the response to observed SST forcing in
a free-running climate model. We focus on the WACCM
time-height diagram of zonal mean tropospheric fractional
specific humidity and temperature variability from 2007 to
2018 in Fig. 6. Within 10°N-10°S, the tropospheric ¢ and T
variability show comparable patterns to the C1 observations
(Fig. 4), with ¢ and T increases (decreases) during El Nifo
(La Nina). A key difference evident is that WACCM anomaly
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FIG. 8. Latitude-height cross sections of regression coefficients between the Oceanic Nifio
Index (ONI) and zonal mean C1 (a) specific humidity and (b) temperature. Units are % per
normalized ONI for specific humidity and K per normalized ONI for temperature. Regression
coefficients are calculated with the ONI time series leading by 2 months. Tropopause heights
are denoted by the solid black line and double tropopause heights are denoted by the dashed
black line. The thin dotted line in (a) indicates the top of the colored contours from Fig. 2c and
is approximately the level at which the moisture information content is almost exclusively from

the a priori.

magnitudes are somewhat smaller than C1 at most altitudes
during the major ENSO events in the study period, with
WACCM gq variability often 6% smaller while T variability
is often +0.4 K smaller. This feature is especially noticeable
during the shorter-duration 2009/10 El Nifio event, as WACCM
q and T anomaly magnitudes are relatively small and less well
defined. However, in spite of this difference, these results show
there is generally good agreement between C1 and WACCM
in identifying ENSO-forced g and T variability throughout the
troposphere.

c¢. Isolating ENSO behavior from regressions

In this section, we perform a standard linear regression to
isolate the relationship between the ONI and zonal mean
q and T in both C1 and WACCM. Figure 7 shows the correla-
tion coefficients for ONI versus C1 g for various lead and lag
times and latitudes at 4 and 12 km, as well as for tropospheric
heights within 10°N-10°S. In the lower troposphere, the
strongest correlations occur in the deep tropics (=10°). How-
ever, in the upper troposphere, correlations become stronger
(R values up to 0.9 at 12 km) and expand into the subtropics
and midlatitudes. The correlation patterns suggest two distinct
regions of g response to ENSO, with the first region within
the lower to midtroposphere (10°N-10°S, up to ~8 km)
highlighted by a peak ¢ lag time of 2 months while the second
region is within the upper troposphere (~50°N-50°S, ~8-15 km)

Brought to you by University of Colorado Libraries | Unauthenticated | Downloaded 07/31/23 06:55 PM UTC

with a peak g lag time of 2-3 months. The lagged response for
the zonal mean ¢ can be attributed to exchange of fluxes at the
atmosphere—ocean interface and the atmospheric energy loss to
space and to the midlatitudes (Su et al. 2005; Scherllin-Pirscher
et al. 2012). While ONI correlations with T are not shown here, a
2-3-month T lag also produced the strongest correlations, which
is consistent with previous studies (e.g., Randel and Wu 2015).
The near-global structure of regression coefficients between
the ONI and C1/WACCM q and T are shown in Fig. 8, using a
2-month time lag for both g and 7. While the C1 g retrievals in
the tropics primarily contain information from RO measure-
ments below ~12 km (as discussed above), we include results
up to 20 km in Fig. 8 to highlight ENSO structure to tropo-
pause altitudes; g results above ~12 km are closely tied to the
ERAS5 a priori. The g variations (Fig. 8a) are expressed in
terms of local percentage variations per ONI (hereafter X%
ONI!, with an analogous format for temperature), and the
patterns highlight distinct variability in the lower and upper tro-
posphere. The positive signal observed for lower-tropospheric
q over 10°N-10°S is mostly related to collocated enhance-
ments of convection (as shown below), and the out-of-phase
negative signal near 15°-20°N is consistent with ENSO
strengthening of the downwelling branch of the Hadley circu-
lation (Seager et al. 2003). Fractional moisture anomalies are
small in the tropical lower troposphere (~2%-3% ONI ')
and increase with height into the middle troposphere. In the
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FIG. 9. Latitude-height cross sections of regression coefficients between the Oceanic Nifio
Index (ONI) and zonal mean WACCM (a) specific humidity and (b) temperature. Units are %
per normalized ONI for specific humidity and K per normalized ONI for temperature. Regression
coefficients are calculated with the ONI time series leading by 2 months. Tropopause heights
are denoted by the solid black line and double tropopause heights are denoted by the dashed

black line.

upper troposphere, the positive signal becomes much stronger
(up to 10% ONI"') and expands broadly in latitude into the
subtropical upper troposphere and across the tropopause into
the midlatitude lower stratosphere of both hemispheres. The
mechanism for the meridional expansion of the moisture
anomalies into the midlatitude lower stratosphere remains un-
clear and would merit further study.

A strong positive ENSO signal is evident for zonal mean T’
within 30°N-30°S throughout the troposphere (Fig. 8b), which
is a well-known feature from previous results (e.g., Seager
et al. 2003; Scherllin-Pirscher et al. 2012). The positive ENSO
T response is nearly spatially uniform between about 20°N
and 20°S, associated with weak horizontal temperature gra-
dients (Seager et al. 2003). Note that 7" anomalies increase
from the lower troposphere (~0.3 K ONI"') into the upper
troposphere (~0.8 K ONI™'), and this vertical structure is
consistent with a moist adiabatic temperature response (see
Fig. 2 in the online supplemental material). In the tropical
lower stratosphere, a thin layer of cooling occurs during an
El Nifo event (up to —0.9 K ONI"!), which has been shown
in prior studies (e.g., Randel et al. 2009; Free and Seidel 2009)
and is related to stronger ENSO-induced upwelling near the
tropical tropopause (Randel et al. 2009).

Corresponding ENSO variations for the WACCM ¢q and T
fields are shown in Fig. 9. Spatial patterns in WACCM ¢ and
T anomalies due to ENSO are similar to the observations, in-
cluding latitudinal spreading of the g anomalies above ~8 km
and the negative ¢ maxima in the NH subtropics. Magnitudes
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are similar for the C1 and WACCM q and T anomalies from
the surface up to the middle troposphere, while WACCM
shows smaller anomalies in the upper troposphere. Addi-
tionally, the WACCM upper-tropospheric g and T patterns
do not reach all the way to the tropical tropopause but fall
off above ~14 km. There are negative moisture anomalies
seen within the lower stratosphere for WACCM which are
likely caused by the negative WACCM T anomalies at the
tropical cold-point tropopause (CPT), as the tropical CPT is
an important determinant for water vapor transport to the
stratosphere (Pan et al. 2018). This behavior is not seen in
the C1 results (Fig. 8), where there is a very small ENSO in-
fluence on the CPT.

d. El Nino and La Nina case studies

We include case studies of El Nifio and La Nifia events to
identify the spatial variability of tropospheric moisture and
temperature during each event, quantify major differences be-
tween events, and relate regions with considerable increases/
decreases in moisture to changes in deep convection. For ref-
erence, Fig. 10 shows the boreal winter seasonal mean g (dur-
ing January-March) at 6 km along with the mean OLR (as a
proxy for deep convection). The regions with the largest
amounts of moisture occur in the tropics and are concentrated
in three major areas: the Pacific warm pool/Maritime Conti-
nent, central Africa, and northern South America. These
regions match up particularly well with OLR minimums, as
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FIG. 10. C1 seasonal (JEM) mean specific humidity (g kg~'; color contours) at 6 km and outgoing
longwave radiation (W m™~%; solid white contours) within 40°N—40°S from 2007 to 2018.

mean OLR values < 200 W m™? are often observed in the
centers of these regions with the highest moisture.

During late 2009 into early 2010, the tropical Pacific Ocean
was dominated by an El Nifo event that exhibited record-
breaking warm SST anomalies in the central Pacific, which is
in contrast to the more commonly known eastern Pacific
El Nino events. Termed El Nifio Modoki or central Pacific
(CP) El Nifio, these events have been occurring more fre-
quently in recent decades (Kim et al. 2011). The generation
mechanism of El Nifio CP involves the zonal advective feed-
back and forcing from the subtropical atmosphere (Kug et al.
2009; Yu and Kim 2010; Capotondi 2013; Paek et al. 2017).
The important changes to ¢, T, and OLR that can occur dur-
ing ENSO CP events are shown in Fig. 11 during JFM 2010 at
6 and 12 km. The ¢ at 6 km (Fig. 11a) shows large positive
anomalies (50%-80%) over the equatorial central Pacific, and
this increase in moisture continues east and northeastward
across the North Atlantic toward southern Europe. These im-
pacts propagate into the winter hemisphere midlatitudes
more efficiently because of relatively stronger seasonal sub-
tropical and subpolar jet streams (Ashok et al. 2007). There
are also many regions where considerable moisture decreases
are observed (40%-70%), such as near and east of Hawaii,
over the African Sahel region, and over the western Pacific.
Regions with large increases (decreases) in g are correlated
well with large decreases (increases) in OLR. For example,
OLR anomalies of over —30 W m™? are observed over the
central Pacific and this again extends northeastward across
the North Atlantic. At 12 km (Fig. 11b), g increases are again
observed over many of the same regions as at 6 km, although
anomaly magnitudes are slightly weaker in general. However,
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there are now many additional regions with more moderate
moisture increases (10%-40%), such as over much of the
Southern Hemisphere subtropics and midlatitudes. Tempera-
ture increases are observed across the majority of the tropics
(Figs. 11c,d) with the largest anomaly magnitudes seen over
the eastern Pacific. However, the 7 anomalies are not well
correlated with OLR anomalies, as there is a “dumbbell”-
shaped pattern in the 7 anomalies that straddles the equator
over the eastern Pacific. These twin peaks in the T anomalies
correspond to the positions of the anticyclonic gyres at the jet
stream level, flanking the region of enhanced precipitation
that develops over the central Pacific near and to the east of
the date line during El Nifio events (Yulaeva and Wallace
1994). The T increases are generally up to 2 K at 6 km, while
at 12 km T increases to between 3 and 4 K and expands into
the Northern Hemisphere midlatitudes.

The 2015/16 ENSO event is typically considered one of the
top three strongest El Nifo events in the historical record dat-
ing back to 1950, with maximum SST anomalies reaching
~3.5°C. This event is considered to be a hybrid of the previ-
ously described El Nifio CP and the more conventional east-
ern Pacific (EP) El Nifio (Paek et al. 2017). The EP El Nifio is
generated by SST anomalies forming in the equatorial eastern
Pacific due to weakening of the Pacific Walker circulation and
the southeasterly trade winds (Wyrtki 1975). However, this
event differed from previous major El Nifio events in that the
west-central Pacific subsurface and surface temperature anom-
alies were much warmer, the eastern Pacific was comparatively
cooler, and the trade winds were weaker (L’Heureux et al.
2017). Figure 12 shows the seasonal mean ¢, 7, and OLR
anomalies during JFM 2016 (shortly after the maximum in
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FIG. 11. C1 seasonal mean (JFM 2010) (top) fractional specific humidity (%) and (bottom) temperature (K) anoma-
lies at (a),(c) 6 and (b),(d) 12 km for the 2009/10 El Nifio event. Seasonal mean OLR anomalies (W m™?) are also

shown with the solid green contours.

SST anomalies) at 6 and 12 km. The g at 6 km (Fig. 12a)
shows much larger increases in moisture (>100%) over
much of the equatorial central and eastern Pacific relative to
JFM 2010, and this increase extends toward the coasts of west-
ern South America and Central America. However, the sub-
tropical and subpolar jets are not as strong relative to JFM
2010, resulting in more moderate moisture increases across the
North Atlantic into southern Europe. Considerable g decreases
(40%-70%) are also observed in many similar locations as
JFM 2010. Regions experiencing large ¢ anomalies are again
well correlated with changes in OLR and precipitation, espe-
cially over the central/eastern Pacific, where OLR decreases
of more than 50 W m ™2 are observed. A linear regression was
conducted for the gridded ¢ and OLR anomalies for each
case study (not shown). Correlations for each event range
from —0.55 to —0.6 between 40°N and 40°S and increase be-
tween 20°N and 20°S (ranging from —0.7 to —0.8). At 12 km
(Fig. 12b), the ¢ anomaly characteristics are similar to JFM
2010, as many additional regions display moderate moisture
increases (10%—-40%), including much of the subtropics and
midlatitudes, while most of the regions that experienced large g
decreases at 6 km see moisture values closer to normal at 12 km.
Considerable T increases are observed across the majority
of the tropics at both 6 and 12 km (Figs. 12c,d), with the larg-
est anomaly magnitudes seen over the eastern Pacific in the
same dumbbell-shaped pattern. However, the eastern Pacific
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anomaly magnitude is now much larger at both altitudes, with
positive anomalies ranging from 2 to 3 K at 6 km and rising to
4-5 K at 12 km. Additionally, 7T increases throughout the rest
of the tropics are much larger for this event. For example,
during JFM 2010, positive anomalies were generally <1 K at
both altitudes while during JFM 2016, T increases of up to
2.5 K are observed, confirming that larger Pacific Ocean SST
anomalies also produce larger atmospheric 7" anomalies across
the entirety of the tropics.

The previously described 2009/10 El Nifio event quickly dis-
sipated in early 2010 and went through the fastest phase tran-
sition to a La Nifia event among all other CP El Nifio events
(Kim et al. 2011). This 2010/11 event produced many global
climate impacts, including some of the worst floods in modern
Australian history (Semenov et al. 2012). La Nifia conditions
declined into early 2011 and then restrengthened and contin-
ued into early 2012. This is known as a “double-dipping”
La Nina, which can occur when eastward propagating downw-
elling warm equatorial Kelvin waves occur during the decay-
ing phase of the first La Nifia (Zheng et al. 2015). The
seasonal mean ¢, 7, and OLR anomalies are shown in Fig. 13
during JFM 2011 at 6 and 12 km. The g at 6 km and 12 km
(Figs. 13a and b) shows large decreases in moisture
(40%-50%) in the equatorial central Pacific, centered along
the international date line, and extending southeastward due
to a weaker-than-normal South Pacific convergence zone
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FIG. 12. C1 seasonal mean (JFM 2016) (top) fractional specific humidity (%) and (bottom) temperature (K) anoma-
lies at (a),(c) 6 and (b),(d) 12 km for the 2015/16 El Nifio event. Seasonal mean OLR anomalies (W m™?) are also

shown with the solid green contours.

(SPCZ). This region of decreased moisture also has positive
OLR anomalies and decreased precipitation. Additional regions
experiencing moisture decreases include Central America, the
southeastern United States, and east-central Africa. In contrast,
extraordinary increases in midlevel g are observed over northern
Australia (50%-70%), Southeast Asia (>100%), and into the
North Pacific nearly to Hawaii (50%-70%), with many of these
locations also experiencing corresponding OLR decreases of
more than 30 W m ™2 and increases in precipitation. Interestingly,
many of these moisture hotspots display milder upper-level g
increases. Similar to El Nifio events, 7 anomalies for La Nifa
do not correlate well with OLR anomalies. Notably, 7" de-
creases are observed at both 6 and 12 km (Figs. 13c and 13d)
throughout the majority of the tropics. The largest anomaly
magnitude is observed in the eastern Pacific in the familiar
dumbbell-shaped pattern, with 7 decreases of 1.5-2 K at 6 km
becoming larger (3—4 K) at 12 km.

In summary, these case studies show that, in general, large
increases (decreases) in moisture are often accompanied by
large increases (decreases) in deep convection as well. These
changes typically occur on a more regional scale, whereas
temperature variability occurs on a much larger scale (e.g.,
throughout the entire tropics). We also demonstrated that
many regional differences can occur for ¢ and OLR anomaly
locations/magnitudes for the two types of El Nifio events (the
2009/10 CP El Nifo and the CP/EP hybrid of 2015/16),
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highlighting the need for continued research on the differ-
ences between these events.

5. Conclusions

In this paper, the interannual variability of tropospheric
moisture and temperature and their relationships to ENSO
were analyzed using retrievals from C1 GNSS-RO observations
between 60°N and 60°S from 2007 to 2018. Time series of C1
tropical zonal mean ¢ and 7 showed clear relationships with
ENSO, with large increases (decreases) in tropospheric g and
T observed during El Nifio (La Nifia) events. The ¢ and T
anomaly magnitudes were smallest in the lower troposphere
(£15% and *1 K) and increased into the upper troposphere
(£30% and =2 K). Variability was influenced by the strength of
the SST anomalies, as the largest ¢ and 7" anomalies occurred
during the strongest El Nifio and La Nina events. Linear regres-
sions between the ONI and zonal mean g from C1 suggested
two distinct regions of coherent ENSO influence. The lower/
middle troposphere (<8 km) showed positive ¢ anomalies con-
fined to within ~10°N-10°S (2%-5% ONI 1), and negative
anomalies over 15°-20°N were consistent with ENSO enhance-
ment of the downwelling branch of the Hadley circulation.
Fractional moisture anomalies became larger into the tropical
upper troposphere (up to 10% ONI™!) and expanded broadly
into the subtropical upper troposphere and across the tropopause
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FIG. 13. C1 seasonal mean (JFM 2011) (top) fractional specific humidity (%) and (bottom) temperature (K) anomalies
at (a),(c) 6 and (b),(d) 12 km for the 2010/11 La Niiia event. Seasonal mean OLR anomalies (W m™2) are also shown

with the solid green contours.

into the midlatitude lower stratosphere. The mechanism for
the meridional expansion of this strong relationship remains
unclear. Positive 7 anomalies were observed within 30°N-30°S
throughout the troposphere, increasing in magnitude from
the lower-to-upper troposphere (from ~0.3 K ONI"! up to
0.8 K ONI"1). The tropospheric temperature vertical structure
was consistent with a moist adiabatic temperature response.
A thin layer of negative 7 anomalies was also identified in
the tropical lower stratosphere, which is a well-known fea-
ture tied to ENSO-induced variations in upwelling near the
tropical tropopause.

We included comparisons with a free-running WACCM
simulation forced by observed SSTs to evaluate ENSO vari-
ability in an idealized model setting. In general, WACCM
simulations showed comparable tropospheric zonal mean pat-
terns to the C1 observations, indicating that the observed SST
forcing within the model produces realistic interannual tropo-
spheric variability. It is important to note that this does not
necessarily validate the model output since model biases
(such as insufficient convective parameterization) that influ-
ence tropospheric ¢ and 7 could be common between
WACCM and the ERAS a priori, and any ERAS biases
would be partly inherited by the C1 retrievals. The key differ-
ences between the two datasets were that C1 showed a larger
positive signal for both ¢ and T throughout the upper tropo-
sphere (6% and =0.4 K during the major ENSO events in
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the study period) and negative g anomalies were evident
within the lower stratosphere for WACCM.

Finally, case studies for two El Nifio events and one La
Nina event were used to identify the spatial variability of tro-
pospheric g and T during each event, and to relate g anoma-
lies to changes in regional precipitation. Many similarities and
differences were observed between the two El Nifio events.
Large g increases were observed over the central Pacific in
both events, although anomalies were considerably larger for
the stronger 2015/16 hybrid EP/CP El Nino. In contrast, the
2009/10 CP El Nifio produced a stronger, more persistent sub-
tropical jet over the North Atlantic into southern Europe,
bringing large moisture increases into these regions. Moisture
anomalies were typically well aligned with OLR anomalies,
while temperature anomalies often showed weak correlation
with the collocated changes in precipitation. Large 7T in-
creases were observed throughout the entire tropics for both
events, especially over the eastern Pacific, and magnitudes
increased considerably from 6 to 12 km. In contrast, the
opposite regional impacts to both ¢ and 7 were generally
observed for the 2010/11 La Nifia event. These case studies
showed that large increases (decreases) in moisture were
often accompanied by large increases (decreases) in deep
convection, which typically occurred on a more regional
scale, whereas coherent temperature variability occurred on
a much larger scale.
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Key new results shown in this study include the increase in
moisture variability magnitudes from the lower troposphere
into the upper troposphere, a strong relationship between
ENSO and moisture into the subtropical upper troposphere
and midlatitude lower stratosphere, and close agreement be-
tween regional moisture anomalies and changes in deep con-
vection during ENSO events. There are a few caveats to be
noted in this research. In addition to the limited information
content of RO water vapor retrievals in the upper levels de-
scribed earlier in the manuscript, C1 sampling density de-
clined significantly throughout the study period. While this
could have been partially offset by including data from other
RO missions, the CDAAC wetPf2 retrieval is not yet avail-
able for most older missions and our preference was to use
data with consistent processing to limit potential uncertainties
from merging different datasets. Possibilities for future study
include expanding the study time period since the recently
launched COSMIC-2 mission provides greatly increased sam-
pling density in the tropics and subtropics, as well as expand-
ing upon the moisture-temperature relationship throughout
the tropics.
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