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DATA PROCESSING AND QUALITY 
CONTROL. El Niño Rapid Response dropsondes. 
The National Oceanic and Atmospheric Administra-
tion (NOAA)’s Gulfstream-IV (G-IV) aircraft flew 22 
missions out of Honolulu, Hawaii, between 21 Janu-
ary and 10 March 2016 (cf. Fig. 4 in the main paper), 
successfully launching 607 dropsondes. The National 
Aeronautics and Space Administration (NASA) Global 

Hawk (GH) completed three successful missions dur-
ing February, deploying 90 dropsondes (Wick et al. 
2018). Both the G-IV and GH dropsonde measure-
ments were processed in real time using Atmospheric 
Sounding Processing Environment (ASPEN) software 
(Earth Observing Laboratory 2017) and were uploaded 
to the Global Telecommunication System (GTS) for 
dissemination to operational weather prediction 
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centers. After the field campaign, the National Center 
for Atmospheric Research (NCAR) discovered a sensor 
problem that led to a dry bias, particularly above –10°C 
(Voemel et al. 2016). All the El Niño Rapid Response 
(ENRR) dropsonde data were reprocessed with this 
update. Both the corrected and uncorrected drop-
sonde data from the G-IV and the GH are available 
on the ENRR website (www.esrl.noaa.gov/psd/enso 
/rapid_response/data_pub/).

Central Pacif ic radiosondes and surface meteorology. 
Vaisala RS92-SGP radiosondes collected 193 full wind 
and thermodynamic profiles from the NOAA ship 
Ronald H. Brown (RHB; 16 February–16 March 2016) 
and 125 from Kiritimati, Kiribati (25 January–28 
March 2016). The soundings extended to at least 25 km 
72% of the time for the RHB and 67% of the time for 
Kiritimati. Surface meteorological stations were de-
ployed at both locations to provide initial conditions 
for the sonde flights and to augment the ENRR data 
collection. The original surface data from both plat-
forms suffer from biases associated with poor calibra-
tions and/or suboptimal instrument locations. These 
biases were corrected after the field campaign ended. 
This postprocessing included postdeployment calibra-
tions, comparisons with collocated buoy or prelaunch 
radiosonde data, and adjustments for flow distortion 
caused by the RHB’s superstructure (Hartten et al. 
2017a). The corrected data were then visually screened 
for physically unreasonable values before being put into 
NASA Ames format, which is easy to read and includes 
complete metadata, and released. The corrected sur-
face meteorology from both platforms are archived at 
NOAA/National Centers for Environmental Informa-
tion (NCEI) (Cox et al. 2017b; Hartten et al. 2017c) and 
are available on the ENRR website.

The corrected surface data were used to reprocess 
sonde data from Kiritimati and the RHB. The sonde 
data have been reprocessed with Vaisala DigiCORA 
sounding software, using the standard “nonresearch” 
mode that is used for operational synoptic sound-
ings and the corrected surface pressure, temperature, 
humidity, and winds. We employed ASPEN software 
(version 3.3-265) to perform automated quality control 
to the resulting soundings, as documented by Hartten 
et al. (2018), yielding a “level 2” dataset (Ciesielski et al. 
2012). The sonde data have been put into the plain-text 
NASA Ames format. They are archived at NOAA/
NCEI (Cox et al. 2017a; Hartten et al. 2017b) and are 
also available at the ENRR website. We are beginning 
to perform more rigorous quality control (QC) and 
plan to release “level 3” and “level 4” versions of the 
soundings in the future.

Santa Clara radar. During the ENRR, the Cooperative 
Institute for Research in the Atmosphere (CIRA)’s 
scanning X-band radar was deployed in the Santa 
Clara, California, area in cooperation with the Santa 
Clara Valley Water District (Cifelli et al. 2018). From 
January through March 2016, it measured reflectivity, 
radial velocity, spectral width, differential reflectivity, 
differential phase, correlation coefficient, and signal-
to-noise ratio at two elevation sweeps (2° and 3°) every 
90 s. This augmented coverage in the existing opera-
tional Next Generation Weather Radar (NEXRAD) 
network provided more accurate rainfall estimates 
from El Niño–related storms. Data from the three rain 
events that occurred during the period of the radar 
coverage (18 February, 5–7 and 10–12 March) have 
been archived in netCDF format.

NUCAPS. Atmospheric soundings retrieved from the 
Suomi National Polar-Orbiting Partnership (Suomi-
NPP) Cross-Track Infrared Sounder (CrIS) and 
Advanced Technology Microwave Sounder (ATMS) 
using the NOAA Unique Combined Atmospheric 
Processing System (NUCAPS) (Gambacorta et al. 
2015; Nalli et al. 2018) proved beneficial to the cam-
paign. Using the Community Satellite Processing 
Package (CSPP), real-time NUCAPS soundings (less 
than half-an-hour latency from the satellite overpass) 
were acquired via direct broadcast antennas located 
at the University of Hawai‘i at Mānoa in Honolulu 
and the University of Oregon in Corvallis, Oregon. 
Real-time retrievals provided valuable additional 
situational awareness during the early morning flight 
planning activities. Furthermore, with a latency of 
one hour from the satellite overpass, NUCAPS sound-
ings from the entire Pacific Ocean domain provided 
scientists with a comprehensive three-dimensional 
description of the full domain of the campaign. This 
dataset was used for an in-depth comparison of model 
and in situ data during both f light planning and 
postflight research phases of the campaign (Fig. 10 
in the main paper).

Other datasets. Additional datasets include precipita-
tion and wind velocities measurements from the G-IV’s 
tail Doppler radar (TDR), which are available in “raw” 
form, and profiles of precipitable water vapor, inte-
grated cloud liquid water, and vertical air temperature 
measured by the GH scanning microwave sounder, 
which are available in netCDF format. The GH pay-
load included a High-Altitude Monolithic Microwave 
Integrated Circuit (MMIC) Sounding Radiometer 
(HAMSR) (Brown et al. 2011), a precipitation radar (Li 
et al. 2011), and an ozone photometer (Gao et al. 2012).

ES90 | MAY 2018

http://www.esrl.noaa.gov/psd/enso/rapid_response/data_pub/
http://www.esrl.noaa.gov/psd/enso/rapid_response/data_pub/


TECHNICAL DETAILS FOR EARLY RE-
SULTS. ENRR dropsondes, satellite retrievals, and 
Global Forecast System model analysis comparisons. 
When comparing the in situ sonde measurements to 
the satellite data, an important consideration is that 
the different datasets do not have the same temporal 
and spatial sampling. Therefore, before a comparison 
such as Fig. 10 (in the main paper) is made, the dif-
ferent soundings must first be processed to represent 
the same time and location, or collocated.

The dropsondes provide point sampling at specific 
latitude and longitude locations xs and at specific times 
ts. NUCAPS soundings are retrieved at the location and 
time (xn, tn, respectively) of the satellite overpass. They 
are uniformly sampled on a satellite grid (along track of 
the satellite orbit, scanning west to east in daytime). The 
orbit moves ~25° westward every ~100 min. Retrievals 

are quality flagged by several convergence tests, with 
a global acceptance yield of 70%. Uniform cloud cover, 
high cloud liquid water, and precipitating scenes are the 
primary factors for rejection. Each dropsonde (e.g.,  in 
Fig. 9 in the main paper) was paired with the closest 
accepted NUCAPS retrievals within a maximum dis-
tance of 50 km. No temporal mismatch threshold was 
applied, to maximize the use of the collected soundings.

Conversely, Global Forecast System (GFS) is a 
global forecast provided at 3-h intervals based on an 
analysis done every 6 h. In this study we used pairs 
of forecasts to interpolate GFS to the observations, 
either soundings or the NUCAPS accepted profiles 
closest to the soundings.

To mitigate the spatial mismatch between drop-
sondes and NUCAPS soundings, the following col-
location strategy was developed. First, we defined 

Fig. ES1. Map of Kiritimati showing the locations of the ENRR site, the Decca freshwater lens, and PLCH. 
Distance from the Decca automated weather station to CXENRR is about 8 km, and from PLCH to CXENRR 
is about 6 km. Kiritimati map is excerpted from U.S. Defense Mapping Agency (DMA) Stock No. 83BHA83130, 
courtesy of the University of Texas Libraries, The University of Texas at Austin. Map data are from surveys by 
New Zealand (1938–41) and the U.S. Navy (to 1962), with heights in feet above mean high water springs and 
soundings in fathoms (or fathoms and feet if less than 11 fathoms).
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NUCAPS(xn, tn) as the NUCAPS 
sounding at the location and time of the 
satellite overpass, and NUCAPS(xs, ts) 
as the NUCAPS sounding that would 
have been retrieved if it occurred at the 
location and time of the dropsonde. 
Assuming that the mismatch between 
NUCAPS(xn, tn) and NUCAPS(xs, ts) 
is the same as the mismatch between 
GFS interpolated to the satellite over-
pass location and time, GFS(xn, tn), 
and GFS interpolated to the dropsonde 
location and time, GFS(xs, ts), we ob-
tained the following expression for the 
NUCAPS soundings at the dropsonde 
location and time:

NUCAPS(xs, ts) = NUCAPS(xn, tn)  
+ [GFS(xs, ts) – GFS(xn, tn)]. (ES1)

All quantities on the right-hand side 
of (ES1) are known, so (ES1) was used 
to compute the differences plotted in 
Fig. 10b in the main paper.

TECHNICAL DETAILS FOR KIRITIMATI 
PRECIPITATION RESULTS. Comparison of 
ground-based rainfall observations from Kiritimati. After 
ENRR staff arrived on Kiritimati, they became aware 
of an ongoing project designed to evaluate water usage 
on the island, to improve the water supply, and to assess 
its sustainability. To further these goals, the Kiritimati 

Island Water Project installed meteorological and hy-
drological instruments at two of the island’s major 
freshwater lenses, including an automated weather 
station with a tipping-bucket rain gauge above the 
Decca lens (Fig. ES1). A hydrologist with the project 
also acquired daily rain data collected by the local of-
fice of the Kiribati Meteorological Service. These data 

Table ES1. Rainfall during the ENRR deployment on Kiritimati, 
25 Jan–28 Mar 2016. Observations come from tipping buckets 
at CXENRR and the Decca site (2.04°N, 157.47°W), as well as 
from the Kiribati Meteorological Service’s manual gauge at 
PLCH (1.984°N, 157.354°W). PLCH data were obtained in daily 
form, with the day ending at 0900 LINT (1900 UTC). Hourly 
data from CXENRR and Decca were summed into daily values 
ending at 1900 UTC before statistics were calculated. Major 
events listed are the same ones highlighted in Fig. 7 in the main 
paper and Fig. ES2.

CXENRR Decca PLCH

Total rainfall (mm) 938 996 1,034

Diff from CXENRR (%) +6 −10

Rainfall (mm) during major events

26–27 Jan 2016 LINT 110 118 134

7–8 Feb 2016 LINT 139 134 106

12–13 Feb 2016 LINT 75 75 54

19–20 Feb 2016 LINT 76 84 79

18–19 Mar 2016 LINT 160 118 161

23–24 Mar 2016 LINT 85 118 86

Major event subtotal (mm) 646 646 619

Percentage of total 69% 65% 60%

Fig. ES2. Accumulation of daily rainfall (mm) at Kiritimati during the ENRR field campaign. Data come from rain 
gauges located at CXENRR (blue solid), Decca (light blue solid), and the Kiribati Meteorological Service office 
at PLCH (orange solid). PLCH data were obtained in daily form, with the day ending at 0900 Line Islands time 
(LINT; 1900 UTC). Hourly data from CXENRR and Decca were summed into daily values ending at 1900 UTC 
before accumulations were calculated. Light green vertical bars indicate major rain events, each occurring 
primarily during the same two consecutive days in all three locations.
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have been shared with us, and we have used them to 
estimate the spatial variability of precipitation during 
our deployment. The three sites, which lie near the 
north- and northeast-facing coasts, extend over about 
14 km, roughly the scale of the 0.25° Global Precipita-
tion Measurement (GPM) Core Observatory estimates 
and forecast products used in Fig. 7 and Table 4 of the 
main paper. The total accumulation at station CX-
ENRR (Kiritimati) was lower than that at both Decca 
and Cassidy International Airport (PLCH) (Table ES1), 
but the differences are within 10%. All sites received 
major amounts of rainfall during the same six events 
(Fig. ES2), which occurred while the intertropical con-
vergence zone (ITCZ) was more or less above Kiriti-
mati. Most rainfall during each event fell over the same 
two days at each site, with those events contributing 
about two-thirds of each site’s total accumulation. Each 
site was the lowest of the three during at least one event 
and the highest of the three during at least one event, 
which argues against a systemic bias at any gauge but 
does indicate the existence of smaller-scale variability 
within large-scale precipitation events.
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