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1. Introduction

The purpose of this document is to describe the algorithms to generate the NOAA STAR gridded
monthly mean specific humidity (Level 3 data product). Based on the NOAA STAR SDC Level 2
specific humidity profiles (Ho et al., 2022), Level 3 monthly mean data products are generated on
a 10° x 10° latitude-longitude grid for 21 pressure levels, spanning from 850 hPa to 100 hPa. Due
to the varying spatial and temporal coverage among different RO missions, we must remove
sampling errors for each mission to construct consistent climate data records. We used ERA-5
reanalysis as a reference to estimate and remove sampling error in the Level 3 monthly mean data
products. We assessed the robustness of the sampling error removal method by comparing the
results derived from three different reanalyses: ERA-5, MERRA-2, and JRA-55. The RO-based
Level 3 monthly mean specific humidity is then validated by comparing it with those derived from

ERA-S.

2. Input data needed for level 3 gridded data

2.1 STAR WetPrf version 1.0

The wet profiles (WetPrf) from the STAR GNSS RO 1D-var version 1.0 are used to construct the
gridded specific humidity dataset covering the troposphere to lower stratosphere from 2002 to
2014. The WetPrf contains the profiles of the latitude and longitude of the RO perigee point,
temperature, pressure, water vapor in terms of partial pressure, relative humidity, and specific
humidity. We include profiles from seven RO missions: Metop-A, COSMIC-1, CHAMP, C/NOFS,
GRACE, SAC-C, and TerraSAR-X. The temporal coverage of each mission is listed in Table 1.

Table 1 RO Missions and Corresponding Temporal Coverage.

RO mission Temporal coverage

Metop-A Oct 2007 to Nov 2021
COSMIC-1 Apr 2006 to Dec 2019
CHAMP May 2001 to Oct 2008
C/NOFS Mar 2010 to Dec 2011
GRACE Feb 2007 to Nov 2017




SAC-C Mar 2006 to Aug 2011

TerraSAR-X Feb 2008 to Nov 2024

2.2 Ancillary Data

The ERA-5, JRA-55, and MERRA-2 reanalyses are used as references for sampling error
estimation and correction in the STAR RO gridded specific humidity. STAR RO gridded specific
humidity is further validated through comparisons with ERA-5.

2.2.1 ERA-S

ERA-5 reanalysis is the latest climate reanalysis produced by ECMWF (Hersbach et al., 2023).
The atmospheric data have been available with multiple spatial and temporal resolutions since
1940 and continue to be extended forward. The global field of atmospheric temperature, sampled
at 6-hour intervals (0000, 0600, 1200, 1800 UTC) on a regular 0.25° x 0.25° grid and at 37 pressure
levels, is used in this study. Spanning vertically from 1000 hpa to 1 hpa, the ERA-5 reanalysis
temperature field can fully cover the upper-troposphere-to-lower-stratosphere (UTLS) region. The
daily ERA-5 reanalysis data were used and downloaded from

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-eraS-pressure-levels?tab=overview.

2.2.2 MERRA-2

The second Modern-Era Retrospective Analysis for Research and Applications (MERRA-2) is a
NASA atmospheric reanalysis that began in 1980 (Global Modeling and Assimilation Office
(GMAO), 2015). The MERRA-2 product, with 3-hour temporal resolution and on a regular 0.625°
% 0.625° grid with 42 pressure levels ranging from 1000 to 0.1 hPa, used in this study, is available

online at https://daac.gsfc.nasa.gov.

2.2.3 JRA-55

The second-generation Japanese global atmospheric reanalysis project, known as JRA-55, was
conducted by the Japan Meteorological Agency (Japan Meteorological Agency, 2013). It covers
the period from 1958 to the present. The global atmospheric variables, sampled at 6-hour intervals
(0000, 0600, 1200, 1800 UTC) on a regular 1.25 © x 1.25 ° latitude-longitude grid and 37 pressure
levels spanning 1000-1 hPa, were used and downloaded from https://jra.kishou.go.jp/JRA-
3Q/index_en.html.




3. Level 3 Algorithm

3.1 Quality control procedure

Before generating the gridded data, we first applied the essential quality control (QC) procedure
to all RO-retrieved specific humidity profiles. Fig. 1 shows the monthly and yearly means and
standard deviations (STDVs) of the differences between specific humidity from RO and ERA-5
forecasts. The STDV profiles are consistent across months/seasons. We use STDV as an index to
evaluate the quality of RO retrievals. For instance, we define o — year as the yearly standard
deviation for the year 2009 (Fig. 1). The RO-retrieved specific humidity at any pressure level that

exceeds 7 X 0yq, at that level, it is excluded from the gridded data generation.
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Figure 1 Monthly and yearly mean (dashed lines), STDV (solid lines) of O-B, and the number of
valid data (dot-dashed line) in 2009.

3.2 Generating Gridded Monthly Mean Specific Humidity

The specific humidity profiles that pass the QC procedure are first interpolated to 21 pressure
levels, 100, 125, 150, 175, 200, 225, 250, 300, 350, 400, 450, 500, 650, 700, 750, 775, 800, and
850 hPa. They are then binned and area-weighted onto a 10° x 10° latitude-longitude grid for each

pressure level:
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where Gridded,,s denotes the gridded data based on RO retrievals, n is the number of RO
observations within each grid, Q; is the ith RO retrieved specific humidity, and ¢; is the latitude.
The final gridded data, combined from seven RO missions as mentioned above, span from January

2002 to December 2014.

3.3 Sampling Error Correction
The sampling error is a critical error source in Gridded,,,, that needs to be estimated and removed
for reliable Gridded datasets. The sampling error can be calculated and limited by employing

reanalyses through the following procedure (Zhou et al. 2025):

(1) Interpolating the reanalysis model profiles to the times and locations of each RO profile and
generating the sampled monthly mean (Gridded,,) following the method described in Section
3.2. Gridded,,; represents the gridded dataset with sampling error.

(2) Calculating the model monthly mean (Griddedy,;; 4riq) by binning and averaging the four-

dimensional reanalysis model field with the weight of cosine latitude to the same grids:
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where Qq; and ¢, are the specific humidity and latitude at a model grid, respectively, and the
summation loops over all n;, n,, and n, (time-latitude-longitude) model grid points located

within the grid box. Griddedy,; griq represents the gridded data without any sampling error.

(3) The sampling error (SE) in the grid is estimated as the difference between Gridded,,; and
Griddedsyy grig:
SE = Gridded,; — Griddedsyy griq 3)

(4) The sampling error in Gridded,, s is corrected by subtracting SE from Gridded,,;:
Gridded,, = Gridded,,s — SE 4)

Previous studies have shown that the uncertainty of reanalysis data under cloudy conditions,
especially over oceans, remains very large (Lonitz and Geer 2017). Fig. 2 presents the time series
of the monthly average of O-B and sampling errors estimated from three reanalyses from 60°N to
20°N at 500 hPa. Fig. 2a illustrates that, among the three reanalyses, the specific humidity derived
from ERA-5 is the closest to that retrieved from RO. The O-B differences for the three reanalyses

exhibit apparent seasonal variation with maxima in summer and minima in winter. This leads to
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slight differences in sampling errors estimated by the three reanalyses, which also show seasonal

variations (Fig. 2b)
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Figure 2 Time series of the monthly average of (a) Gridded,,, relative to Gridded,,;, and (b) the
sampling errors estimated from ERA-5 (red), JRA-55 (green), and MERRA-2 (blue) at 500 hPa
between 60°N and 20°N.

To reduce the uncertainty caused by using different reanalyses in sampling error correction, the
final Gridded,,, is calculated as the average of the Gridded,,, with sampling error corrected by
three reanalyses: ERA-5, JRA-55, and MERRA-2. Since MERRA-2 data are terrain-dependent
and have missing values at lower altitudes, specific humidity is set to missing for grid points where
MERRA-2 data are unavailable. Fig. 3 shows an example of the Gridded.,, at 500 hPa in January
2009 along with the corresponding STDV of the Gridded,,, with sampling error corrected by

three reanalyses.



(a) Mean of gridded data with SE corrected by
ERA-5, JRA-55, and MERRA-2 at 500 hpa 2009-01
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(b) STDV of gridded data with SE corrected by
ERA-5, JRA-55, and MERRA-2 at 500 hpa 2009-01
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Figure 3 Mean (a) and STDV (b) of the Gridded data with sampling error corrected by ERA-5,
JRA-55, and MERRA-2 at 500 hpa in January 2009

4. Data format

The output is archived in NetCDF format: ¢ mon GNSS-RO-1-3 BE gn 200201-
201412 _STAR.V1.0.nc. The data format is described in Tables 2 and 3.

Table 2 Data dimensions.

Dimension | Description

time Month, expressed as days since 2000-01-01

plev Pressure levels at 100, 125, 150, 175, 200, 225,
250, 300, 350, 400, 450, 500, 650, 700, 750,
775, 800, and 850 hpa.

Unit: pa

lat Latitude of grid center from 85°S to 85°N with
10° interval




lon

Longitude of grid center from 5° to 355° with
10° interval

Table 3 Variable name, dimension, and description.

Variables | Dimension Unit | Description
q mean | (time, plev, lat, | g/kg | Mean of the gridded data with sampling error corrected
lon) by three reanalyses, i.e. Gridded,,,
q_stdv (time, plev, lat, | g/kg | STDV of the gridded data with sampling error corrected
lon) by three reanalyses
q_ro (time, plev, lat, | g/kg | RO gridded data before sampling error correction, i.e.
lon) Gridded s
q_eras (time, plev, lat, | g/kg | ERA-5 gridded data, i.e. Griddedsy; griq
lon)
q_jra (time, plev, lat, | g/kg | JRA-55 gridded data, i.e. Griddedsy; griq
lon)
q merra | (time, plev, lat, | g/kg | MERRA-2 gridded data, i.e. Griddedsy; griq
lon)
SE era5 | (time, plev, lat, | g/kg | Sampling error estimated by ERA-S5, i.e., SE
lon)
SE jra (time, plev, lat, | g/kg | Sampling error estimated by JRA-55, i.e., SE
lon)
SE merra | (time, plev, lat, | g/kg | Sampling error estimated by MERRA-2, i.e., SE
lon)
N_sample | (time, plev, lat, | — | Number of valid samples
lon)
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