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1. INTRODUCTION

1.1 Purpose

This document is the Product Validation and Intercomparison Report (PVIR) for ESA
WV _cci Part 2. This part includes the validation and intercomparison results for CDR-
3 and CDR-4, i.e. the monthly vertically resolved water vapour data (VRWYV) in the
stratosphere and UTLS. This document covers the CDR-3 version 3.3 for 19851 2019
and CDR-4 prototype version 3 for 20107 2014. For validation purposes, the water
vapour data from chemistryi climate models, other similarly merged satellite instrument
databases (SWOOSH), ground-based observations, aircraft measurements, and
reanalyses (ERA-5 and MERRA-2) have been used as reference datasets as described
in detail in the Product Validation Plan [RD-1]. A comparison of CDR-3 and CDR-4 with

their respective input datasets is also included in this document.
This document is Part 2 of the PVIR, which is split into two parts:
1 Part 1 contains the validation and intercomparison of CDR-1 and CDR-2,

9 Part 2 contains the validation and intercomparison of CDR-3 and CDR-4.

1.2 Scope

The scope of this product validation and intercomparison report within the ESA WV _cci
project is to evaluate and validate the monthly vertically resolved water vapour (VRWV)
products with corresponding uncertainties and qualities for users in the climate
modelling community. The PVIR thereby provides the validation and intercomparison
of monthly VRWV ECV products following the validation protocol and methodology
described in the WV_cci PVP [RD-1]. The document also discusses the compliance of
the datasets with user requirements formulated by GCOS and the CRG in the URD
[RD-2].

1.3 The ESA Water_Vapour_cci project

Water vapour is the single most important natural greenhouse gas in the atmosphere,

thereby constraining the Earthdés energy balance
water cycl e. Due to its importance, t he WMOOGs
(GCOS) program has highlighted water vapour as an Essential Climate Variable (ECV)

in the GCOS 2016 Implementation Plan. There is consequently the need to consolidate

10
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our knowledge of natural variability and past changes in water vapour and to establish
climate data records of both total column and vertically resolved water vapour for use
in climate research. These climate data records need to be homogeneous in space and
time, which bears great challenges due to changing instrument characteristics and
performances. Well-characterised uncertainties are a key attribute of such climate data
records in order to reduce the uncertainty in estimates of climate change and global
radiative forcing.

The Climate Change Initiative (CCl) is a program of the European Space Agency

(ESA), established to tackle the challenges encountered in merging climate data

records of ECVs and has the goal to provide climate modellers and researchers with

longt erm satellite records from current and past |
missions. The ESA CCI Water Vapour project generates stratospheric and tropospheric

water vapour by developing novel methods to determine, merge, and estimate such

water vapour data and associated uncertainties.

1.4 WV _cci datasets

The WV_cci datasets comprise four CDRs that are compared with and validated by
ground-based, in situ, airborne, and satellite-based data records as described in detail
by the PVP [RD-1].

1 CDR-1: gridded monthly and daily time series of TCWV in units of kg/m?that cover
the global land areas with a spatial resolution of 0.05° and 0.5°. It covers the period
July 2002 to December 2017, and is a combined product of MERIS, MODIS and
HOAPS.

1 CDR-2: gridded monthly and daily time series of TCWV in units of kg/m?that cover
the global land and ocean areas with a spatial resolution of 0.05° and 0.5°. It covers
the period July 2002 to December 2017, and combines WV_cci CDR-1 with CM

SAF HOAPS (microwave imager based) data records.

1 CDR-3 contains the vertically resolved water vapour ECV in units of ppmv (volume
mixing ratio) and will be provided as zonal monthly means on the SPARC Data
Initiative latitude/pressure level grid (SPARC, 2017 [RD-3]; Hegglin et al., 2013,
2021 [RD-4], [RD-5]). It covers the vertical range between 300 hPa and 0.1 hPa,
and the time period 1985 to the end of 2019.

1 CDR-4 consists of three-dimensional vertically resolved monthly mean water
vapour data (in ppmv) with spatial resolution of 5° by 5° in latitude and longitude,

covering the troposphere and lower stratosphere. The prototype version of this data

11
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covers the vertical range between 1000 hPa and 10 hPa, and the time period 2010
to 2014.

- 8 8 8 8

Latitude

Latitude

Figure 1-1: Timeseries of CDR-3 v3.3 VRWV at 50 hPa (top) and 100 hPa
(bottom) from 1984 to 2019.
Figure 1-1 shows the spatial and temporal coverage of CDR-3 v3.3 VRWYV at 50 hPa
and 100 hPa over the period 19851 2019. In the early years (19851 2002), the spatial
and temporal coverage of CDR-3 is limited due to the sampling characteristics of the
instruments offering input data. After 2002, the observations from ESA ENVISAT and

NASA MLS provide better spatial and temporal coverage.

12



ESA/ECSAT

CCIWV.REP.023

2.1

Water Vapour Climate Change Initiative (WV_cci) - CCl+ Phase 1 D41

VALIDATION STRATEGY

Data sets for validation and comparison

An extensive evaluation of VRWV data products has been carried out based on
reference data sets and intercomparison data sets as compiled in the DARD [RD-1]
and outlined in the PVP [RD-1], respectively. Note, as already mentioned in the PVP
[RD-1], there is a serious lack of reference datasets for VRWV useable for validation,
especially going back to the 1980s and 1990s, and also in the UTLS. Thus the
evaluations presented here should be considered a comparison rather than classic
validation exercises in their character, with knowledge of the true state (and absolute

mean) of the atmosphere in terms of water vapour concentrations still highly uncertain.

For CDR-3, three kinds of reference dataset are used for comparison. First, the VRWV
data from the merged satellite product SWOOSH, an alternative CDR produced by
NOAA (US), is used for comparison. Second, the VRWYV data from chemistryi climate
models (CCMs) are used for validation and intercomparison. The advantage of the data
from CCMs is the global coverage and availability of specified dynamics simulations,
i.e. model fields that represent the actual meteorology and thus main driver of WV in

the stratosphere. Third, a comparison with available reanalysis datasets is provided.

For CDR-4, the VRWV profile observations from global networks like balloon-borne
hygrometer (BBH) data are used as reference to test the product quality at the BBH
sites. It is noteworthy that the bias-correction process for satellite observations is
relative to the seasonal BBH observations within fixed latitude bins in the tropopause-
based coordinate system, described in detail in the ATBD [RD-7]. The climatological
distribution of CDR-4 in the equivalent latitude and potential temperature coordinates
is compared with JULIA aircraft in situ data. Furthermore, the VRWV data from
reanalyses (ERA-5 and MERRA-2) are used for comparison. It should be noted that
initial comparisons with IAGOS data did not yield satisfying validation results for CDR-
4 data, and new methods will need to be used to exploit this database (now planned
for Phase 2 of WV_cci). In addition, SHADOZ radiosonde data are found not suitable
for the validation of CDR-4 data due to the limited capability (accuracy) of these
radiosonde observations in the UTLS region (altitudes above 300 hPa). New validation
methods and observations for the validation of CDR-4 will be explored in the next phase

of the WV_cci project.

All datasets used for validation and intercomparison are referenced and described in

the Data Access Requirement Document [RD-6].

13
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Methodology

The methodology for the product validation and comparison is described in the PVP
[RD-1]. The WV_cci data products are validated with the reference datasets and other
VRWYV datasets (from chemistryi climate models and reanalyses) introduced in the
DARD [RD-1]. For CDR-3, the validation and comparison are performed to the v3.3
data against the WV data from SWOOSH, observations from chemistryi climate
models, and the WV data from reanalysis datasets. For CDR-4, the validation and
comparison on prototype v3 data are performed against the in situ observations from
BBH and reanalyses data from ERA-5 and MERRA-2.

The evaluation of VRWYV data products is divided into the following parts:

1. Comparisons of bias-correction procedure for CDR-3 and CDR-4.

2. Comparisons of CDR-3 v3.3 against WV data from SWOOSH data.

3. Comparisons of CDR-3 v3.3 against WV data from chemistryT climate models
with specified dynamics settings.
Comparisons of CDR-3 v3.3 against WV data from reanalysis datasets.
Validation of CDR-4 v3 data against VRWYV reference data from BBH
observations.

6. Comparisons of CDR-4 v3 data against VRWYV analyses data from ERA-5 and
MERRA-2.

A summary of the comparisons and validation results will be given in Section 8.

14
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COMPARISON WITH INPUT DATASETS

This section presents the WV_cci comparison results of CDR-3 and CDR-4 with their
respective input datasets. For both CDRs, bias-correction procedures had to be applied
since the different input-datasets are known to exhibit large mean biases (Hegglin et
al., 2013, 2014, 2021 [RD-4], [RD-8], [RD-5] that make a straight merging between the
datasets difficult. The latest and final version of CDR-3 is version 3.3 and CDR-4 is
version 3. Sections 3.1 and 3.2 thus present the comparisons between the input data
to the merged CDR-3 and CDR-4 products before and after bias-correction.

Comparison of bias-correction procedure for CDR-3

Figure 3-1 and Figure 3-2 show the input datsets of CDR-3 before and after bias-
correction at two different pressure and latitude grid points in the Northern and Southern

hemisphere, respectively.

In both cases, the original (uncorrected) input datasets show large relative differences
(top panels), with 20% before 1995 and 10% after 1995 for 10 hPa at 37.5 N, and 40%
and 65% before and after 2000 for the 100 hPa level at 57.5 S. The bias-correction
procedure (see Hegglin et al., 2014 [RD-8] for details) against the chemistryi climate
model CMAM30, removes the mean bias of each instrument, with the bias-corrected
input datasets (bottom panel) now collapsing onto the CMAM30 time series with good
to very good agreement. The inter-instrument biases are reduced to 10% and 2%
before and after 1995 for 10 hPa at 37.5 N, and 7% and 3% before and after 2000 for
the 100 hPa level at 57.5 S. The final CDR-3 time series (black line and red diamonds)
are then transferred back to a reference dataset, here a mixture of Aura-MLS, ACE-
FTS and MIPAS observations. The latter correction is particularly obvious in Figure 3-2,
where CMAM shows a clear high-bias of 200% in water vapour concentrations at 100

hPa when compared with the instruments at this pressure and latitude grid point.

15



ESATECSAT Water Vapour Climate Change Initiative (WV_cci) - CCl+ Phase 1

CCIWV.REP.023 D4.1
TTTTTTTTT TT T I T TTT TTTTTTTTT TTT Q\ T Yg\ ‘ TTTTT T TTT ‘ TTTTTTTTT ‘ TTTTTTTTT ‘ \7
. i t ]
4 1
= E
s ]
2 5.0 3
0, ]
T =
- E
g E
S E
= —
g %0 g
g 'E |
Q-
3o .
Q %.5E k{ m
= %05 Mﬂ par gt .{14 i i Ty £ Ai’f‘jﬁ Ka
5 PO MR ¥ s
‘_gJ'SE A SAGE Il
A SAGE Il ISS
E ® Aura-MLS
POAM Il
E 55 4 ko i : MIPAS(1)
- i o I ! ® MIPAS(2)
Q 3 o 1 (A CI D it % 9k A ACE-FTS
2 5.0 118 3Ty B i AR o @igY -=|A MAESTRO
E r SO L { b ‘1‘ TSN A itV T, ™ §— e sclAMACHY
8 \ ANl s 288N kW 3 ' Rt LR ILA Y { 3—|® SMR()
éN 4.5E LTA'/ RITRA IR o | % | W ."; ¥ : s A SMR(Q2)
T ] f o % Y b
4.0*\'\1\[\\\\‘ u A AT A B R .

Jan85 .. Jan90 Jan 95 Jan 00 Jan 05 Jan 10 Jan 15 Jan 20

Figure 3-1: Time series of monthly zonal mean water vapour at 10 hPa and
37.5 N. Absolute mixing ratios from different instruments (colours) and
CMAM3O0 (grey) (top panel). Initial (2" panel) and bias-corrected (3 panel)
differences between observations and CMAMS30, and bias-corrected absolute
mixing ratios from observations (bottom panel). Grey solid and dashed
horizontal lines indicate mean and 1-sigma (standard deviation) of the
observational and bias-corrected record averaged over the whole time period.
Black line with red squares indicates final merged and bias-corrected (towards
reference Aura-MLS dataset) CDR-3.
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Figure 3-2: Same as Figure 3-1, but for 100 hPa and 57.5 S.

Comparison of bias-correction procedure for CDR-4

Comparison of bias-corrected satellite data

In the production of CDR-4 data, a bias-correction procedure based on quantile
mapping (see ATBD [RD-7]) is applied to the input data before the merging procedure.
The details of the merging methodology for CDR-4 are shown in the ATBD [RD-7]. The
subsection represents the comparisons of input satellite data before and after applying

the bias-correction relative to the in situ VRWYV profiles from BBH observations.

Figure 3-3 shows the gridded WV from satellite observations before and after applying
the bias-correction at two different pressure levels over the tropical region in two
different months, respectively. The WV profiles from each satellite instrument are
interpolated onto pre-defined pressure levels and then aggregated horizontally into

uniform gridded data.
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Figure 3-3: Scatterplots of gridded water vapour at 150 hPa (top panel) and 250
hPa (lower panel) from RAL IMS and Aura-MLS over the tropical region in
January 2010 (left column) and July 2010 (right column) with both initial (black
dots) and bias-corrected (blue dots) WV values.

At 150 hPa, the uncorrected Aura-MLS are larger than RAL IMS where the water
vapour concentrations are high. On the contrary, when the water vapour values are
low, the IMS, which is less sensitive to low water vapour concentrations, has higher
water vapour than MLS. The bias-correction procedure relative to the in situ BBH
VRWYV profiles not only increases water vapour from both satellite observations, but
also improves the agreement among satellite instruments in both months. The bias-
correction is particularly obvious for IMS, largely increasing the water vapour values at
the high end of the concentration range. At this level, the correlation between the two
instruments (as expressed by R?) increases from 0.66 to 0.7 and from 0.65 to 0.72

during NH winter and summer, respectively; see Figure 3-3.

At 250 hPa, MLS is less sensitive to high water vapour, thus has smaller water vapour
than IMS. Similarly, the bias-correction procedure increases water vapour for both
satellite observations, leading to better agreement in both months. At this pressure
level, the correction shows a larger improvement of the water vapour from MLS.
However, it should be noted that at this level, the correlation between the two
instruments does not significantly improve (R? values remain very similar; see Figure
3-3).
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3.2.2 Comparison of bias-corrected satellite data with JULIA data

Figure 3-4 and Figure 3-5 show the distributions of relative differences in water vapour
between the individual instruments and JULIA observations before and after bias-
correction, respectively. As mentioned in the Product Validation and Selection Report
(PVASR) [RD-10], although the mean water vapour distribution between satellite and
in situ observations has remarkable consistency, there are still obvious differences
among satellite instruments compared to JULIA (Figure 3-4). The Aura-MLS shows a
dry bias in the lowermost stratosphere for all seasons and MIPAS has a dry bias in the
upper troposphere (note that due to the sampling characteristics of MIPAS, it can only
measure in dry parts of this region; G. Stiller, KIT, personal communication). The bias-
correction procedure clearly improves the water vapour in the lowermost stratosphere
for Aura MLS and the sampling bias in the upper troposphere for MIPAS (Figure 3-5).
Although the differences between satellite and in situ observations are still large in the
upper troposphere after bias-correction, the differences show very similar distributions
with good agreement among the satellite instruments. Note that the final merged
product only adopts bias-correction water vapour in the UTLS between 100 hPa and
300 hPa. The initial water vapour observations from Aura-MLS and MIPAS above 100
hPa and from RAL IMS below 300 hPa are used in the merged product.

The bias-correction based on quantile mapping technique has been proven to be a
practical solution to remove the differences among input satellite observations. The
gridded uncorrected data from all satellite instruments are then merged into the
homogenised CDR-4 product.
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VALIDATION AND COMPARISON OF WV_CCI
PRODUCTS

This section presents the validation and comparison for the monthly VRWV CDR-3 v3.3
and CDR-4 v3 data products. The current version of CDR-3 is v3.3 from 1985 to 2019
on 28 pressure levels between 300 and 0.1 hPa and the current version of CDR-4 is
v3 from 2010 to 2014 on 26 pressure levels between 1000 and 100 hPa. As mentioned
above, due to the limitations in the spatial and temporal coverage of available VRWV
reference datasets, one has to be aware of the limited power of the following
comparisons and validation exercise to determine the uncertainty of the two monthly
VRWV products.

Comparison of monthly zonal mean VRWYV (CDR-3)

The validation of the final level 3 CDR-3 v3.3 is carried out against data records from
SWOOSH and the IGAC/SPARC Chemistry Climate Model Initiative (CCMI) models in
specified dynamics (SD) mode. The CCMI SD simulations nudge their dynamics
towards observed meteorological fields from reanalyses, so to represent the observed
day-to-day variations in transport and temperatures that affect the water vapour field.
CDR-3 v3.3 data is also compared with reanalysis datasets. Currently, the CDR-3 data
is compared to the reference datasets focussing on two aspects: water vapour mixing
ratio time series and anomalies. The comparisons are carried out for time-series

averaged globally and for the tropics.

Comparison of CDR-3 against SWOOSH data

Comparison of absolute WV mixing ratio timeseries and their differences

The SWOOSH data have zonal mean VRWV with temporal coverage from 1984 to
2019 on 31 pressure levels from 316 to 1 hPa. The spatial resolutions for SWOOSH
include 2.5°, 5° and 10° intervals in latitude. Here, the comparisons are against the

zonal mean SWOOSH data with 5° intervals, the same resolution as that in CDR-3.

Figure 4-1 and Figure 4-2 show the time series of zonal mean water vapour at 100 hPa
for CDR-3 and SWOOSH in the global and tropical regions, respectively. The global
mean water vapour mixing ratios from CDR-3 v3.3 data are close to those from
SWOOSH at 100 hPa in both regions. Note that the latest v3.3 CDR-3 data has
significantly increased WV mixing ratios at 100 hPa (and throughout most of the

stratosphere) when compared to its vO, an earlier product of the WV_cci. This
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improvementisachi eved by using the model as transfer
instrument reference, which now is used as the mean between Aura-MLS, ACE-FTS,

and MIPAS data at a given dataset grid-point.

Consistent with the result of the similarity of absolute values, the global mean
differences between CDR-3 v3.3 and SWOOSH are close to zero from 2005 onward.
However, CDR-3 is clearly drier than SWOOSH before 2005. The change in the
differences observed in 2005 between the two datasets is expected due to the
difference in the merging algorithms between CDR-3 and SWOOSH. However, this
difference will have an influence on derived trends from these two CDRs. It is expected
(and evidenced hereafter for CDR-3 in comparisons with CCMs and reanalyses) that
CDR-3 time series are more consistent with reanalyses than SWOOSH before 2005.
After 2005, the satellite observations from MIPAS and MLS have larger spatial and
temporal coverage and are more stable, leading to overall much smaller variability in

the differences between the two merged CDRs.

Mean WV at 100hPa 905-90N

—e— CDR-3v3.3
—e— SWOOSH

T T T T T T
1985 1990 1995 2000 2005 2010 2015 2020

2 =
n =)
|

o
[=}
——

CDR-3 v3.3 - SWOOSH [ppmv]
&
wn

1985 1990 1995 2000 2005 2010 2015 2020
year

Figure 4-1: Monthly time series (top) and bias (CDR-3i SWOOSH, bottom) of
global mean (90°Si 90°N) VRWYV of CDR-3 and SWOOSH at 100 hPa from 1984 to
2019.

The tropical mean water vapour shows smaller differences (0.25 ppmv) than the global
mean (0.35 ppmv) between these two merged data before 2002. However, after 2005,
the tropical mean water vapour from CDR-3 is about 0.2 ppmv higher than that from
SWOOSH. Note that after 2010, both global and tropical mean water vapour from CDR-
3 exhibit a slightly decreasing trend in the relative differences compared to SWOOSH.
This may attribute to SWOOSH using Aura-MLS version 4.2, which showed a drift
(spurious positive trend) in WV, while this drift is corrected for in Aura-MLS version 5.0
used in CDR-3.
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Figure 4-2: Same as Figure 4-1, but for tropical region (30°Si 30°N) only.

Figure 4-3 to Figure 4-6 show the same evaluations of the time series of zonal mean

water vapour at 50 and 200 hPa for global mean and tropics, respectively.

At 50 hPa (Figure 4-3 and Figure 4-4), the global and tropical mean water vapour from
CDR-3 are both drier than SWOOSH and the differences are similar both in scale and
variations. Note that the differences at 50 hPa reveal a strong inhomogeneity in the
seasonal cycle over the period 2005i 2011, which can be attributed to the differences
in the seasonal cycles of ENVISAT instruments when compared to the instruments
included in SWOOSH. The observed decreasing trend of water vapour after 2010 in
CDR-3 compared to SWOOSH is larger than that at 100 hPa.
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Figure 4-3: Monthly time series (top) and bias (CDR-3i SWOOSH, bottom) of
global mean (90°Si 90°N) VRWYV of CDR-3 and SWOOSH at 50 hPa from 1984 to
20109.
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Figure 4-4: Same as Figure 4-3, but for tropical region (30°Si 30°N) only.
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Figure 4-5: Monthly time series (top) and bias (CDR-3i SWOOSH, bottom) of
global mean (90°Si 90°N) VRWYV of CDR-3 and SWOOSH at 200 hPa from 1984 to

2019.
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Figure 4-6: Same as Figure 4-5, but for tropical region (30°Si 30°N) only.

At 200 hPa (Figure 4-5 and Figure 4-6), the water vapour differences between CDR-3

and SWOOSH exhibit similar values over the global and tropical regions. The

differences before 2002 exhibit, however, larger variations and a different seasonality

compared to these after 2005. At this level, the transitional period between 2003 and
2005 exhibits a large jump both in the CDR-3 and SWOOSH, with CDR-3 leading by
~2 years over SWOOSH, due to the different input data sets used. This feature is likely

related to a sampling issue in the early occultation sounders available before 2005,

which wil

| be investigated in more detail in WV_cci Phase 2.

25



ESA / ECSAT

CCIWV REP.023 Water Vapour Climate Change Initiative (WV_cci) - CCl+ Phase 1

D4.1

Comparison of WV mixing ratio anomaly time series and their differences

Figure 4-7 and Figure 4-8 show the time series of zonal mean water vapour anomalies
relative to the seasonal cycle over the period of 20057 2011 at 100 hPa for CDR-3 v3.3
and SWOOSH in the global and tropical regions, respectively, equivalent to Figures
Figure 4-1 and Figure 4-2 for absolute values. For both global and tropical time series,
the zonal mean water vapour anomalies from CDR-3 are similar to those from
SWOOSH, especially after 2005. Note that the differences in anomaly (CDR-3 minus
SWOOSH) change from negative before 2005 to near to zero after 2005, which as
mentioned above is due to the difference in the merging algorithm of these two merged

data products.
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Figure 4-7: Monthly time series (top) and bias (CDR-3i SWOOSH, bottom) of
global mean (90°Si 90°N) water vapour anomalies of CDR-3 and SWOOSH at
100 hPa from 1985 to 2019.
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Figure 4-8: Same as Figure 4-7, but for tropical region (30°Si 30°N) only.
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Figure 4-9 to Figure 4-12 show the time series of water vapour deseasonalised
anomalies at 50 and 200 hPa from CDR-3 and SWOOSH; equivalent to Figure 4-3 to

Figure 4-6 for absolute values.
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Figure 4-9: Monthly time series (top) and bias (CDR-3i SWOOSH, bottom) of
global mean (90°Si 90°N) water vapour anomalies of CDR-3 and SWOOSH at 50

hPa from 1985 to 2019.
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Figure 4-10: Same as Figure 4-9, but for tropical region (30°Si 30°N) only.

At 50 hPa (Figure 4-9 and Figure 4-10), the differences in water vapour anomalies
between CDR-3 and SWOOSH show similar features as those at 100 hPa over both
global and tropical regions, indicating that the difference between CDR-3 and
SWOOSH is consistent throughout the lower stratosphere. The anomaly evaluation
confirms and accentuates the strong inhomogeneity in the seasonal cycle found in the
evaluation of the absolute water vapour mixing ratios before and after the reference

period 200571 2010 (see discussion above).

At 200 hPa (Figure 4-11 and Figure 4-12), the differences between CDR-3 and
SWOOSH are close to zero for both periods before 2003 and after 2005, which is
different from the anomaly differences at 50 and 100 hPa. This indicates that the
difference in the two applied merging algorithms has less of an effect at this pressure.
As already discussed for Figure 4-5, the two merged products exhibit a strong jump in
the transitional period, with CDR-3 leading that of SWOOSH due to the difference in
input datasets used. Again, this is likely the result of a sampling bias resulting from the
lower coverage of satellite occultation measurements used as input before 2003 and
2005 for CDR-3 and SWOOSH, respectively.

28



ESA/ECSAT
CCIWV.REP.023

WV anomaly [ppmv]

—25

CDR-3 v3.3 - SWOOSH [ppmv]

—10 4

—15 4

—204

Water Vapour Climate Change Initiative (WV_cci) - CCl+ Phase 1 D41

WV anomaly (relative to 2005-2010) at 200hPa 905-90N

—e— CDR-3v33
—e— SWOOSH

T T T
2005 2010 2015 2020

]
o

10 1

2005 2010 2015 2020

year

1995 2000

Figure 4-11: Monthly time series (top) and bias (CDR-3i SWOOSH, bottom) of
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Figure 4-12: Same as Figure 4-11, but for tropical region (30°Si 30°N) only.

Time series of VRWYV vertical profile anomalies and their differences

Figure 4-13 and Figure 4-14 show the time series of water vapour relative differences

and anomaly differences between CDR-3 and SWOOSH data over the global and

tropical regions, respectively. In the stratosphere (and in the upper troposphere around
300 hPa), CDR-3 data exhibit less water vapour than SWOOSH while at around 200
hPa, it is the opposite: CDR-3 is more moist than SWOOSH. This behaviour can be
explained by a low-bias in Aura-MLS v4.2 (used in SWOOSH) at the 200 hPa level,
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which has been improved upon in v5.0 (used in CDR-3), with the consequence that
middle stratospheric water vapour in turn decreased slightly between the two data
versions due to compensating effects in the retrieval (Lucien Froidevaux, NASA JPL,
personal communication).

The water vapour differences between CDR-3 and SWOOSH exhibit similar patterns
in the tropics and at the global level, with somewhat stronger features found in the lower
stratosphere for the tropics when compared to the global average. Here, the water
vapour differences between CDR-3 and SWOOSH exhibit a rapid change in the
transitional period before 2005: the large dry differences reduce suddenly. As
discussed above, this inhomogeneity will have an influence on the derived trends from
these two CDRs. Considering the water vapour anomalies, CDR-3 and SWOQOSH are
very close in the stratosphere with differences smaller than 0.3 ppmv (hence less than
8%). Similar to the water vapour relative differences, the anomaly differences also
show the inhomogeneity in the two periods before and after 2005.
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Figure 4-13: Time series of water vapour relative difference (top) and water
vapour anomaly difference (bottom) between CDR-3 and SWOOSH from 1985 to
2019. The time series are global averages from 90°S to 90°N.
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Figure 4-14: Same as Figure 4-13, but for tropical region only from 30°S to 30°N

Comparison of CDR-3 against CCMI data

The Chemistry Climate Model Initiative (CCMI)is a combined activity of the
International Global Atmospheric Chemistry (IGAC) and Stratospherei troposphere
Processes And their Role in Climate (SPARC) projects with multiple chemistryi climate
models (CCMs). The CCMI models provide simulation experiments with state-of-
knowledge historic forcings and nudged towards reanalysis datasets in the case of
reference simulations with specified dynamics (REF-C1SD). These model simulations
provide global coverage of water vapour over the period 19841 2014 against which to
evaluate the CDR-3 data in the stratosphere. Here, we include the comparisons
between CCMI model simulations from REF-C1SD experiment and CDR-3 in the lower
stratosphere in two aspects: time series of global or tropical mean water vapour and
corresponding deseasonalised anomalies over the period 19851 2014.

Figure 4-15 and Figure 4-16 show the mean water vapour time series and
deseasonalised anomalies at 100 hPa from CDR-3 v3.3 and CCMI models over global
and tropical regions, respectively. Despite the large differences among water vapour
time series from CCMI models, the CDR-3 shows very good agreement with the multi-
model mean over both global and tropical regions. For anomalies relative to the
seasonal cycle in the period of 20051 2010, CDR-3 has even better agreement with
most of the CCMI models, indicating both models and the CDR-3 data capture essential
physical features of water vapour variability in the lower stratosphere. Over the global
region, the water vapour anomalies from CDR-3 have larger variability in the early years

(19857 1995), attributable to the limitation of the spatial coverage of the input satellite
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data. After 2005, the anomalies from CDR-3 are very close to the CCMI multi-model
mean, because the input data from MIPAS and MLS have large spatial coverage and

very good quality.
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Figure 4-15: Global mean monthly water vapour time series (top) and anomalies
(bottom) of CDR-3 (solid black line) and CCMI (blue line for multiple model
mean) at 100 hPa from 1985 to 2014. The blue shading shows the range of two

standard deviations distance to the CCMI multi-model mean. The
deseasonalised anomalies are calculated relative to the seasonal cycle from

2005 to 2010.
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Figure 4-16: Same as Figure 4-15, but for tropical region only from 30°S to 30°N.

Figure 4-17 to Figure 4-20 show the global and tropical mean water vapour time series
and deseasonalised anomalies from CDR-3 and the CCMI models at 50 and 200 hPa,

respectively. Despite the large differences in mean water vapour, the deseasonalised
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anomalies between CDR-3 and CCMI multi-model mean exhibit very good agreement
at both 50 and 200 hPa, especially after 2003. Before 2003, the differences in
deseasonalised anomalies between CDR-3 and CCMI are large, especially before
1992 at 50 hPa and before 2003 at 200 hPa. As discussed in Section 4.1.1, CDR-3 and
SWOOSH have comparable deseasonalised anomalies at these pressure levels, thus
the differences between CDR-3 and CCMI are likely due to the limited spatial and

temporal coverage of input satellite observations in the early years.

Overall, the CDR-3 v3.3 water vapour deseasonalised anomalies show very good
agreement with the CCMI model simulations after 2005, when the high quality and large
coverage input data from MIPAS and MLS are incorporated in the merged products.
This overall consistency indicates that the CDR-3 data exhibit the essential physical
features of water vapour in the lower stratosphere. Before 2005, the quality of the
CDR-3 product is limited by the spatial and temporal coverage of the input satellite
observations, thus the data availability should be taken in consideration for the

comparisons with model simulations.
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Figure 4-17: Global mean monthly water vapour time series (top) and anomalies
(bottom) of CDR-3 (solid black line) and CCMI (blue line for multiple model
mean) at 50 hPa from 1985 to 2014.
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Figure 4-18: Same as Figure 4-17, but for tropical region only from 30°S to 30°N.
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Figure 4-19: Global mean monthly water vapour time series (top) and anomalies
(bottom) of CDR-3 (solid black line) and CCMI (blue line for multiple model
mean) at 200 hPa from 1985 to 2014.
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Figure 4-20: Same as Figure 4-19, but for tropical region only from 30°S to 30°N.

Table 4-1 and Table 4-2 summarise the mean and relative differences in water vapour

between CDR-3 and CCMI multi-model mean, respectively. At 50 and 100 hPa, the
mean difference between CDR-3 and CCMI is very small (within 0.4 ppmv or 10%) over
both global and tropical regions. At 200 hPa, the water vapour from CCMI is much
higher than CDR-3, with the relative difference as high as 176%. During the three
periods, the differences between 2004 and 2014 are smallest, related to a strong jump

in the differences around 2002 (which likely stems from a sampling issue as will be

investigated in the next phase of WV_cci).

Table 4-1: Mean differences in water vapour between CDR-3 and CCMI multi-
model mean (MMMi CDR-3) with one standard deviation added

CCMIi CDR-3 (ppmv)
Pressure )
Global Tropical
(hPa)
198511992 | 1993i 2003 | 200412014 | 1985i 1992 | 199312003 | 200472014
-0.40° o R -0.30° R R
50 0.45 0.05° 0.18 | 0.06° 0.11 0.49 0.20° 0.31 | 0.19° 0.18
100 0.03° 0.53 | 0.10° 0.22 |0.08°0.11 |0.02°0.34 |0.09°0.35 |-0.00° 0.18
26.54 ° R 17.96° 37.73° 40.55 ° o
200 5 02 28.44 ° 5.20 1.24 6.15 8.20 22.60 ° 2.58
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Table 4-2: Mean relative differences in water vapour between CDR-3 and CCMI
multi-model mean (MMMi CDR-3)/CDR-3 with one standard deviation added

(CCMIi CDR-3)/CDR-3 (%)
Pressure )
Global Tropical

(hPa)

198571 1992 199312003 | 2004i 2014 | 1985711992 | 1993i 2003 | 2004i 2014

o o o - 614 ° o o
50 -8.16° 9.52 1.42° 454 | 1.40° 2.75 10.47 5.54° 858 | 4.97° 4.83
100 2.17 ° 14.88 290°562 | 1.93° 258 | 1.08°8.40 | 2.87°8.81 | 0.15° 4.24
200 175.44 ° 176.44 ° 62.05 ° 144.87 ° 173.72 ° 50.40 °
123.07 63.08 7.09 42.50 71.60 9.11

4.1.3 Comparison of CDR-3 against reanalysis datasets

In this section, we present the comparisons of CDR-3 against reanalysis datasets in
the period 1985i 2014. The water vapour data from CDR-3 are compared with four
reanalysis datasets: ERAi, ERA5, MERRA and MERRA-2 in two aspects: time series
of mean water vapour and deseasonalised anomalies over the global and tropical

regions.

Figure 4-21 and Figure 4-22 show the time series of mean water vapour and
deseasonalised anomalies at 100 hPa from CDR-3 and reanalysis datasets over global
and tropical regions, respectively. For mean water vapour, the CDR-3 is closer to
ERAI/ERA5 than MERRA/MERRA-2, especially after 2000. However, for the tropical
region, the time series of mean water vapour between CDR-3 and all the reanalysis

datasets show very good agreement.

For anomalies relative to the seasonal cycle in the period 20051 2010, the differences
between CDR-3 and the reanalysis datasets are consequently quite small (mostly
within £0.25 ppmv) after 2003 over both global and tropical regions. Note that after
2003, the global mean anomalies from CDR-3 are closer to ERAI/ERAS5 than to
MERRA/MERRA-2.

Before 2003, the CDR-3 and reanalysis datasets have much more variations over
global and tropical regions. The MERRA and MERRA-2 exhibit almost the same
deseasonalised anomalies over both regions. However, the ERA5 exhibits larger
anomalies than CDR-3 and the other reanalysis datasets, especially in the tropics. Note
that the differences between ERAI and ERA5 become larger towards the early part of
the record, with the differences between ERA5 and MERRA/MERRA-2 here becoming
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smaller. The strong drop in water vapour around 2001 seen in CDR-3 and investigated

widely in the literature is closest in magnitude to that found in ERAS.
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Figure 4-21: Global mean monthly water vapour time series (top), anomalies
(middle) and anomaly differences (bottom) of CDR-3 (solid black line) and
reanalysis datasets at 100 hPa from 1985 to 2014.
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Figure 4-22: Same as Figure 4-21, but for tropical region only from 30°S to 30°N.

Figure 4-23 and Figure 4-24 show the mean water vapour time series and anomalies
from CDR-3 and reanalysis datasets at 50 hPa over global and tropical regions,
respectively. Similar to 100 hPa, the mean MERRA/MERRA-2 are more moist than
CDR-3, ERAI, and most of ERA5 (except the early years) over both global and tropical
regions. However, the anomalies from MERRA/MERRA-2 have much smaller
interannual variations, especially for MERRA whose anomalies are almost zero. This
is because the MERRA/MERRA-2 are relaxed to a 2-D monthly climatological moisture
field derived from water vapor observations from UARS HALOE and Aura MLS in the
stratosphere, thus the MERRA/MERRA-2 miss most of the physical interannual
variations (Davis et al., 2017 [RD-10]).

CDR-3 mean water vapour and anomalies are both closer to ERA5 than ERAI after
2003. However, before 2003, CDR-3 mean water vapour values lie somewhere in
between the strongly differing ERA5 and ERAI data. In particular, ERA5 has much
higher mean water vapour and anomalies than ERAI. Similar to 100 hPa, although to a
somewhat later point in time, the ERA5 shows a rapid drop in water vapour at 50 hPa
around 2002, which is most similar to the drop found in CDR-3 compared to other

reanalyses.
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Figure 4-23: Global mean monthly water vapour time series (top), anomalies
(middle) and anomaly differences (bottom) of CDR-3 (solid black line) and
reanalysis datasets at 50 hPa from 1985 to 2014.

Figure 4-24; Same as Figure 4-23, but for tropical region only from 30°S to 30°N.
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