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Abstract. Global responses of the hydrological cycle to
climate change have been widely studied, but uncertain-
ties still remain regarding water vapor responses to lower-
tropospheric temperature. Here, we investigate the trends
in global total precipitable water (TPW) and surface tem-
perature from 1958 to 2021 using ERAS5 and JRA-55 re-
analysis datasets. We further validate these trends using
radiosonde from 1979 to 2019 and Atmospheric Infrared
Sounder (AIRS) and Special Sensor Microwave Imager/-
Sounder (SSMIS) observations from 2003 to 2021. Our re-
sults indicate a global increase in total precipitable water
(TPW) of ~2 % per decade from 1993-2021. These varia-
tions in TPW reflect the interactions of global warming feed-
back mechanisms across different spatial scales. Our results
also revealed a significant near-surface temperature (75 )
warming trend of ~0.15 K decade™! over the period 1958
2021. The consistent warming at a rate of ~ 0.21 K decade ™"
after 1993 corresponds to a strong water vapor response
to temperature at a rate of 9.5%K~! globally, with land
areas warming approximately twice as fast as the oceans.
The relationship between TPW and 7>, showed a varia-
tion of around 6 %K~ '-8 %K~! in the 15-55°N latitude
band, aligning with theoretical estimates from the Clausius—
Clapeyron equation.

1 Introduction

As the most critical greenhouse gas in the Earth’s atmo-
sphere, water vapor plays a key role in atmospheric processes
from the microscale (including the formation of clouds and
precipitation) to the global scale and is related to the Earth’s
radiation budget, hydrological cycle, and climate change
(Held and Soden, 2006; Lacis et al., 2010; Ruckstuhl et al.,
2007). The amount of water vapor is primarily controlled
by the air temperature when the relative humidity (espe-
cially over the ocean) remains unchanged in the low tropo-
sphere. The total precipitable water (TPW), also known as
the column-integrated amount of water vapor from the sur-
face to the top of the atmosphere, increases by 6 %—7 % with
a 1 K increase in air temperature, according to the Clausius—
Clapeyron equation. This enhances the strength of global
warming with strong positive feedback due to the greenhouse
effect (Held and Soden, 2006; O’Gorman and Muller, 2010)
particularly in the upper troposphere, whereas changes at
lower levels are strongly linked with precipitation, influenc-
ing the frequency and intensity of extreme weather events
(Trenberth, 1998; Trenberth et al., 2003). Therefore, evaluat-
ing the long-term trend of TPW change and its relationship
with temperature is important for understanding the role of
water vapor in climate change and the impact of water vapor
feedback on global warming.

Because of the short residence time of water vapor in
the atmosphere, studies in terms of long-term water vapor
trends and their variability still face challenges. The two
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main categories of water vapor data include observations
collected from various weather station networks and satel-
lites and reanalysis datasets integrated with simulations and
observations. The former have difficulty in evaluating long-
term trends due to discontinuities, insufficient spatial den-
sities, and coverage (Dee et al., 2011). For example, ra-
diosonde observations have the issue of spurious disconti-
nuities or changes in variability due to shifts in instruments
and observational methods (Dee et al., 2011; Trenberth et al.,
2005). However, multiple observations have been homoge-
nized and thoroughly quality-checked in recent years. For
example, the ground-based measurements of global naviga-
tion satellite systems (GNSS) integrated water vapor from
1994-2021 (Bock, 2022) and provided evidence of global
moistening (Douville et al., 2022). The in situ observations
from the Radiosounding HARMonization (RHARM) dataset
(Madonna et al., 2022) enhance the spatial consistency of es-
timated trends and align more closely with a contemporary
atmospheric reanalysis. In addition, the homogenized tem-
perature data presented by Zhou et al. (2021) exhibited spa-
tially consistent trends and temporally stable variations and
did not show the erroneous tropospheric cooling observed in
various reanalyses, including ERAS and raw datasets, across
North China and Mongolia. This accuracy of temperature
measurements can help increase the confidence in tropo-
spheric temperature and water vapor and enhance the quality
of atmospheric reanalysis products. Temperature and humid-
ity extremes from the HadISDH dataset by Willett (2023)
are also designed for long-term regional trends. The lat-
ter reanalysis dataset faces the issue of data quality suffer-
ing from biases and errors from assimilated data during the
satellite era, causing concerns about its reliability for detect-
ing climate trends (Dai et al., 2011; Schroder et al., 2016;
Trenberth et al., 2011). Trenberth et al. (2005) evaluated the
performance of global reanalyses, satellites, and radiosonde
datasets in relation to TPW and found that the Special Sen-
sor Microwave Image/Sounder (SSMIS) dataset provided by
Remote Sensing Systems (RSS) is the only source with reli-
able means, variabilities, and trends for TPW over oceans
after 1988. The discontinuity and inaccurate data in 1992
due to changes in satellite instruments were highlighted by
Trenberth et al. (2015), and this spurious variability in wa-
ter vapor has existed in reanalyses up to the present. Nu-
merous studies have analyzed trends and variations in at-
mospheric water vapor distribution on both global and re-
gional scales, primarily utilizing early versions of reanaly-
sis datasets and satellite observations, albeit over relatively
short study periods (e.g., Borger et al., 2022; Parracho et al.,
2018; Wang et al., 2016; Zhang et al., 2019, 2021). New-
generation reanalysis datasets (JRA-55 and ERAS) provide
better options for climate studies because of advanced mod-
eling and data assimilation systems, with better accuracy and
fewer homogeneity issues (Hersbach et al., 2020; Kobayashi
et al., 2015; Douville et al., 2022). JRA-55 showed a better
performance in studying multi-decadal variability and cli-
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mate change than previous reanalysis datasets (Kobayashi
et al.,, 2015). Many studies have confirmed that ERAS is
the best or among the highest-performing reanalysis products
(Taszarek et al., 2021; Yuan et al., 2023), although inhomo-
geneity still remains, for example, with water vapor associ-
ated with changes in SSMIS instruments (Trenberth et al.,
2015) and unreliability of tropical water vapor in ERAS and
ground-based observations before 1993 (Allan et al., 2022).
Therefore, the latest ERAS5 and JRA-55 datasets were se-
lected in this study to analyze long-term TPW changes and
their relationship with temperatures at regional and global
scales.

The near-surface air temperature (2m air temperature,
T>m) describes the thermodynamic temperature at a 1.5-2m
height, while surface skin temperature (7) refers to “radio-
metric surface temperature” that is governed by the terres-
trial radiation balance (Jin et al., 1997; Jin and Dickinson,
2010). Recent studies investigated how the TPW responds
to changes in surface temperature using modeling estima-
tion, satellite observations, or ground-based observation sys-
tems (Allan et al., 2022; Alshawaf et al., 2017; Borger et al.,
2022; O’Gorman and Muller, 2010; Wang et al., 2016; Yuan
et al., 2021), and many global surface temperature observa-
tional datasets use sea surface temperature (SST) over ocean
and T>n, over land (e.g., HadCRUT; Morice et al., 2021).
Different from prior studies, we use the newest and oldest
available reanalysis datasets to discuss the difference in 75,
and T; and the relationship between trends in TPW and 7>,
from 1993 to 2021 along with additional analysis using ra-
diosonde data as well as AIRS and SSMIS satellite measure-
ments since 2003.

In this study, we focus on answering the following ques-
tions: (1) to what extent has the TPW changed and what is the
difference between the variations in 75, and 75 on a multi-
decadal scale? (2) What is the relationship between trends of
TPW changes and temperature changes? The results from the
reanalysis dataset are compared with radiosonde data as well
as AIRS and SSMIS satellite measurements. We discuss the
difference in results among datasets and their potential dis-
continuities in datasets. Therefore, this paper is organized as
follows: in Sect. 2, we introduce the datasets and methods; in
Sect. 3, the TPW variations and the differences in 75, and T
are compared with radiosonde and satellite observations over
land and ocean; and Sects. 4 and 5 provide the discussion and
conclusion.

2 Data and methods

2.1 Datasets

Two reanalysis datasets containing TPW and temperature
(Tr 1, Ts) from 1958 to 2021 were used in this study, these

being ERAS5 (Hersbach et al., 2020) and JRA-55 (Kobayashi
et al., 2015). For ERAS, skin temperature, Ty, is the temper-
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ature estimated from the surface energy balance. For JRA-
55, skin temperature is a diagnostic variable computed from
the surface upward longwave radiation under the assump-
tion that the surface is a black body. We used monthly re-
analysis datasets from January 1958 to December 2021 for
TPW and temperatures. Both TPW and temperature variables
in these two datasets were regridded into 1° x 1° resolution
data using a bilinear interpolation method before analyzing
(Zhuang, 2018).

The Atmospheric Infrared Sounder (AIRS) instrument
captures a precisely calibrated, spectrally detailed dataset of
both infrared and microwave radiances. It offers quality tem-
perature and humidity profiles throughout the troposphere
(Tian et al., 2020). Satellite observations from AIRS Ver-
sion 7 (Tian et al., 2020) were used for comparison with
the reanalysis from 2003 to 2021. The total column wa-
ter vapor (kg m~2) is calculated as the average of daytime
(TotH2OVap_A) and nighttime modes (TotH20OVap_D). In
addition, the column-integrated water vapor from the Special
Sensor Microwave Imager/Sounder (SSMIS) from 2003-
2021 (Wentz et al., 2015) is selected for comparison with
reanalysis datasets.

We also used in situ observations from the Radiosounding
HARMonization (RHARM) dataset (Madonna et al., 2022),
which applied a new algorithm to the Global Climate Ob-
serving System Reference Upper-Air Network (GRUAN)
data and used observation measurements instead of reanal-
ysis data as a reference to calculate and adjust for systematic
effects on temperature and humidity. RHARM provides ho-
mogenized temperature and relative humidity profiles at two
observation times (00:00 and 12:00 UTC) for radiosonde sta-
tions globally from 1979 to 2019. Therefore, 7>, used in this
study from radiosonde observation was taken from the tem-
perature observed at the lowest layer. Relative humidity and
temperature from the surface to the 500 hPa level are used to
calculate precipitable water.

2.2 Methods

Monthly TPW and temperature anomalies were calculated
by the base period of 1958-2021 for reanalysis datasets and
demonstrated the trends of long-term (1958-2021) and short-
term (1993-2021) periods. We divided the globe into tropical
regions (23.5°S-23.5°N), temperate regions (23.5-66.5°S
in the Southern Hemisphere, SH, and 23.5-66.5°N in the
Northern Hemisphere, NH), and polar regions (66.5-90° S
in the SH and 66.5-90° N in the NH). The regional average
values, presented by different latitude bins, were calculated
with a cosine (latitude) weighting factor to account for the
convergence of grid points for each region. For the global
distribution, all datasets were resampled into 1° x 1° resolu-
tion using spatial-averaging resampling, and then the area-
weighted average of anomalies was computed to formulate a
global time series.
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For all trend analyses in TPW and temperature (7, T> )
series, we first calculated global, land, and ocean average val-
ues and then selected the seasonal Kendall (SK) test (Hirsch
et al., 1982) using the Theil-Sen slopes (Sen 1968; Theil,
1992) to calculate relative TPW trends (% per decade) (Zhai
and Eskridge, 1997) and temperature trends for both T and
T>m (K per decade). The statistical significance of all linear
correlations and trends was performed at a 95 % confidence
level for all analyses conducted in this study. The TPW re-
sponses to temperature from 1993 to 2021 are calculated as
the ratio of TPW trends to 75 1, trends.

Due to daily data missing in radiosonde observations, valid
data required at least 10d of data available within a month,
and at least two-thirds of the total months had to have valid
monthly data (345 months for 1979-2019). Each month had
to have at least 28 years’ worth of valid data at each station
to calculate monthly climatology. Trend analysis is also from
Sen’s estimate of the slope (Sen, 1968) for these observa-
tions. Thereby, 331 radiosonde stations were selected in this
study. To facilitate the comparison, interpolated reanalysis
data from radiosonde stations were selected to compare with
the observation data. We calculated the trend difference be-
tween reanalyses and observations to assess how effectively
each reanalysis product captures changes in observed TPW
over the period 1979-2019.

To detect potential discontinuity within the temporal se-
quence of total water vapor and temperature in the reanalysis
dataset, we applied the penalized maximal F test (PMF test;
Wang et al., 2006; Wang and Feng, 2013; Wang, 2018) to
detect temporal discontinuity points on each grid over ocean
during the period 1958-2021. The discontinuities were doc-
umented if the p value of the testing statistic was less than
0.01 (Zhou et al., 2021).

3 Results and discussion
3.1 TPW trends

Figure la—e show the temporal variations in monthly TPW
anomalies over tropical, temperate, and polar regions. Over-
all, in terms of latitude bands, these trends differ little be-
tween the two reanalysis datasets. Specifically, ERAS gives
a 0.6 % per decade moistening rate, whereas the JRA-55
dataset shows a 0.96 % per decade moistening rate over the
tropical regions for the whole period 1958-2021. A notable
decrease in TPW is shown during the 1980s and 1990s over
tropical regions in ERAS, which is consistent with ERA-
Interim (Allan et al., 2014) but inconsistent with satellite mi-
crowave data (Allan et al., 2022). This discrepancy seems to
originate in the tropical lower troposphere over ocean. Since
SSMIS satellites became available and were used in ERAS
after 1987 (Hersbach et al., 2020), there has been some spu-
rious variability in TPW, notably in January 1992 (Trenberth
et al., 2015). However, a strong agreement of TPW after
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Figure 1. Time series of monthly TPW anomalies (mm) over (a) the Northern Hemisphere (NH) polar regions, (b) NH temperate regions,
(c) tropical regions, (d) Southern Hemisphere (SH) temperate regions, (€) SH polar regions, (f) ocean area, (g) land area, and (h) the globe
from the ERAS5 (blue) and JRA-55 (red) datasets during the period 1958-2021. A 12 month running smoother was applied to each time series
shown. The trends are shown for the 1958-2021 (light color) and 1993-2021 (dark color) periods with 95 % confidence intervals in brackets.

The vertical line indicates the year 1993.

1993 is shown between SSMIS observations and ERAS (Al-
lan et al., 2022). In addition, data after 1993 show fewer
change points based on PMF test results on grid boxes over
the ocean (Fig. S2). Thus, the 1993-2021 time series of TPW
benefiting from in situ and satellite observations is expected
to produce more reliable water vapor variability. ERAS gives
a 1.46 % per decade moistening rate, whereas the JRA-55
dataset shows a 1.43 % per decade moistening rate over the
tropical regions from 1993 to 2021. Trends are 1.86 % per
decade in NH temperate regions and 3.89 % per decade in
NH polar regions for ERAS, while values are about 1.56
(0.89) % per decade over temperate regions but are not signif-
icant over polar regions in the SH for ERAS (JRA-55) during
1993-2021. The increase of TPW trends in the NH is larger
than that in the SH, although they showed strong month-to-
month variabilities (coefficient of variation, CV, is 0.7 on av-
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erage) in the NH, which are consistent with the global distri-
bution (Fig. 1).

Figure 1f-h depict these trends of TPW estimated over
ocean, land, and the globe. It is noticeable that monthly
TPW anomalies showed a consistent and statistically signifi-
cant increase, yielding a rate of 0.58 (0.85), 0.88 (1.07), and
0.65 (0.89) % per decade for ERAS (JRA-55) over the pe-
riod 1958-2021 over ocean, land, and the globe, respectively.
However, those trends increase at a rate of 1.72 (1.21) % per
decade, 1.19 (2.22) % per decade, and 2.12 (1.91) % per
decade for ERAS (JRA-55) after 1993. The monthly TPW
anomalies showed a similar variability over ocean, land, and
the globe (CVs around 0.4) and displayed significant interan-
nual variations, which had been dominated by ENSO events
(Trenberth et al., 2005; Wang et al., 2016). The distinct turn-
ing points may be attributed to the intensity of ENSO events.
For example, one of the most powerful ENSO events dur-
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Figure 2. Monthly total precipitable water (TPW) trend (% per decade) from 1993 to 2021 from (a) ERAS and (b) JRA-55. The hatched
areas represent trends that are not statistically significant at a 95 % confidence level.

ing the 1997/98 El Nifia led to a significant tropical TPW
increase, attributable to the warming in the equatorial Pa-
cific (Wagner et al., 2005). The 2015/16 El Nifio caused a
moistening TPW trend over tropical regions (Garfinkel et al.,
2018). The trend of TPW during 1988-2003 was likely asso-
ciated with the decadal variation in Interdecadal Pacific Os-
cillation from a warm period (1977-1998) to a cold period
(1999-2003) (Dong and Dai, 2015). The TPW trend for the
recent period, including the 1997/98 event, will likely be sim-
ilar (Wang et al., 2016). In addition, Patel and Kuttippurath
(2023) also show a strong correlation (0.81) between Pacific
Decadal Oscillation and TPW variability in tropical regions.

Based on time series of TPW in Fig. 1, Fig. 2 shows the
decadal trends in TPW calculated from ERAS and JRA-55
after 1993. In general, the two reanalysis datasets showed
similar trend patterns of global TPW distribution, with up-
ward trends as the dominant change in TPW, indicating a
rise in moisture in response to global warming since the end
of the twentieth century (Santer et al., 2006). TPW trends
are largely positive and statistically significant over North
Africa, Europe, and the NH polar region. In addition, Simp-
son et al. (2023) found that near-surface water vapor, as mea-
sured by surface observations, has not increased over arid
and semi-arid regions since 1980, which represents a dis-
crepancy compared to predicted results from simulations.
These findings indicate there might be misrepresentations
of hydroclimate-related processes in simulations since cli-
mate models showed moistening trends associated with the
increase in water-vapor-holding capacity of a warmer atmo-
sphere. On the other hand, decreasing TPW trends show a
dipole structure over the Southern Ocean in both reanalysis
datasets which can be attributed to the change in the ENSO
phase (Trenberth et al., 2005). In contrast, these two reanaly-
sis datasets show opposite trends over eastern Africa, includ-
ing the Sudan, where ERAS trends are negative while JRA-
55 trends are positive. The reason for the opposite trends
in reanalyses is likely due to the different representations
of large-scale moisture transport, surface—atmosphere pro-
cesses, and their data assimilation (Parracho et al., 2018).
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Chen and Liu (2016) and Parracho et al. (2018) also showed
decreasing trends in North Africa using ERA-Interim reanal-
ysis over the periods 1979-2014 and 1980-2016, and the bi-
ases in rainfall over West Africa might also exist in ERA-
Interim reanalysis (Dunning et al., 2016). In terms of TPW
trend over arid and semi-arid regions from 1980 to 2020
(figure not shown), the reanalysis also shows a different
trend, comparing observation from Simpson et al. (2023),
that only TPW significantly decreased over the southwest
United States in ERAS and central Africa in JRA-55.

3.2 Trends in temperature

In contrast to TPW, temperature in ERAS is relatively sta-
ble for the pre-satellite era and aligned with independent
datasets, although some notable discrepancies exist in ac-
curately representing specific regional variations (Hersbach
etal., 2020). The global trends of temperature between 1958—
2021 exhibit widespread warming over large regions in both
reanalysis datasets, except for some small areas located in
the SH and northern Atlantic (Fig. 3). Large land areas ex-
perience warming temperature changes of greater magni-
tude compared to the surrounding oceans (Fig. 3), and the
strongest warming occurred in the Arctic (Fig. 3). Greater
warming is observed over mid-latitude regions than over
tropical regions in the NH, consistent with Zeng et al. (2021).
Cooling in the North Atlantic is also observed by Li et al.
(2022) when using observation datasets. This arises from
strengthened local convection and heat dissipation from the
ocean induced by the overlying atmosphere. Meanwhile, the
North Atlantic cooling appears most significant in February
in the Northern Hemisphere, while it becomes net warming
in August (Allan and Allan, 2020). Some studies connect this
phenomenon to changes in ocean circulation based on mod-
eling results (Drijfthout et al., 2012). In addition, based on
model simulations without considering variable ocean cur-
rents, He et al. (2022) explained that the warming hole is
driven by enhanced surface westerly wind removing heat
from the ocean surface. For the SH, the polar region also ex-
periences the strongest warming trends, similar to the trend’s
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Figure 3. Trends of surface air temperature (7> ,) from 1958 to 2021 for ERAS (a) and JRA-55 (b). The differential trends between 75 and
T i trends for ERAS (c¢) and JRA-55 (d). The hatched areas indicate trends that are not statistically significant. Trend units: K per decade.

magnitudes observed by Clem et al. (2020). There is a slight
difference between two reanalysis datasets for differential
trends (AT) between Ty and 7>, at the global scale, es-
pecially over the ocean area where AT trends are negative
in ERAS and positive in JRA-55. The AT shows a simi-
lar pattern only over the tropical land region (Fig. 3d). Al-
though air and surface temperatures are closely related, they
are physically distinct. The difference may be affected by
changes in regional and seasonal vegetation ecosystems, land
use, and land cover (Gulev et al., 2021; Masson-Delmotte
et al., 2022). The ability of atmospheric reanalyses to effec-
tively constrain variations in 75 and 75, trends is limited be-
cause the sea surface temperatures in atmospheric reanaly-
ses were obtained from globally observed and interpolated
products (Rayner et al., 2003). In contrast, the estimation of
air temperature depends on model parameterizations and as-
similated observations which do not incorporate marine air
temperature (Simmons et al., 2017). The strong correlations
between 1>, and Ty are further discussed in the Supplement
(Figs. S4 and S5). Overall, 7>, and T; show very similar in-
terannual variations, and the trends are not significantly dif-
ferent. Therefore, we only present 7>, variations and its re-
lationship with water vapor.

The general warming trends since the late 1970s revealed
by 7> i, over different latitude bins in both datasets agree with
each other when viewing the spatial distribution of magni-
tudes globally (Fig. 4), manifested by much more warming
in the Arctic at a rate (all temperature rates given as K per
decade) of ~0.45, which is 3 times faster than the global
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average rate (~0.15) (Fig. 4h). During the 1979-2021 pe-
riod, this Arctic amplification of warming was markedly pro-
nounced, occurring at rates 3.5 times faster than the global
average warming rate documented by surface climate obser-
vations (Rantanen et al., 2022) in ERAS data and 4 times
faster in JRA-55 data. The potential causes of the Arctic
amplification may be linked to sea ice decline, changes in
atmospheric and oceanic heat contents, or changes in at-
mospheric moisture transport (Graversen, 2006; Screen and
Simmonds, 2010; Zhang et al., 2008). The Arctic warming is
concentrated in the lower troposphere (Allan et al., 2022) and
reached ~0.74 K per decade after 1993, thus leading to in-
creases in water vapor, as shown in Fig. 1a. Antarctic warm-
ing is at a rate of ~ 0.24 K per decade over the past 64 years
and consistently warming at ~ 0.23 K per decade after 1993.
In addition, the warmer and colder years are linked to the
ENSO events and further cause the distinct turning points
of TPW (Fig. 1). The datasets exhibit a clear consensus re-
garding the increased temperature of both land and ocean
areas over the years. The land regions that were observed
experienced greater warming at a rate exceeding 0.2 for 7o,
compared to the oceans’ warming, leading to a land-to-ocean
warming ratio ranging from 1.8 to 2.3 (Fig. 4). The explained
reasons for the land—ocean contrast in warming rates are
the influence of temperature and humidity on the lapse rate,
which results in a smaller reduction in the lapse rate over land
areas compared to the ocean, leading to a greater warming
effect on land surfaces than on ocean surfaces (Joshi et al.,
2008). Additionally, the restriction of moisture in the land
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Figure 4. Monthly 75, and 75 anomaly over (a) the Northern Hemisphere (NH) polar regions, (b) NH temperate regions, (c) tropical
regions, (d) Southern Hemisphere (SH) temperate regions, (e) SH polar regions, (f) ocean, (g) land, and (h) the globe from the ERAS (blue)
and JRA-55 (red) datasets during the period 1958 to 2021. A 12-month running smoother was applied to all time series. The trends are
shown for the 1958-2021 (light color) and 1993-2021 (dark color) periods with 95 % confidence intervals in square brackets. The vertical

line indicates the year 1993.

boundary layer directly contributes to an intensified warm-
ing of land surfaces, which, in turn, raises the lapse rate over
land (Joshi et al., 2008). Byrne and O’Gorman (2018) fur-
ther extended the theory of Joshi et al. (2008) in a quantita-
tive way. They investigated the contrast of land—ocean warm-
ing from surface observations and model simulations at the
global scale and indicated that amplified land temperature in-
creases were the consequence of reduced relative humidity
over land.

3.3 TPW change response to temperature

TPW is expected to increase with air temperature by about
7 %K~ if the relative humidity in the lower troposphere
is constant, according to the Clausius—Clapeyron equation
(Trenberth et al., 2005; O’Gorman and Muller, 2010). This
relationship is determined by the ratio (dTPW/dT) of TPW
trends to temperature trends from 1993 to 2021 (Fig. 5).
The dTPW/dT ratio shows a similar pattern but differ-
ent magnitude between two reanalysis datasets. The TPW
increases significantly by around 11.2% (10.9 %), 5.8 %
(9.4 %), and 9.5 % (8.9 %) K~! for ocean, land, and the
globe, respectively, for ERAS5 (JRA-55). These rates are
larger than 6 % K~! at a global scale based on observational
data from HadCRUTS (Allan et al., 2022). A disagreement
involving the TPW trend and the tropospheric temperature
trend between observation and modeling simulation is also
shown in Santer et al. (2009, 2021). The dTPW/dT ratio in-
creases significantly by around 6 % K~! over eastern North
America and Europe for both ERA5 and JRA-55 (Fig. 5).
However, the relationship between TPW patterns and rising
surface temperatures does not always follow the Clausius—
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Clapeyron equation, especially over some areas of Asia, cen-
tral Africa, Australia, and South America, where TPW re-
sponse to rising surface temperatures is negative without sig-
nificance (Fig. 5). Regions with higher data density and ho-
mogeneity, such as North America and Europe, are likely to
exhibit more realistic trends. Meanwhile, the shifts in wind
patterns over regions can influence the local meteorologi-
cal conditions over time, resulting in fluctuations in rela-
tive humidity, which in turn can cause deviations in water
vapor changes from thermodynamic predictions. Negative
dTPW/dT occurs over the southern tropical oceans, where
sea surface temperature increased (Fig. 3) but precipitable
water decreased slightly (Fig. 1). Thus, the TPW change is
contrary to what might be expected from the thermodynamic
response to changes in temperature. Water vapor moves from
one location to another through circulation, and the trend of
vertical motion at 500 hPa could be further investigated to re-
veal the ascent and convective activity and its relationship to
decreasing water vapor (Zveryaev and Allan, 2005).

In addition to the global patterns of spatial dTPW/dT
ratios, the ratio’s latitude dependency is an interesting
subject (Fig. 6) between 55°S and 55°N. Although the
TPW response values show strong variations across lat-
itudes, the ratios show a similar changing pattern over
the globe and ocean, which varies across the theoretical
Clausius—Clapeyron curves of dTPW/dT ratios (Fig. 6a).
The dTPW/dT ratios are close to the Clausius—Clapeyron
response curves in NH mid-latitudes to high latitudes over
the ocean but larger than 6 % K~ in the SH (=40 to —20° N
band) over the ocean. Such strong latitude dependency and
the discrepancy between land and ocean areas are associated
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Figure 5. (a) The ratio (% K_l) of the TPW trends and the surface air temperature (73 ) trends from 1993 to 2021 in ERAS. (b) Same as (a)
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with zonal relative humidity changes and possible amplifi-
cation of surface warming over land relative to the ocean
(O’Gorman and Muller, 2010) (Fig. 6¢). In arid areas, due
to a lack of water, warming does not result in increased wa-
ter vapor. Conversely, water vapor changes could be ampli-
fied or suppressed in monsoon regions due to dynamics (Fa-
sullo, 2012). Multiple other studies also confirm the “dry gets
drier, and wet gets wetter” paradigm over land (Xiong et al.,
2022). Likewise, an analysis of the salinity index in Cheng
et al. (2024) showed that salty areas are getting saltier and
fresh areas are getting fresher, while over the ocean wet ar-
eas are getting wetter and dry areas are getting drier. There
are two stronger TPW response zones located in the south-
ern mid-latitudes and in the tropical regions over the globe
(Fig. 6a and c). This result is nearly the same when drawn
from multiple models of climate simulations for both histor-
ical and projected climate scenarios (O’Gorman and Muller,
2010). For land areas, in addition to two stronger response
zones similar to those of the globe and ocean, a local maxi-
mum was found in the subtropical areas of the NH and the SH
(Fig. 6). The ratios for the land region are mainly lower than
the theoretical ratio (around 7 % K~!), and these ratios are
even negative in SH mid-latitudes where the arid and semi-
arid regions are. Comparing these ratios between reanalyses,
their discrepancies are greater over ocean, which probably
contributes to their discrepancies over the globe (Fig. 6).

4 Further discussion

The reanalysis dataset combines various observations to cre-
ate a coherent global dataset using an atmospheric general
circulation model. It provides spatially coherent data that are
consistent with global coverage, which makes it valuable for
climate research (e.g., Allan et al., 2022; Urraca and Gobron,
2023). By assimilating multiple data sources and employing
a physics-based model, reanalyses can effectively address
uncertainties and minimize the presence of unrealistic val-
ues. However, it is worth mentioning that discontinuities in
the time series may still occur in reanalysis datasets when
satellites and conventional observations are transited, newly
added, and removed during the assimilation process (Long
et al., 2017). In order to get a general picture of disconti-
nuities in the reanalysis data, we calculated the discontinu-
ity from 1958 to 2021 for each grid box of temperature and
TPW over the ocean, where there is a strong relationship be-
tween water vapor and temperature along with significantly
increased trends (Figs. 1 and 3). We applied the PMF test
to each grid of the reanalysis dataset and selected the sig-
nificance level of 0.01 to detect discontinuities (Zhou et al.,
2021). The years with detected discontinuities (after count-
ing all change points within the same year) of both temper-
ature and TPW are shown in Figs. S1 and S2 in the Supple-
ment. Discontinuities for temperature are relatively frequent
before 1980 in both reanalysis datasets (Fig. Sla and b) and
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are relatively less frequent after 1980 for ERAS except for
in 1992-1995, 1998, and 2015 when strong El Nifio (1992,
1998, 2015) or La Nina (1995) events or the Mount Pinatubo
eruption in June 1991 and volcanic eruptions in 1992 oc-
curred (Fig. S1c). This reveals that the detected change points
over the period 1990-2021 in ERAS might be associated
with the result of abrupt climate changes. Previous studies
also demonstrated the reliability of ERAS air temperature
for the warming trend of the global ocean (He et al., 2023;
Wang et al., 2019). For TPW, discontinuities show a pat-
tern similar to that of the temperature in ERAS, in which
water vapor before 1980 has relatively more discontinuities.
In addition, change points are fewer after 1980 except for
the largest discontinuity in 1991-1992 (Fig. S2a) in ERAS
and in 1996-1997 in JRA-55 (Fig. S2b). Trenberth et al.
(2015) highlighted that the discontinuity and inaccurate val-
ues in 1992 are the result of changes in satellite instruments.
A strong agreement between SSMIS observations and ERAS
is shown after 1993 (Allan et al., 2022), and fewer discon-
tinuities are presented from 1993 to 2021 (Fig. S2a). Mean-
while, discontinuities in JRA-55 are larger and distributed in
all decadal periods even in the years in which ENSO is in-
active (Fig. S2b and c). Because TPW is highly dependent
on temperatures and has a strong relationship with temper-
ature over ocean, we further detected TPW discontinuities
by comparing TPW and the expected TPW (TPW¢y), cal-
culated from regression with temperature (Fig. S3), during
1981-2021, when temperature shows fewer change points
(Fig. S1). The discrepancy points between TPW and TPWp
are obvious over 1987, 1998, 1999, and 2015 in both anal-
ysis datasets, indicating the strong effect of ENSO events
on the change in TPW. For ERAS, these discontinuities oc-
curred in 1992 and 1995, when TPW,y increased but TPW
decreased (Fig. S2). The discontinuity in 1992 also existed in
ERA-Interim (Trenberth et al., 2015). For JRA-55, discrep-
ancy points occurred in 1984 and 1995. Due to lack of reli-
able observations before 1979, it is not recommended to use
adjusted or statistically homogenized time series for trend
analysis without metadata confirmation (e.g., the homoge-
nized observations) (Wang and Feng, 2013). Although sev-
eral discontinuities are detected in years after 1993 for TPW
(Fig. S2), a strong agreement of TPW between ERAS and
SSMIS satellite observations might indicate reliable TPW
trends (Allan et al., 2022). For the surface temperatures, most
of the discontinuities occur before the satellite era; therefore
the long-term trend analysis for temperatures in reanalysis
datasets after 1979 should be more reliable, and removing
the effect of discontinuities located in the pre-satellite period
on longer-term trends needs further investigation. In terms of
the temperature discontinuity identified (Fig. S1), the longer
temperature trends should be more reliable using the datasets
of surface observation networks (Pielke et al., 2007).

The RHARM radiosonde observations (Madonna et al.,
2022), which are mostly located in the NH land areas and
available from 1979-2019, are completely independent of
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reanalysis data in terms of calculating and adjusting tem-
perature and humidity. Compared with TPW trends from re-
analysis data, moistening TPW trends in the NH polar re-
gion and Asia show the best agreement with radiosondes
with more than 90 % and 60 %, respectively, of stations’
trend differences within & 0.2 mm per decade (Fig. S6 in the
Supplement). In addition, TPW trend differences are within
£ 0.2mm per decade at more than 54 % of stations in Eu-
rope and North America (Fig. S6). Moistening TPW trends
in western Europe and South Asia and drying TPW trends
in western North America are consistent with the results
from both reanalysis data and GPS observations (Parracho
et al., 2018). Overall, ERAS and JRA-55 show good agree-
ment with observations at regional scales. Specifically, TPW
shows better agreement in North America and the NH polar
region.

After evaluating the reanalysis data with radiosonde obser-
vations on land, water vapor data from the AIRS and SSMIS
satellites are used to evaluate the accuracy of reanalysis over
oceanic regions from 2003 to 2021 (Fig. S7 in the Supple-
ment). Except for the drying trends of the northern Atlantic
Ocean in the short-term period, the spatial drying trend pat-
terns in the two reanalysis datasets are similar to the long-
term trends (Fig. 2) although they are not statistically signif-
icant. The surface air over tropical oceans increased in water
vapor at a rate of 1.6 % per decade for ERAS and 1.9 % per
decade for JRA-55 on average with a similar moistening rate
shown in SSMIS (1.1 % per decade) but not in AIRS data
(0.05 % per decade) since 2003. These results are consis-
tent with Allan et al. (2022). The good agreement between
the reanalyses and SSMIS observations is likely attributed
to the assimilation of all-sky radiances collected by the SS-
MIS satellite into the ERAS and JRA-55 datasets (Hersbach
et al., 2020; Kobayashi et al., 2015). Although radiance mea-
surement from AIRS is introduced in ERAS but not in JRA-
55 (Hersbach et al., 2020; Kobayashi et al., 2015), the TPW
from AIRS does not produce a strong global moistening and
disagrees with reanalysis data, SSMIS microwave data, cli-
mate models, and GPS (Allan et al., 2022; Douville et al.,
2022).

5 Conclusions

Atmospheric reanalyses are widely used in the assessment of
global climate change, and their accuracy has advanced in re-
cent years. Our study, bolstered by the latest ERAS and JRA-
55 reanalysis datasets, presents notable trends in the total
precipitable water (TPW), surface temperature (75), and 2 m
temperature (75 ) from 1993 to 2021. Beginning with TPW
anomalies, a rise in moisture in response to global warming
occurred from 1958-2021. However, due to data discontinu-
ities in reanalysis data before 1993, more dependable trends
have been identified. After 1993, a moistening trend is ob-
served at rates of 1.72 % (ERAS) and 1.19 % (JRA-55) per
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decade over oceans, 1.21 % (ERAS) and 2.23 % (JRA-55)
per decade over land, and 2.12 % (ERAS) and 1.90 % (JRA-
55) per decade globally. The period 1993-2021 begins with
a cooler, drier year after the eruption of Mount Pinatubo in
1991 (Soden et al., 2002); however, this event did not signifi-
cantly affect the long-term trend. When considering regional
TPW trends, we identified statistically significant moisten-
ing trends over North Africa, Europe, and polar regions in
the Northern Hemisphere since 1993. These findings, which
are in concert with prior studies (Borger et al., 2022; Tren-
berth et al., 2005; Wang et al., 2016), point to the solitary
exception of the southern Pacific Ocean, where TPW trends
registered as negative. The observed warming pattern is un-
like coupled simulation, with warming more prominent in
the tropical warm pool, which can increase stability in these
subtropical subsidence regions (Andrews et al., 2022). Re-
analysis TPW showed agreement with SSMIS satellite ob-
servations and radiosonde observations over North America
after 1979 but not with AIRS measurements.

Building upon the analysis of TPW, our study further ex-
plored the temperature trends based on 7>, and Ty from
ERAS and JRA-55. Despite a general global warming trend
(~0.15K per decade), certain areas of the Southern Hemi-
sphere and the northern Atlantic Ocean have demonstrated
cooling since 1958. Terrestrial regions displayed a faster
warming rate compared to oceanic regions, with a ratio of
roughly 2 : 1, corroborating findings from Swaminathan et al.
(2022). Arctic warming was particularly pronounced, regis-
tering 3 times the global average during 1958-2021 and es-
calating to around 4 times from 1979 to 2021 and around
6.5%K ™! of water vapor response to temperature. While
Antarctic warming was more modest at 0.2 K per decade over
the past 64 years, a sharp increase to over 0.6 K per decade
was observed after 1980.

Last, we examined the TPW response to surface tempera-
ture changes, noting deviations from the Clausius—Clapeyron
relation. In the ERAS dataset, we identified TPW increases
of around 11.2% K1, 5.8 %K1, and 9.5 % K~! for ocean,
land, and globe, respectively, after 1993. These increased
rates were higher in the JRA-55 dataset, with values at
109%K!,9.4%K~!, and 8.9 %K™, respectively. Impor-
tantly, these response ratios were not uniform globally, pre-
senting a variation between 6 %K~ and 8 % K~! between
latitudes 15-55° N and increasing toward southern high lati-
tudes over oceans. The most substantial ratios for deviations
in TPW responses were discovered in the southern high lat-
itudes across land, ocean, and the globe. Because of the im-
portance of atmospheric water vapor in the global energy bal-
ance and hydrological cycle, it has received much attention in
recent years (this study; Trent et al., 2023; Douville and Wil-
lett, 2022; Patel and Kuttippurath, 2023; Shao et al., 2023;
Ding et al., 2022). In the near future, results from these stud-
ies need to be synthesized to further quantify atmospheric
water vapor, its relationship with surface temperature, and
associated uncertainties. These results can then be used to
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better evaluate climate models and constrain these models’
future projections.
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