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Abstract: A near global dataset of homogenized clear-sky 6.5-µm brightness temperatures (BTs)
from international geostationary (GEO) weather satellites has recently been generated and validated.
In this study, these radiance measurements are used to construct the diurnal variation of upper
tropospheric humidity (UTH) and to evaluate these diurnal variations simulated by five reanalysis
datasets over the 45◦ N–45◦ S region. The features of the diurnal variation described by the new
dataset are comparable with previous observational studies that a land–sea contrast in the diurnal
variation of UTH is exhibited. Distinct diurnal variations are observed over the deep convective
regions where high UTH exists. The evaluation of reanalysis datasets indicates that reanalysis systems
still have considerable difficulties in capturing the observed features of the diurnal variation of UTH.
All five reanalysis datasets present the largest wet biases in the afternoon when the observed UTH
experiences a diurnal minimum. Reanalysis can roughly reproduce the day–night contrast of UTH
but with much weaker amplitudes and later peak time over both land and ocean. Comparison of
the geographical distribution of the diurnal variation shows that both ERA5 and MERRA-2 could
capture the larger diurnal variations over convective regions. However, the diurnal amplitudes are
widely underestimated, especially over convective land regions, while the phase biases are relatively
larger over open oceans. These results suggest that some deficiencies may exist in convection and
cloud parameterization schemes in reanalysis models.

Keywords: diurnal variation; upper tropospheric humidity; homogenized radiances; GEO weather
satellites; evaluation of reanalysis

1. Introduction

Atmospheric water vapor (WV) is one of the major absorption gases of the outgoing longwave
radiation. Although the WV content decreases with altitude rapidly, the outgoing longwave radiation
(OLR) at the top of the atmosphere (TOA) is more sensitive to the upper tropospheric WV, and
even small variations in upper tropospheric humidity (UTH) may lead to a significant impact on the
radiation energy budget and climate feedback [1–4]. However, UTH is one of the least well-monitored
atmospheric variables due to its high variability in both space and time and the lack of accurate
conventional observations in the upper troposphere [5–7].
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The reanalysis datasets are widely used to monitor and project the variability of key climate
variables and must be continuously assessed to understand their strengths and weaknesses [8–10].
Previous studies have indicated that reanalysis has difficulties to accurately simulate the WV above the
tropopause [9–11]. Valid observations for assimilation in the upper troposphere are sparse, and thus
reanalysis data heavily rely on the “first guess” from their host models [12]. Given the importance of
the UTH for radiative forcing, the uncertainties of UTH may lead to misrepresentations in radiative and
dynamical processes in reanalysis. The diurnal variation is one of the most fundamental modes in the
climate system. Simulations of diurnal variations of atmospheric variables are one important check of
the reliability of a reanalysis system [13]. Some studies [14–16] have suggested that the deficiencies in
simulating diurnal variation of UTH can help further identify the potential problems in convection and
cloud parameterization in reanalysis systems. Therefore, it is important to assess how well reanalysis
data capture the observed diurnal variability of UTH.

Geostationary (GEO) weather satellites monitor infrared (IR) radiation at the WV absorption
bands with high spatiotemporal resolution and large spatial coverage. It was shown that the clear sky
near 6.7-µm WV brightness temperature at nadir view is linearly related to the natural logarithm of
UTH [17] based on simplified radiative theory and certain assumptions of atmospheric profiles:

ln UTH = a + bT6.7clr, (1)

where a (~31.5) and b (~−0.1) can be treated as nearly constant values for interpretation purposes.
This simplified equation demonstrates that, to a reasonable degree of accuracy, the near 6.7-µm WV
absorption spectral region radiances can be interpreted in terms of a more familiar water vapor
measurements, i.e., UTH. The UTH is defined as the mean relative humidity averaged over a broad
layer between approximately 200 and 500 hPa, indicated by the moisture Jacobian function of the
near 6.7-µm WV band [18,19]. As a result, the WV radiances from GEO weather satellites have been
widely used for studying the diurnal variation of UTH [11,14,15,17]. Studies have found that the
diurnal cycle of UTH has a land–sea contrast with larger amplitude and later peak time over land
than over the oceans [14–16]. The diurnal variation of UTH usually lags deep convection and high
clouds, indicating the importance of deep convection in moistening the upper troposphere through
the evaporation/sublimation of the clouds [15]. Scientists have also tried to validate the diurnal
characteristics of UTH in climate models and reanalysis datasets. For example, the simulation of
UTH in two climate models are compared with microwave and IR measurements from polar orbiting
satellites over selected convective regions [20]. The diurnal variation of UTH in five reanalysis datasets
over the convectively active regions of Africa and the Atlantic Ocean has been evaluated with 6.7-µm
WV band radiances from Meteosat-5 [11]. However, these studies have usually been limited to polar
orbiting satellites that have large temporal gaps or limited to a single GEO satellite due to the spectral
differences among international GEO weather satellites.

Recently, a new homogenized IR 6.5-µm WV absorption band radiance dataset (referred to as
homogenized WV radiances data hereafter) from multiple international GEO weather satellites has
been successfully generated [19]. This homogenized WV radiances dataset maintains the high spatial
and temporal resolution of GEO satellites and has near global coverage of the tropics and mid-latitudes.
It provides a great opportunity to perform a near global assessment of diurnal variation of UTH in
reanalysis datasets.

The purpose of this study is to construct the diurnal variation of UTH with the homogenized WV
radiance data on a near global scale. This dataset will then be further used to evaluate the capability
of five reanalysis datasets to capture these observed diurnal variations. The paper is organized as
follows: the homogenized WV radiance data, reanalysis simulations, and diurnal analysis method are
described in Section 2. The main results of the observed diurnal variation of UTH from GEO weather
satellites and the evaluation of the five different reanalysis datasets are given in Section 3. Section 4
presents the discussion, while the conclusions are in Section 5.



Remote Sens. 2020, 12, 1628 3 of 14

2. Data and Methodologies

2.1. Homogenized WV Radiances from International GEO Weather Satellites

The homogenized WV radiances (expressed as equivalent brightness temperatures, or BTs) data
were generated by homogenizing seven international GEO weather satellite imagers’ WV radiances
(see Table 1 in Li et al. [19]) to the nadir view radiances of GOES-15 Imager 6.5-µm WV band.
The homogenization process accounts for both spectral differences and the limb (angle) effect between
other GEO imagers and GOES-15 Imager. The cloud detection process is based on a simple cloud
mask scheme in post-processing to remove the contaminations by high clouds. The accuracies of the
homogenized clear sky WV radiances data have been validated with the independent hyperspectral
sounder [21] Infrared Atmospheric Sounding Interferometer (IASI) radiances from both Metop-A
and Metop-B. This 3-hourly observation archive covers the years from 2015 to 2017 with the spatial
coverage of 45◦ N–45◦ S and all longitudes. The reader is referred to Li et al. [19] for detailed technical
approaches on this dataset.

2.2. Reanalysis Datasets

Recently, the quality of modern reanalysis systems has been much improved due to the great
efforts made in forecast models and data assimilation (DA) systems [22–24]. In this study, five
reanalysis datasets were evaluated. They were the European Centre for Medium-Range Weather
Forecasts’ (ECMWF) newly released fifth generation reanalysis (ERA5, [25]), the ECMWF Interim
Reanalysis (ERA-Interim, [22]), the National Centers for Environmental Prediction’s (NCEP) Climate
Forecast System reanalysis, version 2 (CFSv2, [26], which is also referred to as CFSR), the Modern-Era
Retrospective Analysis for Research and Applications version 2 (MERRA-2, [24]), and the 55-year
modern Japanese Reanalysis Projects (JRA55, [23]). Some of the basic information of the five reanalysis
datasets is listed in Table 1. It should be noted that the temporal interval is 6 h for ERA-Interim,
CFSR and JRA-55, while ERA5 and MERRA-2 can provide 3-hourly meteorological variables, which is
consistent with the homogenized WV radiances.

Table 1. Basic characteristics of reanalysis datasets evaluated. IFS: Integrated Forecasting System.
GEOS: Goddard Earth Observing System Model developed by the National Aeronautics and Space
Administration (NASA)’s Global Modeling and Assimilation Office (GMAO). CFS: The National
Centers for Environmental Prediction’s (NCEP) Climate Forecast System. GSM: Global Spectral Model
of the Japan Meteorological Agency (JMA).

Reanalysis ERA5 ERA-Interim CFSR MERRA-2 JRA-55

Source ECMWF ECMWF NCEP NASA GMAO JMA

Forecast Model IFS Cycle 41r2 IFS Cycle 31r2 CFS GEOS 5.12.4 JMA GSM

Assimilation Scheme 4D-VAR 4D-VAR 3D-VAR 3D-VAR 4D-VAR

Vertical Resolution
(Pressure Level) 37 37 37 42 37; 27 for WV

profiles

Horizontal Resolution 0.25◦ × 0.25◦ 0.75◦ × 0.75◦ 0.5◦ × 0.5◦ 0.5◦ × 0.625◦ 1.25◦ × 1.25◦

Temporal Resolution 1 hourly 6 hourly 6 hourly 3 hourly 6 hourly

2.3. Methodologies

The evaluation in this study was based on the WV radiances rather than the WV retrievals.
A profile-to-radiance approach [11,12,27] was adopted. Atmospheric profiles of temperature and
humidity from reanalysis datasets were input with surface information into the Community Radiative
Transfer Model (CRTM) v2.1.3 [28] using Optical Depth in Pressure Space (ODPS) coefficients to
simulate the clear-sky GOES-15 Imager 6.5-µm WV band BTs at nadir view. Many studies [29–31]
have validated the CRTM capability of simulating IR radiances with the rigorous line-by-line radiative
transfer model (LBLRTM) [32]. The LBLRTM provides spectral radiance calculations with high
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accuracies and is widely regarded as a standard benchmark for RTM model evaluations. It was shown
that both the bias and root-mean-square error of CRTM are mostly below 0.15 K, indicating that
the CRTM is quite accurate for clear sky IR radiance simulations. Therefore, the large differences
between observed radiances and simulated radiances could be mainly attributed to the deficiencies in
reanalysis datasets, which can then be interpreted to the UTH uncertainties based on Equation (1).
The cloud mask from observations was used for reanalysis to exclude the grids that may contain the
cloud contamination in reanalysis and to ensure the reanalysis simulations have the same sampling
gaps as observations. All the data, including the observations and the reanalysis simulations, were
then re-gridded to a 0.5◦ × 0.5◦ horizontal grid format using an inverse distance squared weighted
interpolation method.

To characterize the main signal of the periodically repeated diurnal signal and reduce the weather
noise, a “composite day” was necessary to be first prepared by averaging the BT fields at each time
step for a given period at each grid. The Fourier decomposition of 3-hourly diurnal cycle composites
are widely used in diurnal analysis [2,15,16,33–36]. A first-order Fourier series was fitted to the daily
composite to estimate the amplitude and phase of the BT diurnal variation for each 0.5◦ × 0.5◦ grid box:

BT(t) = BT + A cos
[2π

24
(t− P)

]
+ residual, (2)

where BT is the diurnal mean, t is the local solar time (LST) in hours, A represents the amplitude of
the BTs, and P represents the diurnal phase of BTs. It should be noted that the diurnal phase of BTs
corresponds to the LST showing maximum value of BTs. Since there is a strong negative correlation
(−0.968) between the BT and the corresponding value of the ln UTH [17], the diurnal variation of BT
can be easily interpreted to the diurnal variation of UTH. A large amplitude of BTs represents a large
diurnal amplitude of UTH, and the LST for maximum UTH (referred to as the phase of UTH hereafter)
corresponds to the LST showing the minimum value of BT, which is denoted by P + 12 in Equation (2).
The diurnal amplitude of BTs and the phase of UTH will then be displayed in vector maps (Figures 2
and 5) to highlight the geographical distribution of the diurnal variation of UTH.

The Fisher statistical significance test (F-test) was used to determine the statistical significance [33,37]
of the Fourier first harmonic fit. The results are only shown where the first harmonic fit is statistically
significant at the 90% confidence level [37] in all vector figures.

3. Results

3.1. Characteristics of Observed Diurnal Variation

3.1.1. Observed Diurnal Anomaly

The diurnal anomaly is calculated by the daily composite at a given time minus the daily mean.
The diurnal anomalies of the area-weighted average of observed 6.5-µm WV band BTs over the near
global area (45◦ N–45◦ S) for the entire 3 years, as well as that over the northern (0◦–45◦ N) and
southern (0◦–45◦ S) hemisphere for two different seasons, December-January-February (DJF) and
June-July-August (JJA), are shown in Figure 1. The weights were calculated by the cosine of the
latitude [12,38,39] and the area were separated for (a) land and (b) ocean to display the land–sea
contrast. Overall, the amplitude of the diurnal anomaly of 3-year mean BTs is larger over land than
over ocean. The BTs reach the maximum and minimum values over land at 15:00–18:00 LST and
3:00–6:00 LST, respectively. In contrast, the BTs over ocean show maxima and minima at 14:00–16:00 LST
and 0:00–3:00 LST, respectively. This indicates that the upper troposphere tends to be more humid
in the nighttime (0:00–6:00 LST) and drier in the midafternoon to early evening (14:00–20:00 LST).
These results are comparable with previous observational studies [14–16,40]. The diurnal anomalies
over the two hemispheres for two different seasons show that the diurnal variation of BTs (UTH) is
strong in the summer hemisphere, suggesting its relationship with the active convections. In the study
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period, observations for two DJF seasons (2015/16, 2016/17) and three JJA seasons (2015, 2016, and
2017) are available and have been used in the following analysis to present the strong diurnal signals
in different seasons. It should be noted that the observations from Meteosat-8, one of the international
GEO satellites used in the homogenized WV radiances data, are only available since November 2016.
Therefore, the regions near 50◦ E–80◦ E measured by Meteosat-8 just have observations for one DJF
and one JJA season.

Remote Sens. 2020, 12, x FOR PEER REVIEW 5 of 14 

 

strong in the summer hemisphere, suggesting its relationship with the active convections. In the 

study period, observations for two DJF seasons (2015/16, 2016/17) and three JJA seasons (2015, 2016, 

and 2017) are available and have been used in the following analysis to present the strong diurnal 

signals in different seasons. It should be noted that the observations from Meteosat-8, one of the 

international GEO satellites used in the homogenized WV radiances data, are only available since 

November 2016. Therefore, the regions near 50° E–80° E measured by Meteosat-8 just have 

observations for one DJF and one JJA season. 

 

 

Figure 1. (a) Diurnal anomalies of the observed clear-sky 6.5-μm water vapor (WV) band brightness 

temperature (BT) averaged over (a) land regions and (b) ocean regions over global area (45° N–45° S) 

for the entire period of 2015–2017 (black solid line), and over the northern hemisphere (NH; 0°–45° 

N), and southern hemisphere (SH; 0°–45° S) for two seasons (December-January-February, DJF and 

June-July-August, JJA). 

3.1.2. Observed Global Distribution  

Figure 2 shows the geographical distributions of seasonal mean BTs for boreal winter (DJF) and 

summer (JJA) in 2015–2017. Also shown are the two important components of the diurnal variation 

of the UTH: the amplitude and the phase derived using first order (24-h) Fourier analysis mentioned 

in Section 2.3. The results are spatially smoothed to a 2.5° × 2.5° grid resolution to reduce the influence 

of mesoscale and microscale disturbance and make the results more clarified. The distributions of 

observed BTs are continuous throughout the coverage of different satellites, which further indicates 

that this homogenized WV radiances dataset has good performance in homogeneity and consistency. 

As indicated by Equation (1), the distribution of seasonal mean BTs is highly related to the 

distributions of seasonal mean UTH, with colder temperature corresponding to higher WV content 

in the upper troposphere. The convective regions are thus clearly indicated by the cold BT fields in 

Figure 2a,bFigure 2a; Figure 2b, such as South Africa, the ‘‘Marine Continent” of the western Pacific, South 

America in DJF, and the Central Africa and India monsoon regions in JJA. The movement of the cold 

BT (high UTH) fields between DJF and JJA is consistent with the seasonal transition of the 

intertropical convergence zone (ITCZ) and the movement of deep convection centers.  

The land–sea contrast for the diurnal variation of UTH is clearly revealed in Figure 2c,d. Larger 

diurnal amplitudes of UTH are observed over the deep convective regions (high UTH area in Figure 

2a,b), especially over convective land regions. In contrast, the diurnal amplitudes are much weaker 

over non-convective subtropical regions where the warm BT bands are dominant. In general, the 

UTH peaks earlier over ocean in early night (0:00–3:00 LST) than over land at around late night to 

early morning (3:00–6:00 LST). The seasonal differences of the diurnal phase of UTH over these 

convective regions appear to be small over both land and ocean. 

 

Figure 1. (a) Diurnal anomalies of the observed clear-sky 6.5-µm water vapor (WV) band brightness
temperature (BT) averaged over (a) land regions and (b) ocean regions over global area (45◦ N–45◦ S)
for the entire period of 2015–2017 (black solid line), and over the northern hemisphere (NH; 0◦–45◦ N),
and southern hemisphere (SH; 0◦–45◦ S) for two seasons (December-January-February, DJF and
June-July-August, JJA).

3.1.2. Observed Global Distribution

Figure 2 shows the geographical distributions of seasonal mean BTs for boreal winter (DJF) and
summer (JJA) in 2015–2017. Also shown are the two important components of the diurnal variation of
the UTH: the amplitude and the phase derived using first order (24-h) Fourier analysis mentioned in
Section 2.3. The results are spatially smoothed to a 2.5◦ × 2.5◦ grid resolution to reduce the influence
of mesoscale and microscale disturbance and make the results more clarified. The distributions of
observed BTs are continuous throughout the coverage of different satellites, which further indicates
that this homogenized WV radiances dataset has good performance in homogeneity and consistency.
As indicated by Equation (1), the distribution of seasonal mean BTs is highly related to the distributions
of seasonal mean UTH, with colder temperature corresponding to higher WV content in the upper
troposphere. The convective regions are thus clearly indicated by the cold BT fields in Figure 2a,b,
such as South Africa, the “Marine Continent” of the western Pacific, South America in DJF, and the
Central Africa and India monsoon regions in JJA. The movement of the cold BT (high UTH) fields
between DJF and JJA is consistent with the seasonal transition of the intertropical convergence zone
(ITCZ) and the movement of deep convection centers.

The land–sea contrast for the diurnal variation of UTH is clearly revealed in Figure 2c,d. Larger
diurnal amplitudes of UTH are observed over the deep convective regions (high UTH area in
Figure 2a,b), especially over convective land regions. In contrast, the diurnal amplitudes are much
weaker over non-convective subtropical regions where the warm BT bands are dominant. In general,
the UTH peaks earlier over ocean in early night (0:00–3:00 LST) than over land at around late night
to early morning (3:00–6:00 LST). The seasonal differences of the diurnal phase of UTH over these
convective regions appear to be small over both land and ocean.
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Figure 2. Geographical distributions of (upper panel) observed seasonal mean BTs (unit: K) and
(lower panel) observed diurnal amplitudes of BTs and diurnal phases of UTH for (left panel) DJF
and (right panel) JJA in 2015–2017. The length of the arrow in vector figures denotes the diurnal
amplitude (unit: K). The orientation of the arrow with respect to a 24-h clock depicts the diurnal phase
(local standard time, LST). For example, arrows pointing upward indicate the UTH peaks at 00:00 LST
(midnight). For clarity, results are only shown in every other grid point.

3.2. Comparisons between Observed and Simulated Diurnal Variation

3.2.1. Diurnal Variation of Brightness Temperature Differences

The BT differences (BTDs) are defined as the simulated BTs from reanalysis datasets minus the
observed BTs. As inferred from Equation (1), a negative BTD corresponds to a wet UTH bias while a
positive BTD indicates a dry UTH bias. The diurnal variation of near global mean BTDs over land and
ocean for DJF and JJA are shown in Figure 3. The BTDs are negative at each time step in one composite
day, which indicates an overall wet bias in the upper troposphere in all reanalysis datasets. The BTDs
typically reach the maximum absolute value near 15:00–18:00 LST over land and 12:00–15:00 LST over
ocean, when observed BTs experience a diurnal maximum (Figure 1). This indicates that the reanalysis
datasets tend to have larger UTH biases in a drier upper troposphere. Previous studies [41,42] have
shown that a dry upper troposphere is usually related to the descending branches of large-scale
circulations. Therefore, this may suggest that the large-scale circulation, especially the descending
branches, is not well simulated in reanalysis systems.

The BT bias is largest in MERRA-2, about 1 K more negative than other datasets, indicating
the wettest upper troposphere in MERRA-2 when compared with the other four reanalysis datasets.
Additionally, the BT bias in MERRA-2 is larger in JJA than in DJF, which is not obvious in other
reanalysis datasets. In contrast, the JRA55 has a comparable simulation of UTH to observations with
the smallest mean BTD of −1.56 K among all reanalysis datasets. According to Equation (1), a BTD of
1 K corresponds to an uncertainty in UTH

UTH of approximately −0.1 [17,43]. Therefore, if the UTH is 50%,
then this BTD in JRA55 can be roughly estimated as a UTH wet bias of 7.8%. Figure 3 also shows that
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when compared with the ERA-Interim, the overall UTH simulations in ERA5 have been improved
with smaller BTDs in both DJF and JJA seasons and over both land and ocean.
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Figure 3. The diurnal variation of the BT differences (BTDs), which are calculated by the simulated BTs
in reanalysis datasets minus the observed BTs, over (a,b) land and (c,d) ocean between 45◦ N and 45◦ S
for (left panel) DJF and (right panel) JJA in 2015–2017.

3.2.2. Diurnal Anomaly

The diurnal anomalies of simulated BTs for area-weighted average over land and ocean for DJF
and JJA in 2015–2017 are shown in Figure 4 along with the observations. Overall, all reanalyses can
roughly reproduce the day–night contrast of UTH, with the maximum BTs (minimum UTH) found in
the late afternoon to early evening and the minimum BTs (maximum UTH) in the nighttime to the
early morning. However, differences are clearly shown in both the diurnal amplitude and phase when
compared with observed diurnal anomalies. The amplitudes of the diurnal variation are significantly
weaker in reanalysis datasets over both land and ocean. In other words, the reanalysis datasets tend
to overestimate (underestimate) the moisture content when the upper troposphere has dry (wet)
anomalies indicated by the warm (cold) BT anomalies. Furthermore, the LST for the minimum BTs
(maximum UTH) in reanalysis datasets lags about 3 h behind the observations, especially over ocean.
As a result, the observed global land–sea contrast in the phase of UTH is not well represented in
reanalysis datasets.

The discrepancies in different reanalysis datasets are distinct over land. In particular, the diurnal
amplitude in MERRA-2 is the smallest compared with other reanalysis datasets over land. The observed
diurnal amplitude is larger over global land than over ocean, especially in boreal summer in the study
period, while the land–sea contrast of the diurnal amplitude is not obvious in reanalysis datasets.
In addition, the observed diurnal amplitude is slightly larger in JJA than in DJF over land in the study
period, which is not obvious in the reanalysis datasets either. The seasonal differences of the diurnal
variation in both observations and reanalysis are small over ocean. In general, the reanalysis datasets
cannot simulate the main characteristic (amplitude and phase) of the diurnal anomaly of near global
mean UTH well.
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Figure 4. Diurnal anomalies of BTs simulated from ERA5, MERRA-2, ERA-Interim, CFSR, and JRA55
averaged over (a,b) land and (c,d) ocean regions between 45◦ N and45◦ S for (left panel) DJF and
(right panel) JJA in 2015–2017. The black lines denote the diurnal anomalies of observed BTs for the
same period. The MR-2 is short for MERRA-2.

3.2.3. Global Distribution

The geographical distribution of the diurnal amplitude of BTs and the phase of UTH are also
constructed from reanalysis datasets for comparison to satellite observations. Since only ERA5 and
MERRA-2 can provide 3-hourly simulated BTs for the daily composite that could be accurately
decomposed using Fourier analysis, the following evaluations are mainly focused on these two
reanalysis datasets. In addition, the main deficiencies in reanalysis for DJF and JJA are similar, thus
only the results for the JJA season are presented.

It is clearly shown in Figure 5 that the diurnal variations in both ERA5 and MERRA-2 are much
weaker than the observations (Figure 2c,d) on the global scale. First, the number of grids which have
significant diurnal (24-h) signal are smaller in reanalysis datasets, indicated by the lower density of
vectors. Second, the diurnal amplitudes of BTs are much smaller when compared with observations.
Nevertheless, the two reanalysis datasets could still roughly capture the spatial distribution of the
observed diurnal variation of UTH, that is, larger diurnal variation in deep convective regions.

To illustrate the diurnal phase, the histograms of the diurnal phase summarized over land and
ocean grids for observations and reanalysis datasets are displayed in the lower panel of Figure 5. Only
those grids with statistically significant diurnal (24-h) components were counted. The results clearly
show a phase shift in reanalysis data with respect to observations over ocean. The observed maximum
UTH over ocean shows a broad peak time from 22:00 LST and mostly occurs around 02:00–03:00 LST,
whereas the UTH in ERA5 and MERRA-2 usually experiences a maximum around 04:00–05:00 LST
over most of the oceans, which is about 2 h later than observations, and does not show the late
evening (~22:00) peak well. The phase differences between observations and ERA5 are relatively small.
However, the diurnal phase of UTH over land in MERRA-2 is not well defined, exhibiting a broad
range of peak time, from 23:00–12:00, with no obvious dominant single peak.
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Figure 5. (upper panel) Geographical distributions of diurnal amplitudes of BTs and diurnal phases
(peak time) of UTH in (a) ERA5 and (b) MERRA-2 for JJA of 2015–2017. The length of the arrow denotes
the diurnal amplitude (unit: K). The orientation of the arrow with respect to a 24-h clock depicts the
diurnal phase (local standard time, LST). For example, arrows pointing upward indicate the UTH
peaks at 00:00 LST (midnight). For clarity, results are only shown in every other grid point. (lower
panel). Histograms of the diurnal phase of UTH for land (solid bar) and ocean (hollow bar) grids from
(c) satellite observations, (d) ERA5, and (e) MERRA-2. Only those grids with significant diurnal (24-h)
signal were counted.

The quantitative differences of amplitude and phase between the simulated and observed diurnal
variations of UTH (simulations minus observations) are provided in Figure 6. For the diurnal
amplitude, the ERA5 and MERRA-2 tend to underestimate the diurnal amplitude of BTs by about
−0.3 K over much of the oceans. In contrast, the amplitude biases are much larger over convective
regions, especially over continental convective regions such as Central Africa, South America, and
India. A few studies [14–16] have revealed that the diurnal variation of UTH is highly regulated by
deep convections. For example, Chung et al. [14] investigated the relationship between UTH and
convective activities over tropical Africa with the Meteosat-8 measurements. They found that deep
convections could transport the cloud condensates and WV upward into the upper troposphere during
the developing period. These condensates will be detrained into the surrounding environment in the
decay period through the cirrus anvil clouds spreading, and then increase the moisture content in the
upper troposphere by evaporation/sublimation. As a result, the larger amplitude biases over convective
regions suggest that there might be some deficiencies in convection and cloud parameterization
schemes in reanalysis models.

For the diurnal phase, a substantial time lag is widely seen, especially over ocean. The peak time
of UTH in ERA5 mostly lags observations by about 1.5–2 h, in comparison to 2.5–3 h in MERRA-2 over
ocean. This result is similar to the result of Tian et al. [15], who found that the maximum of UTH in
Geophysical Fluid Dynamics Laboratory (GFDL) global atmosphere and land model (AM2/LM2) is
usually 3 h later than observed. Unlike the amplitude biases, the phase biases are much larger over
ocean than over land. Studies [15,44] have argued that the diurnally varying sea surface temperature
(SST) is important to the oceanic diurnal phase. Therefore, the SST boundary condition in reanalysis
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models might be one possible reason for the larger phase lagging over ocean. Although the UTH in
reanalysis datasets generally peaks later than that in observations, there are some exceptions where the
UTH peaks earlier than that in observations, such as the north of Arabia, the southern Indian Ocean
around 30 ◦S, and north of South America in MERRA-2 in boreal summer. These regional exceptions
might be indicative of some local-scale disturbance that needs more investigation. Furthermore, the
limited observations over those regions covered only by Meteosat-8 (between about 50◦ E–80◦ E) might
also introduce some uncertainties. More investigations will be conducted over these regions once more
observations are available.
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Figure 6. Geographical distributions of differences in (upper panel) diurnal amplitudes of BTs and
(lower panel) diurnal phases of UTH between (a,c) ERA5, (b,d) MERRA-2 and observations (reanalysis
minus observations) in JJA of 2015–2017. For clarity, results are only shown where the amplitude bias is
more than 0.1 K and the phase bias is more than 0.5 h.

4. Discussion

As the observations are clear sky BTs, this study mainly represents the diurnal variation of UTH
under clear sky conditions rather than all sky conditions. Although the clear sky sampling might
lead to an underestimation of the real moisture environment in the upper troposphere and may also
introduce a small bias in the phase of UTH [11,20], the comparison between simulated and observed
BT is generally based on the same condition to ensure the differences are not critically affected by the
clear-sky sampling bias.

The results from the comparisons are generally consistent over the global scale, such that the
reanalysis datasets tend to underestimate the diurnal amplitude and have a later peak time of UTH
than observed. However, some geographic differences are seen. For example, a notable exception
is over the southern Indian Ocean, where the observations show an afternoon maximum of UTH in
boreal summer, whereas ERA5 and MERRA-2 simulations show a morning peak, which is earlier than
the observations. These regional differences might be related to local scale convections, topography
and limited observations. Longer-time measurements from the Meteosat-8 satellite over the Indian
Ocean may help to further examine these differences in the near future.
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There are some possible reasons that reanalysis datasets do not capture the major characteristics
of the diurnal variation of UTH well. For example, there might be some deficiencies in the convective
and cloud parameterization in reanalysis models. The valid observations over convective regions
might not be effectively used in the DA systems. Inspired by Kim et al. [36], the simulations of diurnal
variations might be improved by increasing the horizontal resolution of models to better represent the
local-scale circulations. Although the specific causes are not identified, these evaluation results can
provide useful information and important feedback to the model and DA communities for further
improving the performance of reanalysis systems.

Recently, with measurements from advanced imagers onboard the new generation of international
geostationary weather satellites such as Himawari-8/-9 [45], GOES-16/-17 [46], FengYun-4A [47], and
GEO-KOMPSAT-2A, tropospheric moisture information can be obtained with high temporal and
spatial resolutions, the WV radiances from the new generation of international GEO weather satellites,
once homogenized, can be used to evaluate the diurnal characteristics of both middle tropospheric and
upper tropospheric humidity in models and reanalysis systems.

5. Conclusions

This study uses a new homogenized 6.5-µm WV radiances data from international GEO weather
satellites to construct the diurnal variation of upper tropospheric moisture and to evaluate the diurnal
variations from five modern reanalysis datasets globally between 45◦ N and 45◦ S for DJF and JJA of
2015–2017. The main results show that:

1. The diurnal variation of UTH constructed from the new homogenized WV radiances data
generally agrees with previous observational studies which were mostly limited to regional scale
or short time period [2,11,14–16,20,48]. Larger diurnal variations are observed over the deep
convective regions where the mean UTH is high. The land–sea contrast for the diurnal variation
of UTH is clearly revealed; that is, the diurnal amplitude is relatively larger over land and the
UTH usually peaks earlier over ocean.

2. All five reanalysis datasets show wet biases in the upper troposphere, with the largest bias found
in MERRA-2 and smallest bias in JRA55. The wet biases tend to reach the maximum at the time
when the UTH reaches the minimum, indicating that reanalysis datasets have slightly more
difficulties in simulating the moisture in a drier upper troposphere.

3. Accurately depicting the characteristics in the diurnal variation of UTH is still a challenging task
for current reanalysis systems. The diurnal amplitudes of global mean BTs are much weaker in
the five reanalysis datasets, and the LST for the minimum BTs (maximum UTH) usually lags
about 3 h behind the observations.

4. Both ERA5 and MERRA-2 could roughly capture the larger diurnal variations over deep convective
regions. However, the diurnal amplitudes are widely underestimated, especially over convective
land regions, which possibly suggests some deficiencies in convection parameterization schemes
in reanalysis models. In contrast, the phase biases are relatively larger over the ocean.
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