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Wind observations are critical for the better atmospheric analysis for Numerical Weather Prediction
(NWP), particularly over the tropics. High-resolution direct wind observations are essential for deBning
smaller scales and deeper atmospheric structures. Recently launched Aeolus satellite delivers wind proBles that mostly satisfy these requirements, suitable for NWP assimilation. The main product from
Aeolus is the horizontally projected Line of Sight wind component, a single component of wind,
approximately zonal in nature over the tropics and more meridional over the Polar region, and the main
limitation of this observation. Observing system experiments are conducted with the assimilation of
individual components of radiosonde and pilot balloon winds to assess the impact of a single component of
wind compared to the assimilation of full wind vector in the NCMRWF global assimilation and forecast
system. Denial of the zonal component of wind in the assimilation system produced a larger observation
increment (observation – model background) in the meridional wind than the full vector assimilation. In
contrast, the observation increment of the zonal wind remains nearly the same, even after removing the
meridional wind component from the assimilation system. Assimilation of both zonal and meridional
components produced changes in the analysis Belds of various meteorological variables; however, the
zonal component plays a significant role in the tropics. Both wind components play an important role in
controlling the humidity Beld, whereas only zonal components of wind impact the temperature Beld in the
upper troposphere and lower stratosphere. Though the full vector wind assimilation produces a larger
impact in the forecast Belds of various meteorological variables, the zonal component has more impact
than the meridional component. VeriBcation of analysis and forecast wind against the satellite-derived
atmospheric motion vectors clearly show the importance of both the horizontal components of winds in
the lower troposphere. In contrast, the zonal component of wind alone has a high impact on the upper
troposphere and lower stratosphere.
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1. Introduction
Many studies have revealed the importance of
wind observations compared to the mass (temperature and water vapour) observations in
numerical weather prediction (NWP) over the
tropics due to the non-existence of quasi-geostrophic balance. There is a lack of homogeneous
global coverage of direct wind proBle measurements in the current global observing system
(GOS). Cardinali (2009) reported a strong need
for more wind observations for the current GOS
than temperature and humidity. Horanyi et al.
(2014) reported that the wind observations could
lead to significant improvements in the analysis
of the upper troposphere and lower stratosphere
of the tropics and the mass observations are more
valuable in the middle latitudes, particularly in
the lower atmosphere. Over the last few decades,
NWP models and assimilation techniques are
improved substantially, including improvements
in the model resolution. The increased spatial
resolution of the models demands more observations, especially on the sub-synoptic scales. Wind
observations are more important than the mass
observations on the smaller scales, and radiosonde observation network remains as the backbone of vertical wind proBle information, which
is one of the critical anchor observations for
NWP assimilation, despite the growing number
of wind observations from satellites and aircraft
(ESA 1999).
Aeolus satellite carries a Doppler Wind Lidar
(DWL), which provides high vertical resolution
global observations of winds from surface to *30
km height with Cexible horizontal averaging
(Stoffelen et al. 2005a). The direction of the wind
component is along the horizontal line-of-sight
(HLOS) of the DWL, which is pointed perpendicular to the satellite motion. Due to the inclination of the polar orbit, the wind components
will be around 10° oA the zonal wind direction
over the equator and increasingly meridional
towards the poles. The Aeolus azimuth angle is
closer to the zonal direction than the meridional
between 60°N and 60°S latitudes (Horanyi et al.
2014). The possible deBciency of a single wind
component with respect to a full vector is highlighted in Riishøjgaard et al. (2004). However,
studies have shown that single wind components
can provide useful information with proper
background errors speciBcation (Stoffelen et al.
2005b). It has been reported that the expected
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impact of simulated HLOS DWL data is similar
to that of radiosonde winds (Tan et al. 2007).
With the proper speciBcation of background
error statistics in the assimilation system, the
largest impact of HLOS was seen over the tropics
when it is near zonal (Zagar 2004; Zagar et al.
2008). Observing System Experiments (OSEs)
carried out by Tan et al. (2007), Paffrath et al.
(2009), Horanyi et al. (2015), and Isaksen and
Rennie (2019) reported a positive impact of
HLOS winds in the NWP. Simulation studies by
Rennie (2018) showed that the Aeolus L2B HLOS
winds look promising in terms of random and
systematic errors relative to the current observing system for global NWP. Many NWP assimilation studies have reported the positive impact
of Aeolus HLOS winds over the upper troposphere and lower stratosphere over the tropics
(Rennie and Isaksen 2020; Stoffelen et al. 2020;
Witschas et al. 2020).
Now, the emerging question is, ‘which is the vital
component of vector wind to represent the tropical
features; zonal, meridional, or both?’. To address
this question to some extent, this study analyzed
the impact of individual components (zonal and
meridional) of radiosonde and pilot balloon winds
using an advanced data assimilation-forecast system. Though the observation error in the spaceborne system and radiosonde/pilot balloons is
different, the information (in this study wind) from
both the systems that adjusts the background is
the same. Since the Aeolus HLOS wind is nearly a
single component, assimilation of a single component of radiosonde/pilot balloon wind throws light
into the impact of a single wind component in the
assimilation system. Along with all other good
quality observations used operationally, individual
wind components from radiosonde and pilot balloon observations are ingested in the National
Centre for Medium Range Weather forecasting
(NCMRWF) 4D-VAR data assimilation system
through a set of OSEs. Figure 1 shows the locations
of radiosonde and pilot observations, including the
sonde ascents from the ship, assimilated in this
study. As seen from Bgure 1 and reported in many
studies, the radiosonde network is largely conBned
over the Northern Hemisphere (tropics and
extra-tropics).
The data assimilation and forecast system used
in this study are brieCy described in section 2.
OSE design is described in section 3. Results
from different OSEs and veriBcation of analysis
and forecast Belds are discussed in section 4.
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Figure 1. Locations of global sondes (radiosonde and pilot balloon) used in this study.

The main Bndings from this study are listed in
section 5.
2. NCMRWF assimilation and forecast
system
NCMRWF UniBed Model (NCUM) assimilation
and forecast system is an adapted version of the
UniBed Model (UM) (Davies et al. 2005; Brown
et al. 2012) system of ‘UM Partnership’. The
incremental 4D-VAR data assimilation system of
Rawlins et al. (2007) is used. The OSEs were performed using NCUM global assimilation-forecast
system (Kumar et al. 2018). The operational NCUM
global data assimilation system is ‘Hybrid
4D-VAR’, but only the 4D-VAR system is used in
this study to save computing resources and storage.
The UM is a grid-point model that uses a nonhydrostatic, fully compressible, deep atmospheric
formulation. The equations of motion are solved
using mass-conserving semi-implicit, semiLagrangian time integration methods within the
ENDGame (Even Newer Dynamics for General
atmospheric modelling of the environment)
dynamical core (Wood et al. 2014). Six hourly
analyses are produced at synoptic hours 00, 06, 12,
and 18 UTC. In each assimilation cycle, the
available observations distributed over the
assimilation window (centre of the analysis cycle
± 3 hrs) are combined with the model background
(short-range forecast) to provide the best estimate
of the ‘state of atmosphere’.

3. Observing system experiments (OSEs)
and methodology
OSEs are the traditional tools to determine the
impact of a particular observation in the assimilation and forecast system (Kelly and Thepaut 2007;
Bauer et al. 2014; Horanyi et al. 2014). Generally,
OSEs are performed by removing subsets of
observations from the assimilation system, and the
analysis and forecasts are compared against a
control experiment that includes all observations
(Horanyi et al. 2014). The impact of observations
in the forecast is assessed by computing different
statistical scores. In this study, three different
experiments were performed for a period of 15 days
(four assimilation cycles/day, a total of 60 assimilation cycles) from 1 to 15 of May 2018. Only the
sonde wind observations (both radiosonde and
pilot balloon) are removed/added, while all other
observations remain the same. Different types of
meteorological observations operationally assimilated in NCUM global data assimilation systems
are given in Rani et al. (2019). A summary of the
OSEs performed in this study is listed in table 1.
EXP1 is the control run, similar to the NCUM
operational run, but with 4D-VAR data assimilation, which assimilates all the observations listed in
Rani et al. (2019). EXP2 and EXP3 are similar to
EXP1 but assimilated only the individual components of winds, the zonal and meridional components, respectively, from the radiosonde and pilot
balloons. EXP1 is considered as the truth for
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Table 1. Description of the observing system experiments.
Experiment
EXP1
EXP2
EXP3

Description
All operationally assimilated observations in NCUM (Rani et al. 2019)
Like EXP1 but with only zonal winds from radiosonde and pilot balloons
Like EXP1 but with only meridional winds from radiosonde and pilot balloons

comparing the analysis and forecasts from the
other two experiments. Five days of long forecasts
based on the 00 UTC assimilation cycle analysis
were generated from all three experiments.
The impact of individual components of wind
vectors (EXP2 and EXP3) with respect to a full
wind vector (EXP1) assimilation is investigated in
the analysis and forecast Belds of humidity, temperature, and wind. Various meteorological variables from the analysis and forecast are studied
over different geographical regions like the tropics
(between 30°S and 30°N), extra-tropics (30°S–60°S
and 30°N–60°N), and polar (60°S–90°S and
60°N–90°N) in addition to the global domain.
Figure 1 shows the locations of the radiosonde/
pilot balloons at which wind observations are
assimilated in all three runs, EXP1 (full vector),
EXP2 (only zonal component), and EXP3 (only
meridional component). Globally, radiosonde
ascents are carried out twice daily at 00 and 12
UTCs, and pilot balloon ascents at 06 and 18
UTCs. More than 600 proBles are assimilated in 00
and 12 UTC assimilation cycles after all the quality
control. In contrast, the number of proBles assimilated in the 06 and 18 UTC is limited to *100,
mainly the pilot balloons.
4. Results and discussion
4.1 Observation increments
An observation increment is a difference between
the observation and the short-range forecast, more
precisely, the innovation (observation – model
background) estimated at the observation location.
In calculating the observation increments, the
model background is interpolated to the observation location. Adding the observation increment to
the background, an analysis that perfectly Bts the
data at the observation location can be generated.
Figure 2 shows the mean observation increment
in the wind Beld at 850 and 200 hPa during the
study period. Figure 2(a and c) shows the differences in the observation increment of zonal wind

between EXP1 (full wind) and EXP2 (only zonal
component), respectively, at 850 and 200 hPa.
Similarly, Bgure 2(b and d) shows the differences in
the observation increment of meridional wind
between EXP1 and EXP3 (only meridional component) at the respective pressure levels. The difference in the observation increment of zonal wind
at 850 hPa shows values between ±0.4 m/s over
most of the observation location (Bgure 2a),
whereas the same in the meridional wind exhibits
more variability as seen in Bgure 2(b). The upper
troposphere shows large changes in the observation
increment of meridional wind (Bgure 2d) compared
to the lower troposphere (Bgure 2b). Changes in
the observation increment of zonal wind at 200 hPa
(Bgure 2c) are of the same magnitude as seen at 850
hPa (Bgure 2a). Assimilation of observations
update the analysis, and hence the background.
Due to the assimilation of different wind components, the background Beld of EXP1, EXP2, and
EXP3 differ, but the wind (components) observations remain the same in each assimilation cycle.
The difference in the model background from
EXP1 and EXP2 is small compared to that
between EXP1 and EXP3, which is evident in the
observation increment of zonal and meridional
wind at different atmospheric levels. Though the
observation increment in the meridional wind is
larger than that of the zonal wind against the full
vector assimilation, the increment is more in the
upper troposphere. Observation increment of the
zonal wind from EXP1 and EXP2 are comparable,
as seen in the difference plots, particularly at
higher levels, where the winds are generally zonal.
Denial of the zonal wind component (assimilation
of only meridional wind component) produced a
large observation increment in the meridional wind
compared to the full vector, and this, in turn, tells
that assimilation of only the meridional component
of wind produced significant changes in the background Beld compared to when assimilating full
vector or zonal component of wind.
Figure 3 is similar to Bgure 2, but for the
observation increment of temperature at 850 and
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Figure 2. Differences in the observation increment of wind components (m/s) at 850 hPa (a) zonal wind (EXP1-EXP2) and
(b) meridional wind (EXP1-EXP3). At 200 hPa (c) zonal wind (EXP1-EXP2) and (d) meridional wind (EXP1-EXP3).

Figure 3. Differences in the observation increment of temperature (K) at 850 hPa (a) EXP1-EXP2 and (b) EXP1-EXP3. At 200
hPa (c) EXP1-EXP2 and (d) EXP1-EXP3.
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200 hPa. Since the main difference in the assimilation among the three experiments are the denial/
acceptance of two wind components, the observation increment of temperature in EXP2 and EXP3
is approximately the same at 850 hPa, over the
tropics, as seen in Bgure 3(a and b). However, in
the upper atmosphere, the change in the observation increment is slightly large when assimilated
only the meridional wind (Bgure 3d) compared to
the assimilation of the zonal component (Bgure 3c).
Denial of the zonal component from the assimilation system increases the observation increment of
temperature in the upper atmosphere, resulting
from the change in the background.
Figure 4 shows the differences in the observation
increment of relative humidity at 850 hPa. Similar
to temperature, in the lower troposphere, humidity
also does not show any noticeable change in the
observation increment due to the denial of individual wind components. The changes in the
observation increment of relative humidity, EXP1EXP2, and EXP1-EXP3 are nearly the same at the
observation locations, as seen from Bgure 4(a and
b). The denial of individual wind components in
the assimilation system does not produce significant changes in observation increment in the lower
tropospheric mass Belds (Bgures 3a,b and 4a,b). In
contrast, it produces a noticeable change in the
upper troposphere temperature (Bgure 3c and d),
with the maximum difference when denied the
zonal component of wind (Bgure 3d).

4.2 Analysis increments
In the quality control procedure, outliers in the
observation increment Belds are identiBed rather
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than the raw observation, which compares with the
quality background and eliminates the chances of
rejecting quality observations. Objective analysis,
OA (in this study, 4D-VAR) is the procedure that
generates the analysis or initial condition for the
model forecast by taking the observation increments in various kinds of observations with their
error characteristics and densities. Unlike in the
observation increments, which mainly conserve
around the observation location, the OA preserves
the structure of the background Beld by linking the
correction of one variable with another, both vertically and horizontally. The analysis increments
produced through the OA are the changes in the
Brst guess Beld due to the inCuence of all
observations.
The impact of the assimilation of individual
components of wind vectors in the analysis of both
mass and wind Belds is investigated in detail. Differences in the area-averaged (globe and tropics)
time series of analysis increment proBles of different meteorological variables from EXP2 and EXP3
from EXP1 are discussed here. Figure 5(a and b) is
the time series of the differences in the globally
averaged proBles of analysis increments of speciBc
humidity of EXP2 and EXP3 from EXP1.
Figure 5(c) shows the differences in the global
spatio-temporal average proBles of mean and standard deviation of speciBc humidity analysis increments of individual wind component assimilation
experiments (EXP2 and EXP3) from the control
(EXP1). The y-axis of Bgure 5 represents model
levels. Approximate height corresponding to various
model levels is given in table 2.
Assimilation of a single component of wind from
radiosonde, either zonal or meridional, produced
noticeable changes in the global mean humidity

Figure 4. Differences in the observation increment of relative humidity (%) at 850 hPa (a) EXP1-EXP2 and (b) EXP1-EXP3.
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Figure 5. Differences in global mean analysis increment of speciBc humidity (910 5 kg/kg) between full vector wind and (a) only
the zonal component of vector winds, (b) only the meridional component of vector winds assimilations, and (c) proBles of the
differences in global mean and standard deviation of speciBc humidity.

Table 2. Model levels and the approximate height in meters.
Model
level
1
2
3
4
5
6
7
8
9
10

Height
(m)

Model
level

Height
(m)

Model
level

Height
(m)

Model
level

Height
(m)

Model
level

Height
(m)

Model
level

Height
(m)

10
36
76
130
196
276
370
476
596
730

11
12
13
14
15
16
17
18
19
20

876
1036
1210
1396
1596
1810
2036
2276
2530
2796

21
22
23
24
25
26
27
28
29
30

3076
3370
3676
3996
4330
4676
5036
5410
5796
6196

31
32
33
34
35
36
37
38
39
40

6610
7036
7476
7930
8396
8877
9371
9879
10402
10939

41
42
43
44
45
46
47
48
49
50

11493
12064
12654
13264
13898
14558
15248
15975
16742
17558

51
52
53
54
55
56
57
58
59
60

18431
19372
20392
21505
22727
24078
25580
27256
29135
31250

analysis compared to the full vector wind assimilation. Assimilation of zonal wind component alone
produced almost similar characteristics as full wind
analysis with intermittent drying and moistening
eAect in the lower levels as seen in Bgure 5(a).
Assimilation of only the meridional component (or
denial of the zonal component from the assimilation system) produced a consistent moistening
eAect in the lower model levels, as seen in
Bgure 5(b). The global proBles of the mean differences in the analysis increment also show comparable (with full vector wind assimilation) humidity

increment when assimilated only the zonal component (black curve in Bgure 5c). Assimilation of
the only meridional component produced more
moisture in the lower model levels (green curve in
Bgure 5c) while comparing against the full vector
assimilation. The difference in the standard deviation is also less when assimilated only the zonal
component compared to the assimilation of the
meridional component, as seen in Bgure 5(c) (red
and blue curves). It is clear from Bgure 5 that the
individual wind components produce noticeable
differences in the humidity Belds compared to the
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full vector assimilation; however, the changes are
more pronounced when the zonal component of
wind is denied from the assimilation (Bgure 5b).
This conBrms the importance of each component of
winds, but prominently the zonal component.
Figure 6 is similar to Bgure 5, but for the analysis
increment of speciBc humidity over the tropics. As
seen from Bgure 1, there is good coverage of
radiosonde and pilot balloon observations over the
tropics. Figures 5 and 6 are identical, but the
magnitude of the humidity analysis increment is
large over the tropics (Bgure 6a–c). As seen from
Bgure 6(b), the removal of zonal components of
wind from the assimilation system produced a
moistening eAect in the lower troposphere (level 15
corresponds to *850 hPa) similar to the global
average with a higher magnitude. The mean and
standard deviations are also high when the zonal
component of the wind is denied in the assimilation
(Bgure 6c). Analysis increment proBles of humidity
show more changes over the tropics when denied
any of the individual wind components compared
to the global average; however, the changes produced due to the denial of the zonal component of
wind is pronounced in the time series of the proBles
of analysis increment and in the mean and standard deviation. It is worth noting that the denial of
the meridional component also produced intermittent drying and moistening over the tropics
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(Bgure 6a and c), which are higher than that over
the global scale (Bgure 5a and c).
Figure 7(a and b) shows the differences in the
globally averaged vertical proBles of analysis
increments of temperature of EXP2 and EXP3
from EXP1. Figure 7(c) shows the corresponding
differences in the spatially and temporally averaged proBles of the mean and standard deviation of
analysis increments of temperature. Assimilation of
only the zonal component of winds did not produce
any noticeable changes in the analysis increment of
temperature (Bgure 7a), whereas the removal of the
zonal component (assimilating the meridional
component) produced slight changes, particularly
over the upper troposphere (model levels between
40 and 50) (Bgure 7b and c). Figure 7(c) shows that
compared to the full vector assimilation, the mean
and standard deviation in the analysis increment of
temperature are small when assimilated only the
zonal component. In contrast, it is relatively high
in the upper troposphere when assimilating only
the meridional component of wind. Differences in
the mean and standard deviation of analysis
increment of temperature are approximately the
same up to the model level of 40 (height *10 km)
irrespective of the denial/assimilation of a particular wind component (Bgure 7c).
Figure 8 is similar to Bgure 7, but for the analysis
increment of temperature over the tropics. In the

Figure 6. Similar to Bgure 5, but for the analysis increment of speciBc humidity over the tropics.
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Figure 7. Differences in global mean analysis increment of temperature (K) between full vector wind and (a) only the zonal
component of vector winds, (b) only the meridional component of vector wind assimilations, and (c) proBles of the differences in
the global mean and standard deviation of temperature (910 2 K).

Figure 8. Similar to Bgure 7, but the analysis increment of temperature over the tropics.

case of temperature increment also, the mean
structure is identical to that over the globe, but the
magnitude difference in the upper troposphere over
the tropics is high when the zonal component of
wind is removed from the assimilation (Bgure 8b).

In contrast to the humidity increment, the temperature increments are more in the upper troposphere globally and over the tropics. The mean and
standard deviation differences are nearly zero,
when assimilated only the individual components
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Figure 9. Differences in global mean analysis increment of zonal wind (m/s) between full vector wind and (a) only the zonal
component of vector winds, (b) only the meridional component of vector wind assimilations, and (c) proBles of the differences in
the global mean and standard deviation of zonal wind (m/s).

Figure 10. Similar to Bgure 9, but for the analysis increment of zonal wind over the tropics.

of wind compared to the full vector wind assimilation (Bgure 8c) up to model level 40, and above
that zonal component of wind plays a vital role
than the meridional component. The increased

difference in the temperature increment is noticed
above model level 40 (*10 km, refer to table 2) in
the upper troposphere and stratosphere (Bgures 7c
and 8c). Generally, the winds in the upper

J. Earth Syst. Sci. (2021)130:89

Page 11 of 20 89

Figure 11. Differences in global mean analysis increment of meridional wind (m/s) between full vector wind and (a) only the
zonal component of vector winds, (b) only the meridional component of vector wind assimilations, and (c) proBles of the
differences in the global mean and standard deviation of meridional wind (m/s).

Figure 12. Similar to Bgure 11, but for the analysis increment of meridional wind over the tropics.

troposphere and stratosphere are nearly zonal, and
the temperature changes in the horizontal are
directly linked to the speed and direction of the
winds. Hence, removing the zonal component

(including the meridional component) from the
assimilation system produced a large difference in
the temperature increment in the upper troposphere and lower stratosphere compared to the full
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vector assimilation. Denial of the zonal component
of radiosonde winds from the assimilation system
produced noticeable changes in the mass Belds.
Changes in the humidity Beld are mainly conBned
in the lower troposphere, and changes in the temperature Beld are noticed in the upper troposphere,
and these changes are more pronounced over the
tropics. This conBrms the importance of wind
observations over the tropics and the inCuence of
wind observations on the mass Belds in the NWP
data assimilation system.
The inCuence of individual wind components in
the temperature and humidity analyses is clear
from Bgures 5–8. The meridional component of
wind also plays a significant role by producing
intermittent drying and moistening eAect with a
slightly higher magnitude over the tropics. Thus,
both wind components produce changes in the
humidity increment, whereas the zonal component
of wind mostly controls the change in the analysis
increments of temperature. This is because the
moisture Beld is governed by the parameterization
of various physical processes that are more complex and model dynamics, whereas the model
dynamics mainly adjust the temperature.
Figure 9(a and b) shows the differences in
globally averaged vertical proBles of analysis
increments of zonal wind of EXP2 and EXP3,
respectively, from EXP1. Figure 9(c) is the mean
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and standard deviation of the corresponding
differences for the spatio-temporally averaged
analysis increment proBles of the zonal wind. Time
series of globally averaged proBles of analysis
increments of zonal wind shows a little variation
when assimilated only the zonal wind compared to
the full wind assimilation (Bgure 9a), whereas the
assimilation of only the meridional component
produced profound changes in the upper troposphere (Bgure 9b) significantly above *10 km
(model level 40). The difference in the standard
deviation of the analysis increments in the zonal
wind remains nearly zero throughout the troposphere when assimilated the individual components
of radiosonde wind, whereas both mean and standard deviation from the full vector wind assimilation indicate noticeable changes in the upper
troposphere when assimilated only the meridional
wind component (Bgure 9c).
Figure 10 is similar to Bgure 9, but for the differences in the analysis increment of zonal winds
over the tropics. The analysis increment of zonal
wind over the tropics is similar to that of the global
average but has higher magnitudes in the upper
troposphere and lower stratosphere when only
meridional wind component is used in the assimilation (Bgure 10b and c). Differences in the zonal
wind analysis increments when assimilated only
the zonal component are relatively small compared

Figure 13. Differences in the spatially and temporally averaged proBles of the mean and standard deviations of analysis
increment in the meridional wind (m/s) of EXP2 and EXP3 from EXP1 over (a) Northern Hemisphere extra-tropics,
(b) Southern Hemisphere extra-tropics, (c) Northern Hemisphere polar region, and (d) Southern Hemisphere polar region.
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to the entire globe (Bgure 10a and c). The mean
difference and the standard deviation of zonal wind
analysis increment of EXP2 and EXP3 from EXP1
are nearly the same up to *10 km (level 40); above
that, both mean difference and standard deviation
increase when the zonal component is removed.
Figure 11(a and b) shows the differences in the
globally averaged vertical proBles of analysis
increments of meridional wind of EXP2 and EXP3
from EXP1. Figure 11(c) is the mean and standard
deviation of the corresponding differences for the
spatio-temporal average analysis increment proBles
of the meridional wind. Compared to the magnitude of analysis increment of zonal wind (Bgure 9),
the same in the meridional wind is small
(Bgure 11). In the case of analysis increment of
meridional wind, the major changes are seen in the
upper troposphere and lower stratosphere; the
analysis increment of meridional wind is positive
between the model levels 45 (*14 km) and 50
(*18 km) and negative above when the zonal
component of wind vector is removed from the
assimilation (Bgure 11b and c). The mean differences and standard deviation in the analysis
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increment of meridional wind are also large when
assimilating only the meridional component of
wind, as seen from Bgure 11(c).
Figure 12 is similar to Bgure 11, but for the
tropics. Like the global average, the average differences in the analysis increment of meridional
wind over the tropics are also conBned to the upper
troposphere. In the case of humidity, temperature,
and zonal wind, the pattern of changes are similar
both over the globe and the tropics, with higher
magnitudes over the tropics. However, the differences in the analysis increment of meridional wind
are lesser over the tropics compared to the global
mean. The high positive analysis increment
between the model levels 45 and 50 seen in the
global average (Bgure 11b and c) is reduced over
the tropics (Bgure 12b and c). It is clear that the
changes noticed in the analysis increment of
meridional wind in the global mean between the
model levels 45 and 50 (Bgure 11b and c) are contributed mainly by the non-tropical regions.
Removal of zonal wind from the assimilation system produced a periodic pattern in the upper
atmospheric levels in the zonal and meridional

Figure 14. Difference in RMSD between EXP2 and EXP3 of mean global vertical proBles of (a) temperature (K), (b) relative
humidity (%), (c) zonal wind (m/s), and (d) meridional wind (m/s) for the forecast lead time up to Bve days.
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Figure 15. Similar to Bgure 14, but for the tropics.

wind analysis increments both globally and over
the tropics (Bgures 9b, 10b, 11b, and 12b). The
observation increment of the meridional wind in
the upper troposphere is large when the meridional
component is removed from the assimilation system (Bgure 2d). The 4D-VAR system generates the
analysis for the model forecast by taking the
observation increments in various kinds of observations with their error characteristics and densities and preserves the structure of the background.
Since the circulation is nearly zonal in the upper
atmosphere; removing zonal wind from the assimilation system produced changes in the analysis
increment in conjunction with the assimilation
cycle.
Figure 13 shows the mean and standard
deviation of the differences (EXP2-EXP1 and
EXP3-EXP1) for the spatio-temporally averaged
analysis increment proBles of the meridional wind
over the Northern Hemisphere extra-tropics
(30°N–60°N), Southern Hemisphere extra-tropics
(30°S–60°S), Northern Hemisphere Polar region
(60°N–90°N) and Southern Hemisphere Polar
region (60°S–90°S). It can be seen from Bgure 1,
that only a few radiosonde observations are available over both the polar regions and the Southern
Hemisphere extra-tropics, but a large number of
observations over the Northern Hemisphere extratropics. When assimilated only the meridional

component of wind, the analysis increment in the
meridional wind is positive in the upper troposphere over the Northern Hemisphere (both over
the extra-tropics and polar region Bgure 13a and c)
and negative over the Southern Hemisphere
(Bgure 13b and d) compared to the full wind vector
assimilation. Compared to the changes in the
analysis increment of meridional wind over the
tropics (Bgure 12c), the changes over the extratropics and polar regions are larger when assimilated only the meridional component of wind. Over
the polar regions and the Southern Hemisphere
(where the number of sonde observations is
sparse), the standard deviation differences are
approximately the same throughout the troposphere irrespective of the inclusion/denial of individual wind components in the assimilation system
(Bgure 13b–d).
The analysis increments in the humidity, temperature, and zonal wind over the extra-tropics and
Polar Regions are nearly the same when assimilated either wind component (for brevity, these are
not shown here). In the lower troposphere (up to
*10 km), both the components of winds are
equally essential and produce almost the same
impact in the mass and wind Belds, whereas above
10 km, the zonal component is more critical than
the meridional component, particularly over the
tropics.
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Figure 16. Time series of RMSE (a) global and (c) tropics. RMSD (b) global and (d) tropics in the 850 hPa analysis winds from
different OSEs when validated against AMVs.

4.3 Forecast
The impact of the assimilation of individual
components of wind in the forecast Belds is estimated in terms of root mean square error (RMSE)
with respect to the forecasts from the full wind
vector assimilation experiment (EXP1). Root
mean square error differences (RMSD) of different
meteorological variables between EXP2 and EXP3
also give an insight into the impact of individual
wind component assimilation in the forecast Belds.
Figure 14 shows the globally averaged vertical
proBles of the RMSD between EXP2 and EXP3
of temperature (Bgure 14a), relative humidity
(Bgure 14b), zonal wind (Bgure 14c), and meridional wind (Bgure 14d) for a forecast lead time of
Bve days. In Bgure 14, the negative values suggest a
positive impact of zonal wind assimilation in the
forecast Belds compared to the meridional wind
assimilation. It can be seen from Bgure 14 that all
the parameters showed a positive impact in the
day-1 forecast throughout the troposphere. Both
the zonal and meridional winds showed a positive
impact up to day-4 forecast, whereas the mass
Belds do not show much impact due to the

assimilation of zonal component alone in the long
lead time, particularly in the upper troposphere.
Figure 15 is similar to Bgure 14, but for the
RMSD between EXP2 and EXP3 of various
meteorological variables over the tropics. Unlike
the global scenario, the assimilation of the zonal
component of vector wind produced a positive
impact in the vertical proBles of different meteorological variables beyond day-3 forecasts. RMSD
in temperature is negative for all forecast lead
times, except at 500 hPa in the day-2 forecast
(Bgure 15a). The humidity Beld also shows a positive impact due to the assimilation of the zonal
component of wind, particularly in the lower troposphere (Bgure 15b). Zonal winds in the lower and
middle troposphere showed a positive impact for all
forecast lead times, except for some levels in the
day-3 forecast (Bgure 15c). In the case of meridional wind, a positive impact is seen in the middle
and upper troposphere in all forecast lead times
and in the lower troposphere up to day-3 forecast
(Bgure 15d).
In the global scenario, the impact of zonal wind
assimilation produced a noticeable improvement in
the day-1 forecast of all important meteorological
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Figure 17. Similar to Bgure 16, but for the validation of 200 hPa analysis winds against AMVs over the entire globe and the
tropics.

variables. However, for longer lead time forecasts,
the mass Belds did not show much improvement,
and the wind Belds show improvements till day-3.
On the other hand, the impact of the assimilation
of the zonal component of wind over the tropics is
seen in different mass and wind Beld variables
beyond the day-3 forecast. The RMSD in different
meteorological variables over the tropics is small
over different layers of the troposphere, when
assimilated only the zonal wind component. This
can be attributed to the dominance of zonal wind
components in the tropical circulation. Though the
assimilation of individual components of wind
produces impact in both analysis and forecast
globally, the impact of zonal component assimilation is more visible over the tropics, where the
winds play a crucial role than the mass Belds
(Cardinali 2009; Horanyi et al. 2014).

4.4 VeriBcation
The analysis and forecast winds are veriBed against
global Atmospheric Motion Vectors (AMVs),

derived from both geostationary and polar satellites. NCMRWF receives near-real-time AMVs
from various satellites. This section describes the
validation of analysis and day-1 forecast wind
speed at 850 and 200 hPa during the study period
over the entire globe and the tropics.
Figure 16(a) shows the time series of RMSE in
the globally averaged 850 hPa wind analysis
against the AMVs from the three experiments
EXP1 (full vector), EXP2 (zonal wind), and EXP3
(meridional wind) at every 12 hrs during the period
of study. Figure 16(b) is the corresponding time
series of RMSD (difference of EXP2 and EXP3
from EXP1). RMSE in the 850 hPa analysis winds
is closer in all the three experiments with a slightly
high value in EXP3, as seen in Bgure 16(a). Figure 16(b) gives a clearer picture; in general, the
magnitude of RMSD is less for EXP2 except in
some cycles. Figure 16(c and d) is similar to
Bgure 16(a and b), but for the RMSE and RMSD in
the 850 hPa analysis winds from different experiments over the tropics. Similar to the global picture, the RMSE in EXP3 is slightly higher
compared to the same from EXP1 and EXP2. Over
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Figure 18. Time series of RMSE (a) global and (c) tropics. RMSD (b) global and (d) tropics in the 850 hPa day-1 forecast
winds from different OSEs when validated against AMVs.

the tropics, the RMSE in both EXP2 and EXP3 is
generally higher than that in EXP1 as seen from
the RMSD plot of Bgure 16(d); however, the
magnitude of RMSD is less in EXP2 compared to
EXP3, and these magnitudes are less compared to
the global average (Bgure 16b).
Figure 17 is similar to Bgure 16, but for the time
series of RMSE and RMSD in the 200 hPa analysis
winds from different OSEs when validated against
AMVs. In contrast to the lower tropospheric winds,
the RMSE in the 200 hPa analysis winds from
EXP3 is higher than EXP1 and EXP2 both globally (Bgure 17a) and over the tropics (Bgure 17c).
The difference (RMSD) between EXP2 and EXP3
is more visible over the tropics, as seen in
Bgure 17(d) compared to the global domain
(Bgure 17b). This is in agreement with what is seen
in the observation and analysis increments described in sections 4.1 and 4.2, whereas the impact of
the zonal component of wind assimilation is more
pronounced in the upper tropospheric and lower
stratospheric levels. Validation of 850 and 200 hPa
analysis winds against AMVs shows that the
RMSE is less when assimilating the full vector, and

the RMSE increases due to the denial of individual
wind components in the assimilation system.
However, the RMSD is higher when the zonal
component of wind is removed from the assimilation system, particularly at higher altitudes over
the tropics.
Figure 18 is similar to Bgure 17, but for the time
series of the validation of day-1 forecast 850 hPa
winds from different OSEs against AMVs over the
entire globe and the tropics. Like 850 hPa analysis
winds, mostly the RMSE in the day-1 forecasts
from EXP2 and EXP3 is higher than that of EXP1
as seen from Bgure 18(a and c). The RMSD also
shows, in general, EXP2 is better than EXP3 over
both the domains, as seen in Bgure 18(b and d).
Forecasts also show the importance of both components of winds. Figure 19 is similar to Bgure 18,
but for the 200 hPa winds. At 200 hPa also, the
RMSD in EXP2 is less than that of EXP3 over
both the domains for the day-1 forecast. At 850
hPa, both analysis and forecasts showed closer
values of RMSD in EXP2 and EXP3. At 200 hPa,
the RMSD is higher when the zonal component of
wind is removed from the assimilation, both in the
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Figure 19. Similar to Bgure 18, but for the validation of 200 hPa day-1 forecast winds against AMVs over the entire globe and the
tropics.

analysis and forecasts. The larger RMSE at 200
hPa due to the removal of the zonal component
(inclusion of meridional wind) in the assimilation
system is due to the ambient zonal nature of the
winds in the upper troposphere. This conBrms the
importance of the assimilation of the zonal component of wind vectors at higher levels and
the importance of both zonal and meridional
components at lower levels.

5. Conclusions
An attempt has been made in this study to
analyze the impact of the assimilation of individual components of vector wind proBles from
radiosonde and pilot balloon observations in the
NCMRWF assimilation-forecast system through
OSEs. This work is carried out as a preliminary
step to assess the impact of the assimilation of
the HLOS wind from DWL onboard Aeolus
satellite, which is nearly zonal over the tropics
and becoming more meridional in the higher
latitudes. The observation increment in the zonal

wind nearly unchanged due to the removal of the
meridional wind component from the assimilation system, whereas the same in the meridional
wind exhibit large variability due to the removal
of the zonal component of wind from the assimilation system. Analysis Belds of various meteorological variables show that the denial of both
the wind components has a noticeable impact in
the lower levels (for humidity Belds) and higher
levels (for temperature and wind Belds), both
over the entire globe and over the tropics, with
more inCuence over the tropics. In the forecast
Belds, the impact of assimilation of zonal wind is
visible in the wind Belds up to day-3 forecasts,
whereas the impact in the mass Beld is limited to
day-1 forecast. VeriBcation of analysis and forecast wind Belds against the AMVs signiBes the
requirement of both wind components in the
lower troposphere and zonal components in the
upper troposphere and lower stratosphere. This
study highlights the need for both components of
winds in the future satellite mission to improve
forecast, especially over the lower tropospheric
levels.
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