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ABSTRACT

The impact of assimilating zenith total delay (ZTD) observations from the Moroccan ground-based Global
Navigation Satellite System (GNSS) network into the high-resolution operational model AROME-Morocco
(2.5km) is assessed over one month. The objective is to investigate the impact on moisture field and rainy
event forecasts in a three-dimensional variational (3D-Var) data assimilation framework with a 3-hour
cycling. As a first step, a pre-processing of ZTD observations is performed for quality control and bias
correction and it points out that all GNSS stations available in the network can be potentially assimilated.
Then, two parallel experiments, with and without assimilation of GNSS ZTD, are performed during
February-March 2018, for 48-hour lead times. Compared against other observation systems of humidity
(radiosonde and surface network), a small and beneficial improvement is found in the atmospheric moisture
short-range forecast, despite the limited number of GNSS stations over Morocco. The impact of assimilating
GNSS ZTD data on precipitation forecasts is evaluated both subjectively and objectively. The objective
precipitation scores against daily rain gauge observations show that the impact is mixed, positive for larger
rainfall accumulations and neutral to negative for smaller rainfall accumulations. A specific evaluation for a
case study of a rain event highlights an improvement in terms of intensity and location of precipitating areas
when GNSS ZTD observations are assimilated.

Keywords: data assimilation, ground-based GNSS, zenith total delay, mesoscale modelling, numerical
weather prediction

1. Introduction . . .
vertical profiles of wind, temperature and humidity, are

The description of water vapour in initial conditions of
Numerical Weather Prediction (NWP) systems is a key
parameter for the forecast of many physical processes in
the atmosphere. Kuo et al. (1996) showed that a poor
description of the water vapour field is one of the major
sources of error in short-range precipitation forecasts.
Furthermore, Ducrocq et al. (2002) highlighted the
importance of the initial humidity field to improve the
forecasts of heavy precipitation events. However, water
vapour is highly variable in both time and space. The
main conventional observing systems of this variable are
synoptic meteorological stations and radiosondes.
Synoptic stations provide only local surface measure-
ments. Radiosondes, despite their capability of providing
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routinely only available twice a day and the global net-
work is rather sparse because of their expensive cost.
Besides conventional observations, satellite-based micro-
wave and infrared remote sensing can be used to measure
the vertical and horizontal distributions of water vapor.
Satellites provide global measurement coverage, but they
have difficulty observe the lower troposphere, where
water vapour is maximum. Polar orbiting satellites have a
limited impact within mid-latitudes limited area models
due to their low time revisit (twice a day). Moreover, the
infrared radiometers are heavily influenced by clouds, so
they are suitable for assimilation only under -clear
sky conditions.

Remote sensing of atmospheric water vapour with
GNSS receivers is an innovative technique first described
by Bevis et al. (1992). The zenith total delay (ZTD)
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derived from GNSS measurements of radio signal delays
is composed of two parts: the hydrostatic (dry) delay and
the non-hydrostatic (wet) delay. This wet delay is related
by a proportional relationship to the vertically Integrated
Water Vapour (IWV) content. This technique has shown
the ability to provide precise and continuous estimates of
water vapour with high temporal frequency (1hour to
15minutes) in all sky conditions. The accuracy of IWV
derived from ZTD measurements is of the order of
1-2kg/m? derived from comparison with other instru-
ments (Gendt et al., 2004; Bock et al., 2005).

Many studies have shown the benefit of using GNSS
observations in NWP either for model forecast validation
or for improving their initial conditions (Guerova et al.,
2016). Thanks to variational data assimilation schemes,
the direct assimilation of ZTD observations is possible
(Zou and Kuo, 1996; De Pondeca and Zou, 2001;
Cucurull et al., 2004). For that, an observation operator
which computes ZTD from the model prognostic varia-
bles is required. Results from previous studies on the
assimilation of GNSS ZTD observations showed overall
to positive impacts. impacts
reported for lower-tropospheric humidity, surface tem-
perature, surface pressure, geopotential height and heavy
precipitation. On the other hand, some negative impacts
were noted for weak precipitation. Poli et al. (2007)
assimilated ZTD observations into the Météo-France glo-
bal NWP model ARPEGE using a four-dimensional vari-
ational (4D-Var) assimilation system. These authors
found a positive impact in helping constrain the synoptic
circulation in 1 to 4days and a positive impact on the
prediction of short-term precipitation. Macpherson et al.
(2008) showed some positive impact on precipitation fore-
casts when assimilating NOAA ground-based GPS
‘Global positioning System’ observations over North
America into the Canadian regional model. Further stud-
ies have examined the impact of the assimilation of
GNSS observations into mesoscale convection-permitting
models. Yan et al. (2009) conducted a study of ZTD data
assimilation into the Météo-France high-resolution model
(AROME) using three-dimensional variational (3D-Var)
assimilation. This study showed improvement to the fore-
cast of a heavy precipitation episode over eastern France.
More recently, Mahfouf et al. (2015) performed a revised
assessment of the impact of the assimilation of ZTD into
AROME over 1-month and found improvement in the
humidity and precipitation short-range forecasts.
Similarly, Sédnchez-Arriola et al. (2016) and Lindskog
et al. (2017) have examined the impact of assimilating
GNSS ZTD in the HARMONIE-
AROME system with a specific focus on a variational
bias correction method. All the previous studies have
been performed over temperate regions. The assessment
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of the impact of GNSS ZTD assimilation is still needed
for other regions using regional models and having differ-
ent climates.

Morocco is a country in the subtropical zone of North
West Africa. It is characterized by very different climates
depending upon the sub-region. The Moroccan climate is
influenced by the Atlantic Ocean to the West, the
Mediterranean Sea to the North, the dry Saharan air to
the South and is locally modulated by the orographic
effects induced by the Atlas mountains (Fig. 1). These
factors have a strong impact on the variability of mois-
ture and precipitation (Knippertz et al., 2003). The water
vapour observing system in Morocco includes conven-
tional observations from synoptic stations and 3 radio-
sondes, in addition to microwave satellite observations
(AMSU- B/MHS). However, in the case of limited area
models, these data from polar orbiting satellites suffers
from a reduced temporal coverage. Thereby, the above
datasets cannot capture accurately the mesoscale variabil-
ity of water vapour. In order to take advantage of the
potential of GNSS data assimilation for improving NWP
forecasts of water vapour, the National Meteorological
Service in Morocco (‘Direction de la Météorologie
Nationale> DMN) has acquired a GNSS meteorological
network for NWP applications (Hdidou et al., 2018).
DMN operates the high-resolution convection-resolved
AROME-Morocco with a 2.5km horizontal resolution.
The initial conditions are performed using a 3D-Var data
assimilation system with a 3-hour Rapid Update Cycle
(RUC). The main objective of this current research is to
investigate, for the first time, the assimilation of this new
Moroccan GNSS network on short-range mesoscale fore-
casts. The impact study undertaken in the present paper
is expected to provide a new assessment of the impact of
GNSS ZTD data over the North African region, which
has a different climate and has received until now little
attention in the literature.

According to precipitation regime, Knippertz et al.
(2003) have distinguished three homogeneous regions in
Morocco: The Atlantic region, the Mediterranean region
and the South of the Atlas region. In this last region,
moisture transports, from the Atlantic, along the south-
ern flank of the Atlas mountains associated with cyclones
West of Morocco and the Iberian Peninsula, are the
decisive factors of precipitation. In the present study, the
impact of GNSS ZTD data assimilation on the mesoscale
prediction of a heavy precipitation event that occurred on
the South of the Atlas region is also examinated.

The outline of this paper is as follows: The mesoscale
NWP system is described in section 2. The 3D-Var
assimilation system is presented in section 3 with an over-
view of the assimilated GNSS ZTD observations and
their pre-processing. Section 4 contains the impact
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Fig. 1.

Location of the ground-based GNSS stations from Morocco network (circles) and IGS network (triangles), plotted over the

AROME-Morocco model domain. The background is the model orography (grayscale at the right of the panel; m). The black dots
indicate location of the meteorological surface stations. The geographical locations of the two GNSS stations referred in the text are
indicated by names. Some additional geographical locations are indicated (sea and mountains). The dashed line delineates the zone of

interest of the 1 March 2018 case study.

experiments setup with their results. Finally, section 5
draws the main conclusions and perspectives.

2. Description of the AROME-Morocco
forecasting and data assimilation systems

The AROME (Applications of Research to Operations
for Mesoscale) NWP model is a non-hydrostatic model
used operationally at DMN in Morocco since 2016. This
model was developed by Météo-France (Seity et al., 2011)
and is being maintained and further refined in collabor-
ation between the meteorological institutes belonging to
the ALADIN-HIRLAM consortia. The ALADIN-
HIRLAM consortia are a collaboration of 26 countries
in Europe and northern Africa on short-range mesoscale
NWP (Termonia et al., 2018). AROME uses the dynam-
ical non hydrostatic equations of ALADIN (Bubnova
et al., 1995). The AROME physical package is derived
from the Méso-NH research model (Lafore et al., 1998;
Lac et al., 2018). The deep convection is resolved expli-
citly by the model dynamics. Clouds are explicitly repre-
sented by prognostic equations for six water species
(vapour, cloud water, rain water, ice crystals, snow and
graupel) governed by a bulk mixed-phase microphysical
scheme (Pinty and Jabouille, 1998). The representation of
turbulence is based on a prognostic Turbulent Kinetic
Energy (TKE) equation (Cuxart et al., 2000). The long-
wave radiation is computed with the Rapid Radiative

Transfer Model (RRTM) (Mlawer et al., 1997) and the
shortwave radiation is described with six spectral bands
(Fouquart and Bonnel, 1980). The surface exchanges are
represented by the externalised module SURFEX
(Masson et al., 2013) where the natural land surfaces are
parameterized by the ISBA scheme (Noilhan and
Mabhfouf, 1996), while the urban areas are handled by
Town Energy Balance (TEB) scheme (Masson, 2000).

AROME-Morocco domain covers Morocco and a
small part of Spain and Portugal (Fig. 1). It has a regular
2.5km grid with Lambert projection. The center is
28.99°N, —8.75°E with 800 physical grid points in both
East-West and North-South directions, and 90 vertical
layers. Lateral boundary conditions are taken from
hourly ALADIN forecasts
tal resolution.

The AROME data assimilation system (Seity et al.,
2011) is based on the ALADIN three-dimensional vari-
ational assimilation system (3D-VAR) with an incremen-
tal formulation (Courtier et al., 1994) at the same
resolution. The data assimilation system runs with a 3-
hour cycle. The variables analysed are the two compo-
nents of horizontal wind, temperature, specific humidity
and surface pressure. The other prognostic variables
(TKE, nonhydrostatic and microphysical fields) are
cycled from the previous 3-hour AROME forecast. The
observations assimilated into AROME-Morocco are sur-
face stations (SYNOP), radiosondes (TEMP), ship and

with  7.5km  horizon-
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buoys reports (SHIP) and aircrafts reports (AIREP) for
conventional observations. For remote sensing observa-
tions, the radiances from AMSU-A, AMSU-B/MHS are
assimilated. The background error covariances for the
AROME-Morocco domain were computed over a period
of 10days, using an ensemble based method with a six
member ensemble of perturbed AROME 3D-Var
(Brousseau et al., 2011). The AROME perturbed assimi-
lations are based on explicit perturbations of observa-
tions, obtained from random draws of observation errors,
and implicit perturbations of backgrounds, obtained from
the perturbed previous data assimilation cycles.

3. Assimilation of GNSS ZTD data
3.1. GNSS observations

In this study, we use the ZTD observations from the
Moroccan GNSS  station network and from the
International GNSS Service (IGS) network. The IGS raw
data is freely available and can be downloaded from ftp://
cddis.gsfc.nasa.gov/gps. All those ZTD datasets are proc-
essed in near-real-time mode at DMN using Bernese soft-
ware (Dach et al., 2015). The temporal frequency of the
GNSS observations is about 15minutes. The accuracy of
the Moroccan GNSS ZTD network was evaluated by
Hdidou et al. (2018). There are 17 GNSS stations within
the AROME-Morocco domain (Fig. 1) which represent
3.5% of the total observations assimilated into this model.

3.2. ZTD observation operator

The assimilation of GNSS ZTD is performed by the add-
ition of a new term J,ZTP to the cost function (Vedel and
Huang, 2004):

JEP() =5 () ) R AW ) ()

where x/, is the vector of analysis increments defined as:
x' = x — xPx is the model state (that is the analysis x* at
the end of the minimization), xP is the background state
(first guess) obtained from a short-range forecast, )’ is
the ZTD observation increment (background departure)
and R is the variance-covariance matrix of GNSS ZTD
observations Since observations errors are
assumed to be uncorrelated, R is a diagonal matrix with
ZTD error variances as elements. H is the tangent linear
version of the observation operator which calculates ZTD
from the model fields.

ZTD is the integral of the refractivity over a vertical
column of the neutral atmosphere which depends on pres-
sure, temperature and water vapour content. The
AROME ZTD observation operator (Poli et al., 2007) is
defined as:

€Irors.

Ztop

_ P e
ZTD = 10 "L <k1T+k3ﬁ>dz Q)

where P is the total pressure, e the water vapour pressure,
T the temperature and zq,, is the top of the model. k;
and k3 are empirically determined constants; According
to Smith and Weintraub (1953): &y = 77.6K h Pa!, ks
=373x10°K*h Pa .

The observation operator calculates the model equiva-
lent of ZTD by integrating eq. 2 using pressure as a verti-
cal coordinate, from the pressure at the GNSS station
antenna Pgngs to the model top pressure Py, (13hPa).
The integration is performed assuming that refractivity
decays exponentially as a function of altitude between
model levels.

In the current observation operator a contribution
above the model top AZTD,,,, is added to the total ZTD
according to Saastamoinen (1972):

—6 klePlop (3)

AZTD,,, = 10
where R; is the gas constant for dry air and g is the
acceleration due to gravity, assumed constant and equal
to the mean acceleration due to gravity at the surface g,
(9.8m s~ ?). This is different from the approach where the
delay above the model top is
accounted for in the bias
et al., 20195).

not calculated but

correction (Mahfouf

3.3. Observation pre-processing

The 3D-VAR assimilation system assumes that observa-
tions have a Gaussian distribution and unbiased errors.
Estimates of observation errors are also required in 3D-
Var scheme to determine the weight of the observations
relative to the background in the analysis. These errors
include both instrument and representativeness errors. In
data assimilation, the observation statistics are often com-
puted using the background departures, which are defined
as the difference between ZTD observations and the
model equivalent. The ZTD model equivalent values are
calculated using the observation operator described by
eq. 2 for each GNSS station and time. This monitoring
of background departures is done routinely to assess the
quality of ZTD observations.

In this study, we computed time series of background
departures over I-month from 10 October to 13
November 2017. For this first monitoring, the 3D-Var
temporal thinning has not been performed. Thus, for
each assimilation cycle, the departures are computed
between the background and all ZTD observations avail-
able in the 3-hour assimilation window. Figure 2 shows
an example of a scatter plot of ZTD observations
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Fig. 2. Scatter plot of AROME-Morocco model background ZTD against observed ZTD for the GNSS receiver site at Fes for

1-month.

compared to model equivalent for the GNSS station at
Fes. There is a good agreement between ZTD observa-
tions and model counterparts, the correlation coefficient
being 0.95. The bias and standard deviation of back-
ground departures are respectively 6.6 mm and 13.5 mm.

To satisfy the unbiased observations errors hypothesis
of the 3D-Var, a bias correction must be applied to ZTD
observations at each station before assimilation. As a
starting point, the mean of the background departures
calculated previously over l-month (ranging between
0.3mm and 13mm) provide a constant bias correction.
Thereby, for each station the ZTD observation has to be
corrected from this bias before assimilation. The sensitiv-
ity to the selected period has been examined by comput-
ing a running-mean of departures by varying the width of
the averaging window. The results (not shown) showed
that a minimum period of 15days is required to have a
relatively stable bias. However, the biases are computed
over a 1-month period in order to capture more the sys-
tematic biases between model background and ZTD
observations. The observation errors have been estimated
here from the standard deviation of background depar-
tures and assuming a model background error of 6 mm
following a methodology proposed for the AROME-
France model (Mahfouf et al., 2015).

AROME-Morocco 3D-VAR uses a quality control by
comparison to the background (background -check).
Observations are rejected if departures exceed a limit
based on the observation error (5,) and background
error (op) with a threshold value of 5 times the combined

standard deviation error (,/o2+ o2) (Bennitt and Jupp,

2012). All Moroccan stations have been retained for
assimilation according to this background check. Because
of the high time resolution of ZTD observations,
temporal thinning is performed for AROME-Morocco
3D-Var. Thereby, among the observations available in
the 3-hour assimilation window, only the observation
closest to the analysis time is selected for each station.

4. The assimilation experiments

4.1. Single observation experiment: Impact
on analysis

Since it is the first time that the GNSS data are assimi-
lated into the AROME-Morocco model, we started with
an experiment where a single observation of ZTD has
been assimilated in order to examine precisely the impact
of such observations on the resulting analysis. The single
observation experiment is performed for Fes GNSS sta-
tion located at 33.93°N and 4.97°W for the 26 February
2018 at 12 UTC. The value of observed ZTD is 2.226 m
and the ZTD background departure is 0.017m. After
assimilation, the ZTD observation departure from the
analysis is reduced to 0.001 m, which means that the
assimilation system has brought the model state close to
the GNSS ZTD observation. The impact of GNSS
assimilation is more noticeable on the humidity field.
Figure 3 shows the vertical cross section of the analysis
increment for the specific humidity for this single obser-
vation experiment. The impact is largest in the low to
mid-troposphere with a maximum around 900 hPa. The
shape of the increments is influenced by the background
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Fig. 3.

Vertical cross section along a latitudinal line of analysis increments of specific humidity (g/kg), obtained by assimilating a

single ZTD observation at Fes GNSS station for 12 UTC, 26 February 2018.

error covariance matrix, which determines the spreading
of information from the observation location among the
surrounding model grid points. The horizontal extent of
increments is about 150 km.

4.2. Cycle experiment

To evaluate the impact of the assimilation of ZTD obser-
vations in AROME-Morocco, two assimilation cycle
experiments are run over l-month from 20 February 2018
at 0000 UTC to 20 March 2018 at 2100 UTC using the
3D-VAR system. This period has experienced a succes-
sion of rainy events. The first experiment (CTRL) assimi-
lates in AROME-Morocco all observations described in
section 2. The second experiment (GNSS) is similar to
CTRL but GNSS ZTD observations are added. For each
assimilation cycle 3-hour forecasts are run to provide the
background of the next analysis, then the AROME-
Morocco model is run for 48hours starting from the
analyses at 0000 UTC.

4.2.1.
impact of GNSS ZTD assimilation is evaluated for the
short-range 3-hour forecasts against radiosonde obser-
vations for the period of study at standard pressure lev-
els between 1000 hPa and 400 hPa. From this evaluation
the impact of GNSS assimilation on the vertical profile
of humidity can be assessed. Figure 4 shows mean and
standard deviation of specific humidity (q) departures
(observation-background) from radiosonde observa-
tions over the period of interest. The assimilation of
GNSS observations has an overall positive impact on
specific humidity standard deviation error by reducing

Impact on background 3-hour forecasts. The

it between 1000hPa and 500hPa levels. These results
are consistent with those from the single observation
experiment where the impact was the largest in the low
to mid-troposphere. The impact on the bias error is not
consistent, with minor degradation for levels below
950hPa level as well as above 700hPa, and minor
improvement between these two pressure levels. The
differences between CTRL and GNSS biases are not
significant above the 95%. Bennitt and Jupp (2012)
observed also an increase in the humidity when assimi-
lating ZTD observations into the Met Office NAE
‘North Atlantic and European’ model using 3D-Var.
These authors related this shift in humidity bias when
assimilating ZTD, even when bias corrected, to the fact
that the assimilation of new observations changes the
relative weights given by the analysis process to back-
ground and to the other observations.

4.2.2. Impact on 0-48 hour forecasts. The 0-48 hour
forecasts at 3-hour intervals of relative humidity at 2m
(RH,,,) are verified against observations from the sur-
face stations (shown in Fig. 1). Figure 5 displays the sta-
tistics of RH,, forecast minus observations (F-O)
calculated over the period of study in terms of bias and
standard deviation. The RH,,, bias shows a strong diur-
nal cycle with very low values and close to zero during
daytime and positive values reaching up to 5% during
night time. The assimilation of GNSS ZTD has a posi-
tive impact on the bias up to 24-hour forecast range.
After 24-hour forecast range, the bias is similar for the
two experiments. These differences in bias are probably
not statistically significant above the 95% level. The
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standard deviation displays a neutral impact of the
assimilation of GNSS.

Another objective verification of the forecast skill is
given by Quantitative Precipitation Forecast (QPE)
scores derived from contingency tables. These scores are
computed over the rainy period for 24-hour forecast
accumulations (from 06 UTC on day 1 to 06 UTC on
day 2) and verified against rain gauge observations
issued from the meteorological surface stations shown in
Fig. 1. Figure 6 displays the Frequency Bias Index
(FBIAS), the Probability of Detection (POD), the False
Alarm Ratio (FAR) and the Equitable Threat Score
(ETS) for the following thresholds: 0.1, 1, 2, 8, 15, 20

and 25mm. The definition of these scores is available at
https://www.wmo.int/pages/prog/arep/wwrp/new/
jwgfvr.html.

The FBIAS gives information on the correctness of the pre-
cipitation forecast values; a perfect value is 1; a FBIAS greater
(smaller) than 1 indicates an overestimation (underestimation)
in the number of forecast events. The ETS measures the frac-
tion of observed events reproduced correctly, taking into
account random hit chance; the score 1 is assigned to a perfect
forecast. The POD evaluates the probability that an observed
event was forecast. The FAR evaluates the occurrence of fore-
cast events that were actually non-observed. Perfect values for
POD and FAR are 1 and 0 respectively.
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Both experiments CTRL and GNSS present a negative
bias (underestimation) for precipitation amounts above
1 mm. This bias is reduced by GNSS experiment for precipi-
tations amounts between 10mm and 20mm, whereas,
CTRL experiment is less biased for precipitation between
2mm and 10 mm. When examining the POD, we note that
GNSS experiment provides an improvement for precipita-
tion thresholds more than 15mm, below this threshold,
both experiments GNSS and CTRL are nearly identical.
The FAR displays that GNSS experiment reduces the false
detections for precipitation amounts larger than 20 mm.
For thresholds below 20 mm, the two experiments produce
very similar values except 15 mm for which GNSS slightly
degrades the FAR. Finally, the ETS highlights an improve-
ment for GNSS experiment for the highest thresholds
(>15mm). Elsewhere, the impact of GNSS assimilation is
rather neutral with a slight improvement for the lowest
thresholds (below 2 mm) and a slight degradation for 5 mm.

This neutral to negative impact for small-threshold pre-
cipitation accumulations was also found by former GNSS
ZTD impact studies (Vedel and Huang, 2004; Macpherson
et al., 2008).

5. Case study: 1 March 2018

On 1 March 2018, Morocco was under the influence of
an upper cold low pressure located South-West of the
British Isles (Fig. 7). The surface was also characterized
by a surface low pressure centered over the near Atlantic
of Portugal. This configuration generates a rapid south-
westerly flow transporting moist air mass from the
Atlantic Ocean to the Centre and Northern Atlantic
coastal regions of Morocco. This flow has undergone a
forcing along the Anti-Atlas mountains (shown in Fig. 1)
leading to the formation of convective clouds. Thus, oro-
graphic precipitation formed over the Souss-Massa region
(domain of interest displayed in Fig. 1). The daily accu-
mulated rainfall reached 91 mm in Amsekroud located in
the East of Agadir city. This amount is above the 90th
percentile climatological value of this region. Therefore,
this precipitation could be considered as heavy according
also to the knowledge of the local climate.

To show the spatial coverage of this studied rainy
event, the reflectivity from the radar of Agadir city is
shown in Fig. 8. At 06 UTC, the radar detects the pres-
ence of reflectivity cells on the northeastern of Agadir.
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Fig. 8.

Then the rain organised in the form of 3 bands, with a
large and the North of
Taroudant. The maximum intensity is reached around
07:00-08:00 UTC. The cells start dissipating after
12:00 UTC.

In order to assess the impact of the assimilation of
GNSS ZTD on the forecast of the 1 March 2018 rainy
event, the 24-hour accumulated precipitation of both
experiments CTRL and GNSS are compared over Souss-
Massa region. The comparison was performed against
quantitative precipitation estimation (QPE) from radar

intense one located on

derived amounts adjusted by rain gauges (Sahlaoui and
Mordane, 2019). The latter shows a large band of intense
precipitation on the North of Taroudant, reaching
100mm and a narrow band above the large band on the
North of Agadir (Fig. 9a). Even if the CTRL experiment
simulates the large band, the intensity is underestimated,
and does not have the correct orientation (Fig. 9b). The

Maximum of reflectivity from the Agadir radar in dBZ on 1 March 2018 at 07 UTC (a), 12 UTC (b).

assimilation of GNSS ZTD observations helps to better
locate this large band (Fig. 9c). Furthermore, the precipi-
tation amount is increased with maximum values reaching
80mm. The narrow band of precipitation is present in
the GNSS experiment, whereas, it is displaced to the
South by CTRL with underestimated
amounts. The GNSS experiment simulates a third cell
above the narrow band that is not captured by the radar
QPE. Since the radar coverage is limited to the North by
the presence of High-Atlas mountains it is therefore not
possible to know if such cell is realistic.

experiment

In order to investigate the reason of the positive
impact of GNSS ZTD assimilation on the forecast of the
1 March 2018 heavy rainfall event, the modification of
atmospheric humidity between CTRL and GNSS experi-
ments has been examined. Figure 10 displays the
Integrated Water Vapour (IWV) for the AROME-
Morocco forecast valid at 08 UTC, 1 March 2018 when



10 F. Z. HDIDOU ET AL.

(a) Radar QPE (a)___ Humidity and wind (CTRL)

WO\

= % 0) A A\\‘\\_
h\_x\\m\‘»

(b)

(c) Humidity difference and wind

(c) GNSS

| %
-30 -20-10 0 10 20 30

Fig. 11.  AROME-Morocco 8-hour forecast range valid at 08
UTC, 1 March 2018 for: 850 hPa relative humidity (in %) and
—‘:_ it wind vector from (a) CTRL experiment (b) GNSS experiment.
5 10 15 20 30 40 60 80 100 Panel (c) shows differences in the 850 hPa relative humidity valid
at 08 UTC, 1 March 2018 between CTRL and GNSS (GNSS-
CTRL), overlaid with the wind vectors of CTRL (black vectors)
and GNSS (red vectors) with a zoom on the area represented by
a square in panels (a) and (b).

Fig. 9. Twenty-four hours accumulated precipitation in mm
from 1 March 2018 06 UTC to 2 March 2018 06 UTC, over
Agadir radar coverage area for (a) radar QPE, (b) CTRL
experiment and (c) GNSS experiment.

(a) Integrated Water Vapour (CTRL) (b) Integrated Water Vapour (GNSS)

[ e — | —E_mm
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Fig. 10. AROME-Morocco 8-hour forecast range valid at 08 UTC, 1 March 2018 for: integrated water vapour (in mm) from (a)
CTRL experiment (b) GNSS experiment.
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the heavy rainfall system was the most active. IWV is
closely related to the ZTD as well as, it quantifies the
tropospheric moisture. Figure 10a and b shows that the
strong IWV cell located along the Atlantic coast North
of Agadir was spread further in GNSS experiment with
respect to CTRL. Furthermore, a cell of high values of
IWV is present in GNSS experiment above this region.

The 850hPa relative humidity with wind field for
CTRL and GNSS experiments, as well as differences
between these parameters for the two experiments are dis-
played for 08 UTC, 1 March 2018 in Fig. 11. This figure
shows that the 850 hPa relative humidity is increased up
to 30% over the Western part of the domain over the
Atlantic coast. In this region, the Westerly flow in CTRL
experiment has been strengthened and changed direction
to South-Westerly in GNSS experiment. This increase in
the wind speed allows more inland advection of moist air
from the Atlantic Ocean in GNSS experiment. Moreover,
the South-Westerly flow in GNSS experiment reaches
mountainous regions (Fig. 1), where it can acquire an
additional vertical velocity. The increase in tropospheric
moisture associated with the change in dynamics could
explain the precipitation increase in GNSS run compared
to CTRL run. This is consistent with the simulation of
the narrow band of precipitation by GNSS experiment,
in addition to the enhancement of the simulation of the
large band of heavy rainfall amounts.

6. Conclusions

In this study, the impact of GNSS ZTD observations
within the 3D-Var data assimilation system of the meso-
scale model AROME-Morocco (2.5km of horizontal
resolution) has been evaluated. The period of study cov-
ered 1-month from 20 February to 20 March 2018. The
GNSS ZTD data have been provided by the Moroccan
GNSS network together with IGS observations located
over the domain AROME-Morocco domain (17 stations).
The other observations assimilated into AROME-
Morocco are SYNOP, TEMP, SHIP, BUOY, AIREP
and AMSU data. First a single observation assimilation
experiment has shown that the assimilation of GNSS
ZTD data modifies the moisture field in the low to mid-
troposphere with a maximum correction around 900 hPa.
The scores computed for the 3-hour forecasts against
radiosonde measurements over the period of interest
reveal a reduction in terms of standard deviation errors
for specific humidity in the low and mid-troposphere
when GNSS ZTD are assimilated. A reduction in bias
errors over the 0-24hour forecast range is also noticed
on 2m relative humidity as verified against surface
observations.

Objective verification of precipitation accumulation
forecasts with rain gauge data over 1-month period gives
mixed results. Improvements are found for high precipita-
tion amounts when the GNSS ZTD observations are
assimilated, but, the impact is rather neutral to negative
for small threshold accumulations. The impact of the
GNSS ZTD assimilation on the 1 March 2018 rainy event
has been assessed. An improvement in both location and
intensity of the rain cells has been noticed when assimilat-
ing GNSS ZTD. This improvement has been explained
by an increase in IWV and more advection of moist air
in low levels.

This first assessment of the assimilation of GNSS ZTD
observations over Morocco has shown an overall positive
impact despite the limited number of GNSS stations from
the Moroccan network. These results are encouraging
and consistent with previously published impact studies
on GNSS ZTD observations. They show the interest in
extending the network of GNSS stations over Morocco.
It is suggested that more experiments should be con-
ducted to investigate the impact of assimilating GNSS
observations for different weather types and for other
seasons, in order to confirm the soundness of our conclu-
sions. Regarding the bias correction, the static scheme
used in this study could be replaced by an adaptive
scheme, which automatically calculates the bias as a func-
tion of specific predictors (Sdanchez-Arriola et al., 2016;
Lindskog et al., 2017). Another area currently under
study concerns an improved exploitation of other GNSS
observations. Indeed, besides ZTD, slant delays and hori-
zontal gradients can provide additional information on
the three dimensional water vapour field.
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