Response to Reviewer 1

We thank Reviewer 1 for the many insightful comments and suggestions. Below is our point-by-point
responses to the provided comments. A marked-up version of the revised manuscript is also appended.

Reviewer Summary: The manuscript presents a case study of mesoscale simulation of a severe cold-season
rainstorm in eastern Arabia, where orography and small-scale variability are important factors, compared
to ground-based and satellite data. | found it to be well written with a good review of relevant literature,
and to make a useful contribution to a societally important concern.

Comment 1 (C1): My main comment is that since the standalone WRF also had the NOAH-MP land model,
it is not clear to me why soil moisture feedback would improve precipitation simulations with WRF-Hydro
but not standalone WRF. The difference between the two model configurations and its relevance to the
simulation performance should be discussed in more detail.

Author’s response to C1: We agree with the Reviewer on the need to better highlight the difference
between the two model configurations and its relevance to the simulation performance.

The existing Noah-MP land surface model in standalone WRF considers single vertical columns (one-
dimensional) of terrain properties at each overland grid cell (Niu et al. 2011, Ek et al. 2003). It fails to
account for horizontal interactions between adjacent grid cells to calculate soil moisture, temperature
profiles, runoff, and water and energy fluxes at the land surface. Therefore, the runoff-infiltration
partitioning in the standalone WRF simulation is described as a purely isolated vertical process with no
intake from (or discharge to) neighboring grid cells, as dictated by topography. On the other hand, the
WRF-Hydro model utilizes the Noah-MP land surface model 1-D representations and attempts to improve
the simulation of terrestrial hydrologic processes at high spatial and temporal resolutions by including
lateral redistribution of overland and saturated subsurface flows for runoff prediction (Gochis et al. 2013)
—see Fig. 1. More importantly for this study, WRF-Hydro is run in coupled mode with WRF to permit the
feedback of land surface fluxes of energy and moisture to the atmosphere, which impacts the simulated
precipitation fields (Arnault et al. 2016, Larsen et al. 2016, Senatore et al. 2015, Koster et al. 2004). Hence,
the coupled WRF/WRF-Hydro configuration differs from the standalone WRF configuration by its (i) lateral
distribution of surface runoff and (ii) feedback of surface fluxes to the atmosphere.

The more physically-realistic conceptualization of terrestrial hydrologic processes in WRF-Hydro
compared to the simple vertical column models used in Noah-MP in standalone WRF, along with the
coupled land-atmosphere closure of the water and energy balance at each time step (15 minutes for our
study), is expected to improve the accuracy of precipitation fields simulated in coupled mode.

Figure 1. Overland flow routing schematic from Gochis et al. (2013)



To diagnose the processes controlling the improved precipitation fields from the coupled model, we
conduct two additional analyses: (1) verification of soil moisture propagation due to lateral flow from
WRF-Hydro, and (2) comparison of simulated surface energy balance (SEB) and planetary boundary
layer (PBL) heights at the four stations considered in the study.

(1) Soil Moisture Propagation with Lateral Flow

For a specific area, an individual sensor dedicated to soil moisture measurement fails to capture any
change during a short time span in the order of days. The Soil Moisture Operational Products System
(SMOPS), provided by the National Oceanic and Atmospheric Administration (NOAA), merges soil
moisture retrievals from multi-satellites/sensors to generate a global product at higher spatial and
temporal coverage (Liu et al. 2016). Relevant to the current study period, SMOPS now incorporates near-
real time SMAP data and includes soil moisture retrievals from the GPM Microwave Imager (GMI). The 6-
hourly product mapped at 0.25° x 0.25° spatial resolution is used here to assess the accuracy of the
simulated soil moisture.

A comparison of soil moisture evolution at the upstream and downstream of a wadi within the study
domain is expected to verify whether soil moisture transport occurs over the storm timescale. A wadi
within the coverage of the Saih Al Salem station (24 49 39 N, 55 18 43 E) was selected to conduct this test.
Fig. 2 shows the time series of simulated soil moisture from WRF/WRF-Hydro at two locations upstream
and downstream of the wadi. SMOPS retrievals are overlaid as data points, along with the hyetograph
recorded at the corresponding Saih Al Salem station at the top. Given the short distance (less than 1km)
separating the two locations, a lag time of less than 1 hour is observed between the two soil moisture
patterns. The first rain of approximately 22 mm at 22 Z 08/03/16 triggers an immediate increase in soil
moisture from 0.18 to 0.25 m3/m3. The subsequent rainfall then elevates the moisture further to around
0.34 m3*/m3, with a slight increase in the peak of downstream soil moisture compared to that of the
upstream. However, at 18Z 09/03/16 the downstream soil moisture rises again to a sustained peak at
around 0.32 m3/m3, while the upstream soil moisture continues to dissipate through infiltration and
evaporation. In the absence of additional rainfall, this sustained peak in downstream soil moisture is the
result of lateral surface flow from the upstream which is resolved by WRF-Hydro and fed back to the soil
moisture fields. Despite the SMOPS data gaps during the event, the merged retrievals consistently
increase during the event with reasonable accuracy compared to the simulated soil moisture fields.
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Figure 2. Time series of simulated soil moisture from WRF/WRF-Hydro at the wadi upstream and downstream
locations, along with collocated SMOPS retrievals. Hyetograph recorded at the Saih Al Salem station is shown on
top.

(2) SEB Analysis:

Following the methodology used by Niu et al. (2011) to evaluate the performance of the Noah-MP
hydrological processes at the local scale, the surface energy balance is investigated as follows:

SWnet + LWnet + (Qh + Qe + Qg) £+ RES = 0

, Where the net shortwave (SW net) and longwave radiation (LW net) are given as the sum of the positive
(outward) component and the negative (downward) components. The Qs, Ql, Qg and RES terms represent
the sensible, latent, ground, and residual heat fluxes of the energy balance, respectively. The residual
term arises from processes not applicable to the study domain, including energy consumed by snowmelt
and rain freezing at the surface.

The Bowen ratio (B), initially proposed by Bowen (1926), describes the contributions of latent (Ql) versus
sensible heat (Qs) to net radiation and can be expressed as:

_0s
"

The physical significance of the Bowen ratio is that it gives an indication of the relative partitioning of
net radiation in a region.

B

Fig. 3 shows the SEB time series and the time-average Bowen ratio for each of the four stations: Abu
Dhabi, Al Ain, Jabal Hafeet, and Jabal Mebreh.
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Figure 3. Surface energy budget time series from WRF and WRF/WRF-Hydro simulations at each of the four

stations and their corresponding Bowen ratios (B).
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The major differences between the SEB from both model configurations are shown midway through the
simulation period between 06 and 18 Z. The coupled WRF/WRF-Hydro simulation shows higher (and
lower) latent (and sensible) heat fluxes, as well as slightly higher net shortwave radiation, compared to
the standalone WRF simulation. The coupled model is also associated with lower Bowen ratios compared
to standalone WRF. The results are in line with the soil moisture-rainfall feedback mechanisms explained
by Eltahir (1998). An increase in water content of the top soil layer decreases both the surface albedo and
the Bowen ratio. A lower surface albedo dictates more absorbance of net radiation, while lower Bowen
ratios are a result of higher water vapor content in the boundary layer and more downwards flux of
terrestrial radiation at the surface due to the water vapor greenhouse effect. This dual effect amounts to
a larger total flux of heat from the surface into the boundary layer.

Furthermore, the cooling of surface temperature accompanied by the moisture should be associated with
a reduced sensible heat flux and a smaller PBL height. Fig. 4 shows the PBL heights from both simulations
with larger collapses resolved from the coupled model. According to Seidel et al. (2010), PBL heights can
be inferred from radiosonde data (Fig. 2 in manuscript), particularly based on methods determining
maximum or minimum vertical gradients of relative humidity or specific humidity. Such methods vyield
better agreement compared to those relying on locations of elevated temperature inversions or mixing
height. Hence, using the Abu Dhabi radiosonde profile (Fig. 2 in manuscript), and based on the gradient
approach, the PBL height can be estimated to be in the range of 90 — 200 m at 12 Z, which is closer to that
simulated from the coupled WRF/WRF-Hydro (190 m) compared to standalone WRF (750 m).

The timings of the reduced PBL heights in Fig. 4 coincide with those of the SEB discrepancies in Fig. 3
between 06 Z and 18 Z, which corroborates the chain of events diagnosed thus far. According to Zheng
and Eltahir (1998), the increase of the boundary layer moist static energy is expected to result in additional
rainfall from the increase of local convection.
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Figure 4. Planetary Boundary Layer (PBL) heights from WRF and WRF/WRF-Hydro simulations at each of the four
stations



Author’s Changes in Manuscript:

- 1.32-1.35: Additions to abstract

- 6.32to 7.13: Statements added

- New sections 4.2.2 and 4.2.3 are added on Pages 14 and 15, respectively

- With their consent, two co-authors (Xiwu Zhan and Jicheng Liu) were added for providing the NOAA
SMOPS data and advising on its use for this revision

- Figure 12 and 13 added to manuscript

Minor and technical comments:

Abstract: Use the degree sign instead of "o"
All degree symbols are corrected.

2.7: rain gauges - rain gauge
2.12: Corrected

3.32 And title: hyper arid: hyphenated or one word
All hyper-arid usages are now hyphenated.

4.9: rephrase to “The UAE (22to 27N)...”
4.23: rephrased

4.22: rephrase to “receives more rainfall compared to the country’s 100 mm annual average”
5.5: rephrased

5.28: clarify to what “Such frequencies” refers — L band?
6.13: Frequency range of 6.93 — 89 GHz is now specified

7.22: “wadis” lowercase
8.15: corrected

8.30: does “analysed products” refer to ones interpolating station observations, or those from satellite
retrievals or climate models?

9.20: We are referring to the remote sensing products (satellite retrievals and merged products). This is
now explicitly stated.

9.10: boarder = border
9.25: corrected

13.12: 1 am not certain that WRF-Hydro includes lateral flow processes that would transport soil moisture.
Please verify and give more details. Whether this transport happens in reality over the storm timescale
would also need to be verified, which fits in with the authors’ call for a soil moisture measurement
network.



In our response to C1 and the additional section 4.2.2 on Page 14, we explain that indeed soil moisture
propagation is impacted by the lateral flow processes resolved by WRF-Hydro.

Table 2 and 4: Specify whether the GPM and model averages are collocated with the stations.
The statistical measures in Table 2 and 4 are obtained from collocated sites between the datasets. Both
table captions are now revised accordingly.

Table 3: Specify the time interval and number of data points used for the comparison between products.
Time intervals and sample sizes (n) are now specified in the captions of both Tables 3 and 5.

Author’s References

Arnault, J., et al. 2016. Role of runoff-infiltration partitioning and resolved overland flow on land—
atmosphere feedbacks: A case study with the WRF-Hydro coupled modeling system for west
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Response to Reviewer 2

We thank Reviewer 2 for his/her insightful comments and suggestions. Below is our point-by-point
responses to the provided comments. A marked-up version of the revised manuscript is also appended.

Reviewer Summary: This manuscript presents an assessment of modelled rainfall patterns and amounts
for an extreme rainfall event in UAE derived from two modelling systems, namely, the standalone WRF
and the coupled WRF/Hydro system. The evaluation of model results is based on a comparison with
weather stations’ data (i.e. gauge rainfall data, temperature, radiation) and satellite products (i.e. the
Global Precipitation Measurement (GPM) rainfall, the MODIS cloud fraction, and ASMR2 soil moisture). In
the manuscript, analysed variables are limited to these hydrometeorological variables, i.e. precipitation,
cloud cover, global radiation, air temperature, and soil moisture. Statistical output of the evaluation shows
that the coupled WRF/Hydro is better than the standalone WRF. However, no further effort is made to
diagnose the processes and mechanisms controlling the water cycle that can be better captured by the
coupled WRF/Hydro system than the standalone WRF. Thus | recommend that revision should be made
for the following key points:

In line with the reviewer’s suggestion, we have carried out two additional analyses to diagnose the
processes and mechanisms controlling the improved precipitation fields in the coupled model. First, we
analyze the impact of lateral flow on the propagation of soil moisture captured by WRF-Hydro during the
event. Second, we compare the simulated surface energy balance (SEB) and planetary boundary layer
(PBL) heights at the four stations considered in the study. The outcomes of the additional analysis
corroborate our initial findings and demonstrate how soil moisture and atmospheric water vapor alter the
distribution of fluxes and affect the PBL height. We added new figures and the supporting analyses
(included in our following responses).

Comment 1 (C1): Literature review of the manuscript stated that numerous studies in the past have
already shown the advantages of the coupled WRF/Hydro over the standalone WRF. If this study is a same
kind but just a case study for another geographical location, what would be its unique contributions to
knowledge?

Author’s response to C1: Hydrological processes in hyper-arid regions are different from those in mid
latitude regions. In desert regions, high soil porosity and hydraulic conductivity of the prevailing sandy soil
implies rapid infiltration and runoff drainage. This suggests that the impact on latent heat and, therefore,
on the surface radiation budget would be minimal. This study, with the additional analyses during the
revision, demonstrates that even in desert regions the surface feedback to the atmosphere is still
considerable and important to account for. We state on Page 4, Line 11 that “such coupling has never
been assessed in hyper-arid environments like the one observed in the UAE, where hydrological and
atmospheric processes are specific and different from other study domains where similar coupling was
evaluated”.

We explain that the gentle topography in the study area, with a slope favoring water drainage from the
east to the west, does not drain water rapidly. Furthermore, precipitation largely contributes to soil
physical crust formation in desert environments as shown by Fang et al. (2007). Precipitation compacts
fine particulate and fills the porosities of the top soil layer, forming a hard shell. Dust is also washed out
of the atmosphere by precipitation over desert environments which increases amounts of finer particulate
at the surface layer to further accelerate crust formation process. This translates to less vertical infiltration



and more lateral flow processes. These mechanisms are specific to arid regions and corroborate the
importance of accounting for lateral flow and surface feedback in the coupled WRF/WRF-Hydro model to
correctly capture the atmospheric and hydrological process.

In their Global Land Atmosphere Coupling Experiment (GLACE), Koster et al. (2004) identified regional hot
spots for coupling strengths, including moderate coupling strengths over the Arabian Peninsula. A follow-
on study from Seneviratne et al. (2006) followed the same methodology as GLACE, but with higher
resolution model runs, found high coupling strengths over Europe which were not previously reported by
GLACE. Consequently, the present study represents the first local assessment of coupling over the UAE
for short-term (48 hours) and high-resolution (100-meter) prediction of an extreme event, and quantifies
the added value of coupling for the accuracy of precipitation forecasts.

Author’s Changes in manuscript: Additions on Page 3, Lines 33 — Page 4, Line 7.

Comment 2 (C2): As claimed in the manuscript, the main objective of the study is to investigate the added
value of coupled land surface-atmospheric modeling (WRF-Hydro) over the hyper-arid environment of the
UAE. In fact, the coupled WRF-Hydro system captures the dynamics of the water and energy cycles, linking
the upper atmosphere to the unsaturated and saturated zones on the land surface. In order to take the
full advantage of the WRF-Hydro system, diagnoses of the feedback processes/mechanisms controlling
the regional scale water cycle (e.g. runoff, penetration, evaporative fraction, water vapour flux) should be
conducted. Such diagnoses may lead to valuable generic outcome that could benefit the research
community. In fact, the discussion in the manuscript has cited many publications for such
processes/mechanisms for the purpose of interpreting the modelled output, but none of these has been
further diagnosed in this study. It is strongly recommended that these diagnoses should be explored.

Author’s response to C2: We fully agree with the reviewer on the need to diagnose the mentioned
processes in more depth. The scarcity of in situ data for runoff and flux measurements is a major challenge
in the study region (Ghebreyesus et al. 2016, Wehbe et al. 2017). Nevertheless, we have carried out
additional analyses based on the comparison of simulated surface energy balance (SEB) and planetary
boundary layer (PBL) heights between the two models at the four stations considered in the study.

Following the methodology used by Niu et al. (2011) to evaluate the performance of the Noah-MP
hydrological processes at the local scale, the surface energy balance is investigated as follows:

SWnet + LWnet + (Qh + Qe + Qg) + RES = 0

, Where the net shortwave (SW net) and longwave radiation (LW net) are given as the sum of the positive
(outward) component and the negative (downward) components. The Qs, Ql, Qg and RES terms represent
the sensible, latent, ground, and residual heat fluxes of the energy balance, respectively. The residual
term arises from processes not applicable to the study domain, including energy consumed by snowmelt
and rain freezing at the surface.

The Bowen ratio (B), initially proposed by Bowen (1926), gives an indication of the relative partitioning
of net radiation in a region and can be expressed as:

_ O
P

Fig. 1 shows the SEB time series and the time-averaged Bowen ratio at each of the four studied stations.



WRF
0 | SW net—Q
|Abu Dhabi |~ oYV et S

600 AR NI Wnet Qg

500 | —Ql RES
4

E

S

>

3

T

4

E

S

>

3

T

700 +— '

/ "+ Jabal Hafeet B=0.77

O '

S .

S I

>

3

T

Figure 1. Surface energy budget time series from WRF and WRF/WRF-Hydro simulations at each of the four

stations and their corresponding Bowen ratios (B).
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The major differences between the SEB from both model configurations are shown midway through the
simulation period between 06 and 18 Z. The coupled WRF/WRF-Hydro simulation shows higher (and
lower) latent (and sensible) heat fluxes, as well as slightly higher net shortwave radiation, compared to
the standalone WRF simulation. The coupled model is also associated with lower Bowen ratios compared
to standalone WRF. The results are in line with the soil moisture-rainfall feedback mechanisms explained
by Eltahir (1998). An increase in water content of the top soil layer decreases both the surface albedo and
the Bowen ratio. A lower surface albedo dictates more absorbance of net radiation, while lower Bowen
ratios are a result of higher water vapor content in the boundary layer and more downwards flux of
terrestrial radiation at the surface due to the water vapor greenhouse effect. This dual effect amounts to
a larger total flux of heat from the surface into the boundary layer.

Furthermore, the cooling of surface temperature accompanied by the moisture should be associated with
a reduced sensible heat flux and a smaller PBL height. Fig. 2 shows the PBL heights from both simulations
with larger collapses resolved from the coupled model. According to Seidel et al. (2010), PBL heights can
be inferred from radiosonde data (Fig. 2 in manuscript), particularly based on methods determining
maximum or minimum vertical gradients of relative humidity or specific humidity. Such methods vyield
better agreement compared to those relying on locations of elevated temperature inversions or mixing
height. Hence, using the Abu Dhabi radiosonde profile (Fig. 2 in manuscript), and based on the gradient
approach, the PBL height can be estimated to be in the range of 90 — 200 m at 12 Z, which is closer to that
simulated from the coupled WRF/WRF-Hydro (190 m) compared to standalone WRF (750 m).

The timings of the reduced PBL heights in Fig. 2 coincide with those of the SEB discrepancies in Fig. 1
between 06 Z and 18 Z, which corroborates the occurrence of the chain of events considered thus far.
According to Zheng and Eltahir (1998), the increase of the boundary layer moist static energy is expected
to result in additional rainfall from the increase of local convection.
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Figure 2. Planetary Boundary Layer (PBL) heights from WRF and WRF/WRF-Hydro simulations at each of the four
stations



Author’s Changes in manuscript:
- Statements added on Page 6, Line 32 — Page 7, Line 13
- New section 4.2.3 and statements added on Page 15, Lines 6 — 17
- Figure 13 added to manuscript (Page 39)

Comment 3 (C3): Several speculative arguments (e.g. lines 31-33 of p.10 about the processes linking
rainfall to soil moisture and to 2m air temperature, lines 5-6 of p.11 about the effect of soil moisture on
surface emissivity/temperature, lines 11-15 of p. 12 about resolved scale vs subgrid scale cumulus, lines
13-15 of p.12 about underestimation of cloud by MODIS, and lines 19-20 of p. 12 about spin-up time) may
be further analyzed in order to show in-depth processes.

Author’s response to C3: Following Comment 2, we thank the reviewer and fully agree on the need for
further analyses of in-depth processes, particularly the hydrological processes. In the below, we pursue
the verification of soil moisture propagation due to lateral flow resolved by WRF-Hydro.

For a specific area, an individual sensor dedicated to soil moisture measurement fails to capture any
change during a short time span in the order of days. The Soil Moisture Operational Products System
(SMOPS), provided by the National Oceanic and Atmospheric Administration (NOAA), merges soil
moisture retrievals from multi-satellites/sensors to generate a global product at higher spatial and
temporal coverage (Liu et al. 2016). Relevant to the current study period, SMOPS now incorporates near-
real time SMAP data and includes soil moisture retrievals from the GPM Microwave Imager (GMI). The 6-
hourly product mapped at 0.25° x 0.25° spatial resolution is used here to assess the accuracy of the
simulated soil moisture.

A comparison of soil moisture evolution at the upstream and downstream of a wadi within the study
domain is expected to verify whether soil moisture transport occurs over the storm timescale. A wadi
within the coverage of the Saih Al Salem station (24 49 39 N, 55 18 43 E) was selected to conduct this test.
Fig. 3 shows the time series of simulated soil moisture from WRF/WRF-Hydro at two locations upstream
and downstream of the wadi. SMOPS retrievals are overlaid as data points, along with the hyetograph
recorded at the corresponding Saih Al Salem station at the top. Given the short distance (less than 1km)
separating the two locations, a lag time of less than 1 hour is observed between the two soil moisture
patterns. The first rain of approximately 22 mm at 22 Z 08/03/16 triggers an immediate increase in soil
moisture from 0.18 to 0.25 m3*/m3. The subsequent rainfall then elevates the moisture further to around
0.34 m3*/m3, with a slight increase in the peak of downstream soil moisture compared to that of the
upstream. However, at 18Z 09/03/16 the downstream soil moisture rises again to a sustained peak at
around 0.32 m3/m3, while the upstream soil moisture continues to dissipate through infiltration and
evaporation. In the absence of additional rainfall, this sustained peak in downstream soil moisture is the
result of lateral surface flow from the upstream which is resolved by WRF-Hydro and fed back to the soil
moisture fields. Despite the SMOPS data gaps during the event, the merged retrievals consistently
increase during the event with reasonable accuracy compared to the simulated soil moisture fields.
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Figure 3. Time series of simulated soil moisture from WRF/WRF-Hydro at the wadi upstream and downstream
locations, along with collocated SMOPS retrievals. Hyetograph recorded at the Saih Al Salem station is shown on
top.

Author’s Changes in manuscript:
- Additions to abstract on Page 1, Lines 32 — 35.
- New section 4.2.2 added on Page 14, Lines 12 — 34
- Figure 12 added to manuscript (Page 38)
- With their consent, two co-authors (Xiwu Zhan and Jicheng Liu) were added for providing the

NOAA SMOPS data and advising on its use for this revision

Comment 4 (C4): Figure 3 (c) & (d) and Figure 10’s soil moisture plots from WRF all have shown weird
stripe structure of modelled accumulated rainfall and soil moisture, respectively. This adds doubts to
model settings or post-processing and must be investigated thoroughly and the reasons should be fully
explained. Once the errors are identified, all analyses should be re-done and all results should be updated.

Author’s response to C4: We thank the reviewer for capturing this anomaly in the mentioned figures. We
revisited the raw WRF output files and found the problem arising from the post-processing, particularly
the interpolation fields. The Gaussian-weighted interpolation routine was initially used during the post-
processing. We have repeated the post-processing for both figures using the Cressman-weighted
interpolation, which conducts successive corrections using a decreasing radius of influence. This method
required more computational time, but the results retained more of the mesoscale structure. New figures
are added in the revised manuscript.
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Abstract. This study investigates an extreme weather event that impacted the United Arab Emirates (UAE) in March 2016
using the Weather Research and Forecasting (WRF) model version 3.7.1 coupled with its hydrological modeling extension
package (Hydro). Six-hourly forecasted forcing records at 0.5°e spatial resolution, obtained from the NCEP Global Forecast
System (GFS), are used to drive the three nested downscaling domains of both standalone WRF and coupled WRF/WRF-
Hydro configurations for the recent flood-triggering storm. Ground and satellite observations over the UAE are employed to
validate the model results. The model performance was assessed using pPrecipitation_from GPM (30-minute, 0.1° product),
soil moisture_from AMSR2 (daily, 0.1° product) and NOAA SMOPS global product (6-hourly, 0.25° product), and cloud
re MODIS (daily, 5 km product);
Fespeenyelry—acr&used—teasses%ﬂedel—ea%pu{ The Pearson correlation coefficient (PCC), relative bias (rBIAS) and root-

mean-square error (RMSE) are used as performance measures. Results show reductions of 24% and 13% in RMSE and rBIAS

fraction retrievals from-G

measures, respectively, in precipitation forecasts from the coupled WRF/WRF-Hydro model configuration, when compared
to standalone WRF. The coupled system also shows improvements in global radiation forecasts, with reductions of 45% and
12% for RMSE and rBIAS, respectively. Moreover, WRF-Hydro was able to simulate the spatial distribution of soil moisture
reasonably well across the study domain when compared to AMSR2 satellite-soil moisture estimates, despite a noticeable

dry/wet bias in areas where soil moisture is high/low. Temporal and spatial variability of simulated soil moisture compare well

to estimates from the NOAA SMOPS product, which indicates the model capability to simulate surface drainage. Finally, the

coupled model showed a shallower PBL compared to the standalone WRF simulation, which is attributed to the effect of soil

moisture feedback. The demonstrated improvement, at the local scale, implies that WRF-Hydro coupling may enhance

hydrological and meteorological forecasts in hyper-arid environments.
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1 Introduction

Changes in rainfall patterns directly impact hydrological processes overall and particularly the timing and magnitude of floods.
In order to produce reliable flash flood warnings, accurate predictions of precipitation timings and amounts, along with its
impact on resulting runoff, are needed. However, discrepancies are largely reported when forecasting precipitation using
numerical weather prediction (NWP) models. The inaccurate predictions are then magnified in flood forecasts when simulated
rainfall is used to drive a hydrological model (Wang and Seaman, 1997;Nielsen-Gammon et al., 2005;Yousef and Ouarda,
2015). Standard hydrological models are often driven by precipitation products inferred from radar, rain gauge, and remote
sensing observations or a combination of them. The lack of dense radar and rain gauges networks in areas like the Arabian
Peninsula makes the reliance on precipitation remote sensing more attractive. However, such products come with coarse spatial
resolution and fail to capture rainfall structures forced by mesoscale orography and land surface interactions, which are
prevalent across the Arabian Peninsula, including the UAE (Mandoos, 2006). A number of studies reported higher inaccuracies
of precipitation products in arid regions (Fekete et al., 2004;Milewski et al., 2015;Wehbe et al., 2017;Wehbe et al., 2018),
which suggests the interest in enhancing mesoscale modeling of weather processes in such regions to generate reliable
precipitation products and therefore accurate prediction of extreme hydrometeorological events. The Weather Research and
Forecasting (WRF) model is a mesoscale NWP system created for the dual purpose of assisting with the needs of operational
forecasting and facilitating atmospheric research. WRF is designed to be a next-generation mesoscale forecast model and data
assimilation system, for the purpose of advancing the understanding and prediction of mesoscale weather and accelerating the
transfer of research advances into operations (Skamarock et al., 2005). Powers et al. (2017) give a detailed overview of the
initial phases of the WRF project.

A limited number of studies utilizing the WRF model focused on areas in the Middle East region. Awad et al. (2007) summarize
the achievements of the UAE Air Force and Air Defense in the use of the WRF model, where a local operational suite was
developed for predicting weather numerically over the Middle East region generally, and the Arabian Peninsula and UAE
areas specifically. Recently, Chaouch et al. (2017) studied the consistency of WRF simulations with seven different planetary
boundary layer (PBL) schemes and showed that better performance is obtained with the Quasi-Normal Scale Elimination
(QNSE-EDMF) scheme while the remaining schemes showed comparable performance. El Afandi et al. (2013) simulated
heavy rainfall events in the Sinai Peninsula using WRF, for the purpose of exploring how early warnings could be issued for
flash flood risk mitigation. They found WRF simulations of a flash flood event on January 18, 2010 consistent with
measurements recorded at rainfall gauges for different parts of the Peninsula with RMSE values below 5%.

The enhanced WRF Hydrological modeling extension package (WRF-Hydro) has shown improvement in prediction
capabilities of hydrometeorological forecasts using numerical prediction tools when tested over other regions with climate
conditions different from those observed in the Middle East (Parodi et al., 2013). It has been used for flash flood prediction,
land-atmosphere coupling studies, regional hydroclimate impacts assessment, and seasonal forecasting of water resources

(Gochis et al., 2013b). Flash flood predictions using the WRF-Hydro model have been applied across the United States (Unal,
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2015;Gochis et al., 2015;Read, 2015) and various parts of the world. Fiori et al. (2014) analysed a convective system
responsible for an extreme flash flood event that occurred in Genoa, Italy on November 4, 2011, using WRF coupled with
WRF-Hydro. The study outlined the effectiveness of the model in predicting quantitative precipitation, for the purpose of flash
flood forecasting. Streamflow forecasting from the fully coupled WRF-Hydro modeling system was evaluated through
comparisons with both observations and uncoupled hydrological model results. The results of the study highlighted the need
to consider multiple factors and sources of error for the prediction of hydrometeorological events, and presented optimal
configurations of WRF-Hydro for future extreme flash flood events in the Mediterranean region. A study conducted for the
western Black Sea region of northern Turkey by Yucel et al. (2015) also analysed the potential of the WRF-Hydro modeling
system for flash flood predictions. The study explored the potential of improving runoff and streamflow simulations through
the application of data assimilation for precipitation prediction in NWPs. The involved analyses concentrated on assessing the
capabilities of the WRF and WRF-Hydro models in forecasting the responses of floods for the vast range of hydrological
settings associated with 10 different events that occurred in the study area. Precipitation inputs for the forcing of the WRF-
Hydro model were derived from the WRF model and the EUMETSAT Multi-sensor Precipitation Estimates (MPES). The use
of a data assimilation scheme with the WRF model provided significant improvements in simulations of streamflow, while the
MPE product led to less accurate streamflow simulations. The optimum results in error reduction were obtained when both
WRF model data assimilation and hydrological model calibration were employed.

In a recent study, Givati et al. (2016) calibrated and evaluated the coupled WRF/WRF-Hydro modeling system with the
standalone WRF model for flood forecasting of Wadi Musrara, Israel, for two major winter storm events in January and
December 2013. Higher correlations (0.89 and 0.85) with the station observations were recorded by the coupled WRF-Hydro
model than those of the standalone WRF model (0.85 and 0.80) for both events. Lower RMSE values were also obtained by
the coupling (12.2 and 24 compared to 16 and 30). The findings of the study showed that the coupled WRF/WRF-Hydro
modeling system resulted in improved precipitation and hydrological simulations when compared with the results of the
standalone WRF simulations. Therefore, the authors proposed the employment of atmospheric-hydrological coupling due to
its potential to produce improved precipitation predictions, which translates to better hydrological forecasts for early flood
hazard mitigation. The application of WRF-Hydro for flood forecasting in arid environments has also been has also been
explored by Silver et al. (2017). They simulated six storm events over seven basins in arid and semi-arid regions of Israel and
Jordan using WRF-Hydro, while ingesting field-based soil characterization data into the land surface model initialization.
Nash—Sutcliffe efficiency coefficient (NSE) values of up to 0.415 were recorded between the observed streamflow records and

WRF-Hydro simulated streamflow. In desert regions, high soil porosity and hydraulic conductivity of the prevailing sandy soil

implies rapid infiltration and runoff drainage. This suggests that the impact on latent heat and, therefore, on the surface

radiation budget would be minimal. Alternatively, precipitation largely contributes to soil physical crust formation in desert

environments (Fang et al., 2007). Precipitation compacts fine particulate and fills the porosities of the top soil layer, forming

a hard shell. Dust is also washed out of the atmosphere by precipitation over desert environments which increases amounts of

finer particulate at the surface layer to further accelerate crust formation process. This translates to less vertical infiltration and
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more lateral flow processes. These mechanisms are specific to arid regions and corroborate the importance of accounting for

lateral flow and surface feedback in the coupled WRF/WRF-Hydro model to correctly capture the atmospheric and

hydrological process.

The present study expands the ongoing research addressing the prediction of extreme hydrometeorological events in arid
regions and investigates the potential of coupling atmospheric and hydrological processes in short-term prediction. There is
interest in determining the potential improvement in the simulation that the online coupling of atmospheric and hydrological
could bring in the case of an extreme hydrometeorological event. To our knowledge, such coupling has never been assessed
in hyper-arid environments like the one observed in the UAE where hydrological and atmospheric processes are specific and
different from other study domains where similar coupling was evaluated. We focus in this study on an extreme
hydrometeorological event recorded on March 9, 2016 over the UAE. The standalone WRF and fully coupled WRF/WRF-
Hydro simulations are assessed against (i) weather station surface observations of rainfall, 2-meter surface temperature, and
global radiation and (ii) satellite remote sensing retrievals of GPM rainfall, AMSR2 soil moisture, and MODIS/Terra cloud
fraction. In the absence of ground-based streamflow gauges in the study domain, satellite data were valuable to understand the

dynamics of the event and changes in precipitation and soil moisture distributions.

2 Study Domain and Datasets
2.1 Case Study

This study consists of three nested domains (see Fig. 1), with the parent domain covering the Arabian Peninsula, Iran, Irag,
Afghanistan, and parts of Pakistan, Syria, and Ethiopia (9° to 37 °N and 39° to 70 °E), thus capturing a broad range of weather
systems. The UAE_(22° to 27° N) is part of the arid climatic regime of the Arabian Peninsula{22°te-27°-N}, characterized by
high temperatures and dry environment during summers and mild wet winters. The region is located in two distinct climate
zones: subtropical north of 20°N and the tropical/monsoonal southern part (AlSarmi and Washington, 2011;Almazroui et al.,
2012). Winter and early spring occur from January to April. During this period the region is affected by the Siberian High
pressure with cold air mass and the Red Sea trough (RST) in the northern and southern parts of the Peninsula, respectively
(Tsvieli and Zangvil, 2007). The summer season extends from June to August and is greatly impacted by the Indian Monsoon
depression. The Monsoon is associated with the Low-Level Jet (LLJ) affecting the southern part of the Peninsula
(Sathiyamoorthy et al., 2013). The Tropic of Cancer, located under the descending limb of the Hadley Cell, leads to the region
being dominated by subtropical anticyclones, associated with air subsidence, stable conditions, and high pressure (Mandoos,
2006).

Fig. 1 also shows the high resolution (100-meter) WRF-Hydro terrain model domain over the UAE, along with the associated
topography map derived from the 30-meter resolution Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) digital elevation model (DEM) (Toutin, 2008). The Al Hajar Mountains, located along the Gulf and Oman coasts,

foster local convergence zones that trigger small-scale convection initiation (Chaouch et al., 2017). Consequently, the
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northeastern part of the UAE receives more rainfall mest-of-thecompared to the country’s 100 mm_annual average-annual
rainfall (Ghebreyesus et al., 2016a, b;Ouarda et al., 2014;Wehbe et al., 2017). The inland city of Al Ain is of close proximity
to the Al Hajar Mountains on the southerly downside, designating it as a susceptible area to flash floods triggered by
accumulated upstream runoff from the northern highlands. Farming and agriculture is concentrated in this area to benefit from
the oasis effects of high rainfall rates and fresh groundwater, compared to other parts of the country.

On March 9, 2016, a low pressure system passing from the UAE and Oman to southeastern Iran produced thunderstorms,
fierce winds, large hail, and severe flooding. According to the UAE National Center of Meteorology (NCM), over 240 mm of
rain was recorded in Dubai while winds of up to 126 km/h battered the capital (Adonai, 2016). The movement of an Active
Red Sea Trough, associated with hot and dry weather resulting from east-southeasterly flows in the lower troposphere, and
accompanied by a cold upper-tropospheric trough extending from the north, resulted in unstable stratification. Such
stratification resulted in the development of a mesoscale convective system. The accumulation of clouds over the Western side
of the UAE developed and gradually moved towards the coastal areas. The influence of the south-easterly moist air contributed
to the evolution of the clouds, so that their vertical extent exceeded 5 km, according to radiosondes retrieved by the NCM at
Abu Dhabi Airport. The resulting skew-T profiles are shown in Fig. 2 for 09/03/2016 at 00Z (a) and 12Z (b). The temperature
inversions in the surface layer (80 — 761 m) depicted in Fig. 2a indicate the onset of the event with convective available
potential energy (CAPE) values reaching 506.3. Fig. 2b shows the extent of the towering cumulus clouds from cloud bases of
770 m (920 hPa) at the lifting condensation level (LCL) to cloud tops at the divergence of the overlapping dew point and
temperature profiles at the 6200 m (530 hPa) level. The freezing level triggering the heavy rain event was reached above 4100

m.

2.2 Datasets

Satellite and ground-based observations were used for the verification of WRF and WRF-Hydro simulations. In the case of the
former, necessary data re-gridding was done to match WRF outputs spatially and temporally. The following datasets were

used to quantitatively and qualitatively assess the performance of the simulations.

The Global Precipitation Measurement (GPM):

The simulated precipitation was compared to GPM satellite retrievals. The GPM mission, launched in February 2014, provides
higher temporal (30-minute) and spatial (0.1°-arc-degree) resolution precipitation estimates through the Integrated Multi-
satellitE Retrievals (IMERG) product. The GPM IMERG product inter-calibrates, merges, and interpolates GPM constellation
satellite microwave precipitation estimates with microwave-calibrated infrared estimates, and rain gauge analyses to produce
a higher resolution and more accurate product (Huffman et al., 2014). The GPM core satellite estimates precipitation from two
instruments, the GPM Microwave Imager (GMI) and the Dual-Frequency Precipitation Radar (DPR). More importantly for
this study, the GPM radar has been upgraded to two frequencies, adding sensitivity to light precipitation.
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The Advanced Microwave Scanning Radiometer 2 (AMSR2):

Soil moisture estimates from the AMSR2 mission were used to verify the simulated soil moisture and its simulated spatial
extent. In this study we rely on AMSR2 datasets for the verification of simulated soil moisture as products from other datasets
were masked out over the study area during the investigated event. AMSR2 was launched on May 18, 2012 on board the
Global Change Observation Mission 1%-Water (GCOM-W) platform, with the capability of measuring passive microwave
emissions from the surface and atmosphere. The window channels on board of the sensor are capable of retrieving key surface
parameters like soil moisture. AMSR2 L3 datasets provide daytime and night-time soil moisture measurements with near-
global coverage over 3 days (Wentz et al., 2014). Moreover, AMSR?2 is equipped with frequencies higher than the L bBand

that is-are more suitable for soil moisture retrievals. Such frequencies, ranging from 6.93 — 89 GHz, are currently available on

board Soil Moisture and Ocean Salinity (SMOS) and Soil Moisture Active Passive (SMAP) missions.

The MODIS/Terra Joint Cloud, Aerosol, Water Vapour and Profile (MODATML2):

The MODATML?2 dataset from Platnick et al. (2015) contains measurements in 36 spectral bands (250 to 1000 m resolution
in nadir) for a combination of key atmospheric parameters at daily and 5 or 10-km resolutions (parameter dependent), including
aerosol properties, water vapor profiles, and cloud properties, starting October 13, 2003 and ongoing. The cloud mask is
derived as a probabilistic variable from multispectral testing techniques proposed by Ackerman et al. (1998). The cloud fraction
(10-km resolution), used in this study, is obtained from the Terra platform’s infrared retrievals during both day and night.

Weather Stations:

Rainfall, surface temperature (2-meter), and average global radiation records were obtained from a network of 57 automatic
weather stations (see Fig. 1) operated by the NCM across the UAE. Rainfall observations were recorded at 15-minute intervals

during the event, while hourly observations of temperature and global radiation were made available after quality control.

3 Methodology

Two simulations were carried out in this study; one with the standalone WRF version and another with the online coupled
WRF/WRF-Hydro version. In both simulations, the initial and lateral boundary conditions of the parent domain were defined
from the Global Operational Analysis and Forecast Products of the National Center for Environmental Prediction (NCEP-
GFS) at 0.5° spatial resolution and 6-hour intervals (00, 06, 12, 18 UTC). The static terrain attributes and topography used in
the WRF pre-processing system (WPS) were derived from United States Geologic Survey (USGS) datasets (Smart et al., 2005).
A description of the configuration of each version is in the following sections.

The existing Noah-Multiparameterization Land Surface Model (Noah-MP LSM) in standalone WRF considers single vertical

columns (one-dimensional) of terrain properties at each overland grid cell (Niu et al., 2011;Ek et al., 2003). It fails to account

for horizontal interactions between adjacent grid cells to calculate soil moisture, temperature profiles, runoff, and water and
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enerqy fluxes at the land surface. Therefore, the runoff—infiltration partitioning in the standalone WRF simulation is described

as a purely isolated vertical process with no intake from (or discharge to) neighbouring grid cells, as dictated by topography.

On the other hand, the WRF-Hydro model utilizes the Noah-MP LSM 1-D representations and attempts to improve the

simulation of terrestrial hydrologic processes at high spatial and temporal resolutions by including lateral redistribution of

overland and saturated subsurface flows for runoff prediction (Gochis et al., 2013c). More importantly for this study, WRF-

Hydro is run in coupled mode with WRF to permit the feedback of land surface fluxes of energy and moisture to the

atmosphere, which impacts the simulated precipitation fields (Arnault et al., 2016;Larsen et al., 2016;Senatore et al.,
2015;Koster et al., 2004). Hence, the coupled WRF/WRF-Hydro configuration differs from the standalone WRF configuration

by its (i) lateral distribution of surface runoff and (ii) feedback of surface fluxes to the atmosphere.

3.1 Standalone WRF

The model configuration and 1:3 downscaling ratio was setup as recommended by Givati et al. (2011), consisting of three
nested domains — d01 (parent domain) with a 350 x 350 grid and 9 km resolution; d02 (intermediate domain) with a 403 x 403
grid of 3 km resolution; and d03 (inner domain) with a 562 x 562 grid at 1 km spacing (see Fig. 1).

Based on the comparable performance of PBL schemes over the UAE (Chaouch et al., 2017) and given the unstable conditions
during the event, the non-local YSU scheme is selected as the most favourable scheme for maintaining entrainment flux
proportional to surface flux (Hariprasad et al., 2014;Hu et al., 2010;Shin and Hong, 2011). The selection of a microphysics
scheme has been shown to be of least importance compared to PBL and cumulus schemes (Argueso et al., 2011).

In light of the findings of Givati et al. (2011), the physics options chosen for this study included: the Noah-MP land surface
scheme (Niu, 2011), Monin—-Obukhov surface layer scheme (Monin and Obukhov, 1954), Rapid Radiative Transfer Model for
General Circulation Models (RRTMG) longwave (Mlawer et al., 1997) and shortwave radiation schemes (lacono et al., 2008),
and the Morrison double-moment cloud microphysics scheme (Morrison et al., 2009) with improved strati formed cloud

persistence compared to the single-moment scheme. The WRF and WRF-Hydro configurations are listed in Table 1.

3.2. Coupled WRF/WRF-Hydro

The WRF Hydrological modeling extension package (WRF-Hydro) from Gochis et al. (2013a), was developed through
research collaborations between the National Center for Atmospheric Research (NCAR) and its partners, the National
Aeronautics and Space Administration (NASA) and the National Oceanic and Atmospheric Administration (NOAA). It can
be used as a standalone model and has an architecture to facilitate coupling between hydrological models and atmospheric
models. It provides the capability to spatially relate meteorological variables to physical and terrestrial attributes (elevation,
soil, land use, etc.) and their associated feedbacks. Several hydrologic routing physics options exist in the version 3.0 of WRF-
Hydro. Here, a fully distributed, 3-dimensional overland surface flow model configuration was employed. Soil moisture
initialization was provided from the WPS along with the predefined soil hydraulic parameters for the Noah-MP LSM on the
basis of USGS soil classifications (Ek et al., 2003).
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The GIS Python-based pre-processing approach from Gochis and Sampson (2015) was followed to derive the WRF-Hydro
LSM and routing grids. Inputs of the static terrain properties from the WPS GEOGRID file and the high-resolution (30 m)
ASTER DEM were used. A re-gridding factor of 10 was applied to reach the 100 m LSM resolution from the 1 km GEOGRID
resolution. The minimum basin size was defined by a threshold of 20 pixels per stream, following the analytical method for
stream network delineation proposed by Tarboton et al. (1991). Overall, a dominant parallel pattern of streams network is
obtained, draining water westward from the mountainous region in eastern UAE towards the Gulf on the west side (Fig. 1).
The northern part of the UAE shows a large number of streams flowing in the opposite direction towards the east side of the
country. The sandy nature of the soil in the desert in the southwestern side of the country favours rapid infiltration of runoff
and its drainage towards the Gulf as groundwater, before it makes surface around the western coastal regions (Fig. 1). This
contributes to the existence of salt flats around those regions. To our knowledge, a dense drainage network which may allow
us to identify the main wM/adis in the western region does not exist in the UAE and this study proposes a first version of such
network. The challenge faced when studying hydrological processes in hyper-arid regions, like the UAE, is the absence of
gauged watersheds and lack of in situ data to calibrate and verify the hydrological models. In this study, the performance of

the hydrological simulations was evaluated using satellite soil moisture data and the analysis of the changes in its lateral extent.

3.3 Statistical Performance Measures

The RMSE and relative BIAS methods of evaluation were implemented, with the observed value representing the station
measurement, or the satellite retrieval in the absence of a station observation (Eq. 1 and 2). The RMSE and rBIAS reflect the

average error and degree of over- or underestimation of the model output fields.

RMSE = \/Zirl=1(}’oi — Vesti)? (1)

)
n

Z?zl(}’esti — Yo i) x
n
i=1Yoi

rBIAS = 100, )

where, Yesti and Yo i are the estimated (simulated) and observed values, respectively, at station i, and n is the number of
observations.

The Pearson correlation coefficient (PCC) (Benesty et al., 2009) was used in relating the observed values and model output
(Eq. 3). The Pearson correlation reflects the statistical association between variables, and can range between -1 to 1, where 1

is total positive linear correlation, 0 is no linear correlation, and —1 is total negative linear correlation.

PCC = Zin=1(YOi - yo)(Yesti - }_’est) (3)

\/Z?:I(YOi - }_’0)2 X Z?:l(Yesti — Vest )2
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4 Results and Discussion
4.1 Analyses of Atmospheric Variables
4.1.1 Gauge Rainfall versus GPM, WRF, and WRF/WRF-Hydro

Fig. 3 shows the cumulative event rainfall over the UAE in d03 between 06Z 08/03/2016 and 06Z 10/03/2016. This includes
values recorded by the rain gauges (), retrieved from the GPM product (b), and simulated from the WRF and WRF/WRF-
Hydro runs (c and d, respectively). The highest cumulative rainfall of 288 mm was recorded by the rain gauge at Al Shiweb
weather station (see Fig. 3a), in the northeastern part of the UAE. Lower rainfall rates between 30 to 70 mm were recorded
along the coast and western parts of the country. The minimum, maximum, and mean from each rainfall source are listed in
Table 2, in addition to the correlation, RMSE, and rBIAS values of the simulated and GPM-retrieved rainfalls against the
station records over the UAE.

GPM retrievals recorded a maximum cumulative rainfall of 189 mm over the eastern coast of Oman which is lower than the
maximum obtained from the station data in the UAE (readings in Oman are not available), which implies that GPM could have
underestimated rainfall records as it did not capture the maximum cumulative reading reported at Al Shiweb weather station
(288 mm). This could be explained by the lower temporal coverage of GPM (30 minutes) compared to the stations (15 minutes)
which could have led to the former missing the peak of rainfall records. Another reason that could explain the underestimation
is the coarse spatial resolution of GPM data (10 km), which senses rainfall over a footprint larger than the one represented by
the local rain gauge readings. On the other hand, GPM overestimates cumulative rainfall values ranging between 50 to 90 mm
in the northeastern part of the UAE and highlands (see Fig. 3b). Minimum rainfalls between 10 to 40 mm were recorded by
stations along the western coast lines and central inlands, while no significant rainfall was recorded over the western areas. In
a study that validated a number of precipitation products over UAE for a 10-year period (Wehbe et al., 2017), it was shown
that the analysed remote sensing products perform better at higher elevations (>250 m), which is the case of Al Shiweb weather
station (306 m). In line with the previous study, the lowland stations in the western region showed higher biases by GPM and
retrievals over areas not receiving any rainfall during the event. More events are needed to accurately assess the performance
of GPM in the region and demonstrate any potential improvement over its predecessor, TRMM — Tropical Rainfall
Measurement Mission (Huffman et al., 2007), among others.

The standalone WRF and fully coupled WRF/WRF-Hydro simulated rainfall exhibited spatial rainfall patterns similar to those
obtained from GPM and station data, with the highest rainfall simulated over the coast of Oman and eastern UAE (see Fig. 3c
and 3d). However, the coupled WRF/WRF-Hydro model resulted in a maximum cumulative rainfall of 156 mm over the
northeastern boarder with Oman, which is closer to the 189 mm obtained from GPM readings compared to the 122 mm from
the standalone WRF system. Also, more rainfall was reproduced over the western quarter by the standalone WRF than the
coupled WRF/WRF-Hydro where GPM and stations do not report significant readings. Overall, more of the rainfall retrieved
by GPM or measured by the stations was reproduced by the coupled WRF/WRF-Hydro model and a better agreement in the

spatial pattern of rainfall and its magnitude is obtained.
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More importantly, the lowest rBIAS was obtained from the WRF/WRF-Hydro setup at 0.21, followed by the WRF setup
(0.34), and the GPM retrievals (0.71). The higher bias associated with the GPM rainfall retrievals is thought to be related to
the difference in spatial scales, ice-scattering microwave retrieval mechanism, locality of orographic rainfall events, among
other factors. The improved performance of the coupled WRF/WRF-Hydro system compared to the standalone WRF is evident
across all measures in Table 2 — closer to the observed 48 mm mean and 288 mm maximum (39 vs. 32 mm and 156 vs. 122
mm), higher correlation (0.82 vs. 0.76), and lower RMSE (10.89 vs. 14.24) and rBIAS (0.21 vs. 0.34). The resulting coupling
improvements translate into a 24% and 13% decrease in RMSE and rBIAS, respectively. The enhanced precipitation forecast
will directly impact land surface processes. The degree of improvement achieved here is in line with the findings of Givati et
al. (2016) over the Aaylon Basin in Israel during a 1-month simulation of WRF versus WRF/WRF-Hydro, in which they
recorded a 21% decrease in the coupled precipitation RMSE. Fig. 4 shows the observed, simulated (WRF and WRF/WRF-
Hydro), and GPM-retrieved cumulative rainfall during the event at four selected stations, namely, the coastal Abu Dhabi station
(4a), inland Al Aiin station (4b), and mountainous Jabal Hafeet (4c) and Jabal Mebreh (4d) stations situated on the northeastern
highlands at altitudes of 1080 and 1433 meters (see Fig. 1), respectively. The stations were selected to capture the spatial
variability of the rainfall across the study domain as well as the potential impact of the topography with stations located at flat
open terrain and other at higher altitude. In Fig. 4, time intervals of 15 minutes were used to derive the cumulative plots, while
30-minute intervals were available for the GPM product.

Table 3 summarizes the error measures at each station. In all three cases, the simulated WRF rainfall recorded the poorest
performance and highest deviations (underestimation and overestimation) from the observed rainfall pattern with rBIAS values
of 0.84, -0.41, 1.46, and -0.79 at Abu Dhabi, Al Ain, Jabal Hafeet, and Jabal Mebreh stations, respectively. GPM recorded
overestimations across all four stations with rBIAS measures of 0.74, 0.22, 0.86, and 1.53 at stations of Abu Dhabi, Al Ain,
Jabal Hafeet, and Jabal Mebreh, respectively. Both models show a 4 to 6-hour latency in rainfall initiation between 18Z
08/03/16 and 237 08/03/16. However, after the initiation phase, the WRF-Hydro system follows the observed patterns more
closely, while outperforming (in terms of RMSE and rBIAS) the GPM pattern at the stations of Abu Dhabi (0.9 and 0.11 vs.

1.1 and 0.74) and Jabal Mebreh (0.38 and -0.35 vs. 0.96 and 1.53). Despite the proximity of the Al Ain (b) and Jabal Hafeet
(c) stations, the former’s observed rainfall accumulations are magnified by approximately a factor of 2. This is attributed to
the effect of topography with their elevation difference reaching 957 m and the location of the Jabal Hafeet rain gauge, situated
on the lee side of the mountain with respect to the advection of the storm, whereas the Al Ain gauge is in an open desert terrain

with no topographic obstructions.

4.1.2 Station 2-meter Temperature versus WRF and WRF/WRF-Hydro

Fig. 5 shows the hourly observed and simulated WRF and WRF/WRF-Hydro 2-meter temperature at the stations of Abu Dhabi
(5a), Al Ain (5b), Jabal Hafeet (5¢), and Jabal Mebreh (5d). Both WRF and WRF/WRF-Hydro show a strong warm bias across
all 4 stations during the morning and day hours, with the higher biases occurring during the first day of the simulation

(08/03/2016). Also, both models produced smaller cold biases during the night hours. The stations recorded a sharp decrease
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in temperature between 07Z 09/03/16 and 10Z 09/03/16 which is temporally consistent with the associated rainfall initiation
at each station in Fig. 4. Both simulations with WRF\WRF-Hydro and WRF reproduced the decline in temperature especially
at Abu Dhabi (5a) and Al Ain stations (5b). The decrease in temperature between 07Z 09/03/16 and 10Z/09/03/16 at the
mountain stations, namely, Jabal Hafeet (5c) and Jabal Mebreh (5d) was not significant. Overall, the difference between
WRF\WRF-Hydro and WRF temperatures was more significant at Al Ain and Abu Dhabi stations than the mountain stations.
The decrease in temperature simulated by WRF\WRF-Hydro and WRF between 07Z 09/03/16 and 102/09/03/16 preceded the
decline in the observed temperatures, which is in line with the lag between simulated and observed rainfall, especially at the
Abu Dhabi station with simulated rainfall initiated earlier than the observed.

Fig. 6 shows the scatterplots of the hourly 2-meter temperature from the WRF and WRF/ WRF-Hydro output fields against
the temperature observations from all 57 stations in the network. The warm biases appear to increase with the rise in
temperature, confirming the previously noted stronger daytime biases and its consistency at all stations.

Table 4 lists the statistical measures obtained from both simulations compared to the observed records. Slight improvement
(below 1 °C) was achieved in the simulated range (min/max) and mean by the coupling. Similarly, minor improvements were
recorded in the PCC (0.81 vs. 0.71), RMSE (1.56 versus 1.61) and rBIAS (0.03 versus 0.04). The morning overestimation of
2-meter temperature can be attributed to the dual cooling effects of existing dust/aerosols and the strong land-sea breeze
interactions noted by Lazzarini et al. (2014). Both factors are dominant over coastal and arid regions, such as the UAE, and
are not fully incorporated in the current model physics.

The increase in rainfall should have increased soil moisture and therefore led to an increase of the latent heat over the sensible
heat, causing a decline in air temperature. The improvement of temperature simulation with WRF-Hydro over WRF could be
attributed to the capability of WRF-Hydro to simulate soil moisture spatial distribution more reliably than WRF. Nevertheless,
both models still show a warm bias. The heat exchange between land and atmosphere which controls the change in air
temperature is site specific. It also depends on land cover conditions which defines the roughness length for heat and local
topography (macro roughness and surface geometry) which defines the roughness length for momentum (Yang et al., 2008).
This is also in combination with the soil moisture effect which impacts surface emissivity, surface temperature, and therefore,

the simulated air temperature. This explains the different behaviors of temperature at the different sites.

4.1.3 Station Global Radiation versus WRF and WRF/WRF-Hydro

Fig. 7 shows the hourly observed and simulated WRF and WRF/WRF-Hydro global radiation at the stations of Abu Dhabi
(7a), Al Ain (7b), Jabal Hafeet (7c), and Jabal Mebreh (7d). Both WRF and WRF/WRF-Hydro show overestimations,
especially for the Jabal Mebreh station, over the first day of the simulation (08/03/2016). Similar to the 2-meter temperature
warm bias evolution, the radiation overestimations are reduced in the second day of the simulation (09/03/2016). Also, the
lower radiation readings during the second day are temporally consistent with the 2-meter temperature depressions (Fig. 5)
and rainfall initiation (Fig. 4) at each station. By inspection, the WRF/WRF-Hydro simulation better matches the observed

temporal variation and magnitudes than the WRF simulation.
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Fig. 8 shows the scatterplots of the global radiation from the WRF and WRF/WRF-Hydro simulations fields against the station
observations. The WRF/WRF-Hydro radiation variability demonstrates much less deviation from the station observations
compared to that of the WRF model.

Table 5 lists the statistical measures obtained from both simulations compared to the observed records. Higher agreement was
achieved by the coupling in the mean and maximum of the simulated radiation with a mean of 112.68 versus 133.31 W/m?
compared to the 101.96 W/m? mean of observations and a maximum of 805.12 versus 788.16 W/m? compared to the 985.05
W/m? maximum of observations. The coupling improvement is further corroborated by the PCC of 0.89 versus 0.78, RSME
of 73.72 versus 139.61, and rBIAS of 0.21 versus 0.33. This is potentially explained by the lower day-night amplitude in
surface temperature with WRF-Hydro, which, in turn, reduces the deviation in upward longwave radiation and net radiation.
Zempila et al. (2016) assessed the performance of different shortwave radiation schemes, namely, the Dudhia, updated
Goddard and the Goddard Fluid Dynamics Laboratory (GFDL), and RRTMG (used here). They compared the simulated global
radiation to a set of hourly measurements at 12 stations over Greece. Overestimations between 40 to 70% were recorded for
all schemes, while better agreement was achieved during clear (cloudless) sky conditions. In the present study, improved bias
results of 33% and 21% biases were obtained from WRF and WRF/WRF-Hydro, respectively (see Table 5).

Fig. 9 shows the cumulative cloud fraction from the MODIS level 2 retrievals (10-km) and both the WRF and WRF/WRF-
Hydro simulations (1-km) for March 9, 2016. The cloud fraction ranges from 0 (cloud-free) to 1 (complete cloud cover). The
cloud base altitude was found to be in the range of 5 km from both MODIS, standalone WRF, and WRF/WRF-Hydro, which
is also in line with the profiles of Fig. 2. Overall, the simulated cloud cover reproduced much smaller extents, especially,
overland in the western coastal areas. Diaz et al. (2015) assessed the capability of the WRF model to reproduce clouds over
the African region with varying configurations and physics options and their comparisons with satellite observations. They
concluded an overall underestimation of cloud cover from their 9 WRF simulations, particularly, in the case of marine-
boundary layer clouds over coastal areas. Their simulations resolved a high number of thick clouds and too few clouds with
lower optical thickness. The net result was an underestimation of low cloud cover, which is the case of the present study. Otkin
and Greenwald (2008) also examined the ability of WRF to reproduce cloud properties during an extratropical cyclone over
the North Atlantic Ocean. Similar to the present study, they relied on MODIS retrievals for model verification with different
combinations of cloud microphysics and PBL schemes, and found consistent underestimation. They attributed the
underestimation to the utilization of radiance and reflectance data on a 1-km grid by MODIS and, therefore, its ability to
capture small cumulus clouds, whereas the WRF model horizontal resolution (4 km) failed to explicitly resolve all processes.
This is not the case with the present study, given the matching 1-km horizontal resolution used for d03. Hence, model resolution
is shown to be of less significance for cloud resolving, while focus should be placed on the inclusion of a cumulus
parameterization (not explored here) which may improve the model simulations through a better representation of the subgrid-
scale cumulus clouds within this region. It is also possible that MODIS overestimated cloud coverage over the study domain.
It is known that in the presence of high reflective surfaces (high albedo) in the background like snow/ice or desert cloud

products become less accurate (Kotarba, 2010).

12



10

15

20

25

30

35

As a key factor in land-atmosphere interactions, clouds directly impact the radiation balance in terms of the amount reflected,
absorbed, and emitted, depending on various cloud physical properties. Therefore, the underestimation of cloud fraction in
both model configurations explains the observed overestimation in simulated global radiation, with less reflectance and more
radiation reaching the surface. Also, the underestimation of precipitation during the first 12 hours (see Fig. 4) is primarily
attributed to the models’ spin-up time and GFS bias during initialization. This could be supported with Fig. 9 which shows an
underestimation of cloud extent in the cases of both WRF and WRF/WRF-Hydro.

4.2 Analyses of Hydrological Processes

4.2.1 WRF-Hydro Soil Moisture versus AMSR2 retrievals

Fig. 10 shows the soil moisture retrievals from ASMR2 (10 km), the standalone WRF (1D Noah-MP - 1 km), and the simulated
WRF/WRF-Hydro (100 m) during (2016-03-09-00:00:00) and after (2016-03-10-00:45:00) the event. The increase in soil
moistures from both model simulations along the coast and western desert areas after the event (2016-03-10-00:45:00) verifies
the anticipated soil exfiltration and runoff drainage direction from the northeastern mountains toward the western lowlands
(see Fig. 1). The higher soil moisture values resulting from the WRF/WRF-Hydro simulation are primarily attributed to the
increase in simulated precipitation compared to standalone WRF (see Fig. 3).

Fig. 11 shows scatter plots of the soil moisture values from ASMR2 and WRF/WRF-Hydro from both timings after re-gridding
at 10 km through least-square interpolation. The spatial comparison of WRF/WRF-Hydro and AMSR2 soil moisture estimates
revealed three increasing soil moisture classes: R1, R2, and R3 (delineated in Fig. 10) with an overall RMSE and rBIAS of
0.07 and 0.08 (8%), respectively.

The region over the western part of the country (R1) received negligible rainfall (see Fig. 3), and, consequently, recorded the
lowest soil moisture value class ranging from 0 to 0.15 m3/m®. Hence, the default USGS soil conditions and parametrization
in the Noah-MP scheme remained unchanged, while showing the highest positive overestimation with an rBIAS of 0.64. The
second class of soil moisture values (R2), ranging from 0.15 to 0.25 m3/m3, received light simulated rainfall between 30 to 70
mm (see Fig. 3). This class recorded the lowest positive rBIAS of 0.02, which is attributed to the negating effect of the
simulated rainfall underestimations on the existing positive initialization biases. Whereas, the third class of soil moistures (R3),
ranging from 0.25 to 0.5 m3/m?3, recorded a negative bias of -0.18. This can be explained by the combined effect of higher
simulated rainfall underestimations and the topographical corrections incorporated in the AMSR2 product, resulting in outliers
beyond 0.35 m® md. The uncertainty of passive microwave retrievals over rough terrain has been recorded by several studies
(Park et al., 2016;Zhan et al., 2015;Wang et al., 2010;Njoku and Chan, 2006). Moreover, the use of passive microwave C and
X bands frequencies in the retrieval of soil moisture should only reflect the effect of water content in the top 1 cm of soil as
the penetration of the signal is limited, especially in the case of wet soils. This shallow measurement fails to match with the
10 cm depth of the first layer (10 cm) in WRF-Hydro (Ek et al., 2003). The increase of soil moisture in R2 and R3 implies that

WRF-Hydro simulated the routing of the streamflow in wM/adis and the lateral flow of subsurface saturated soil. The increase
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could also be attributed to exfiltration from saturated soils of water flowing from the Hajar Mountain region towards lower
lands in the western region. Recall that simulations were carried out in arid regions with ephemeral and ungauged rivers. In
the absence of streamflow and/or water level measurements, the verification of the hydrological processes in this study relied
on remotely sensed observations. We mainly relied on passive microwave retrievals of soil moisture which are known to be
more reliable and make use of well-established algorithms compared to other retrievals from active microwave or thermal
satellite observations. Nevertheless, retrieval from passive microwave observation are relatively coarse in terms of spatial

resolution. They remain however relevant for regional assessments like the one conducted in this study.

4.2.2 WRF-Hydro Soil Moisture Propagation with Lateral Flow

The Soil Moisture Operational Products System (SMOPS), provided by the National Oceanic and Atmospheric Administration

(NOAA), merges soil moisture retrievals from multi-satellites/sensors to generate a global product at higher spatial and

temporal coverage (Liu et al., 2016). Relevant to the current study period, SMOPS now incorporates near-real time SMAP

data and includes soil moisture retrievals from the GPM Microwave Imager (GMI). The 6-hourly product mapped at 0.25°

spatial resolution is used here to assess the accuracy of the simulated soil moisture.

A comparison of soil moisture evolution at the upstream and downstream of a wadi within the study domain is expected to

verify whether soil moisture transport occurs over the storm timescale. A wadi within the coverage of the Saih Al Salem station

(24 49 39 N, 55 18 43 E) was selected to conduct this test. Fig. 12 shows the time series of simulated soil moisture from

WRF/WRF-Hydro at two locations upstream and downstream of the wadi. SMOPS retrievals are overlaid as data points, along

with the hyetograph recorded at the corresponding Saih Al Salem station at the top. Given the short distance (less than 1km)

separating the two locations, a lag time of less than 1 hour is observed between the two soil moisture peaks. The first rain of

approximately 22 mm at 22 Z 08/03/16 triggers an immediate increase in soil moisture from 0.18 to 0.25 m3/m?®. The subsequent

rainfall then elevates the moisture further to around 0.34 m3/m3, with a slight increase in the peak of downstream soil moisture

compared to that of the upstream that could be attributed to additional lateral drainage. However, at 18Z 09/03/16 the

downstream soil moisture rises again to a sustained peak at around 0.32 m3/mq, while the upstream soil moisture continues to

dissipate through infiltration and evaporation. In the absence of additional rainfall, this sustained peak in downstream soil

moisture is the result of lateral surface flow from the upstream which is resolved by WRF-Hydro and fed back to the soil

moisture fields. Despite the SMOPS data gaps during the event, the merged retrievals consistently increase during the event

with reasonable accuracy compared to the simulated soil moisture fields. SMOPS data have a coarse spatial resolution that is

an inherent limitation related to the resolution of the passive microwave signal, which does not allow verifying the drainage

between the selected points. Nevertheless, the product captured the increase of moisture that is a result of the event and the

persistent plateau of soil moisture after the event which seem to be in a better agreement with WRF-Hydro values.
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4.2.3 Soil Moisture — Precipitation Feedback

An increase in water content of the top soil layer decreases both the surface albedo and the Bowen ratio. A lower surface

albedo dictates more absorbance of net radiation, while lower Bowen ratios are a result of higher water vapor content in the

boundary layer and more downwards flux of terrestrial radiation at the surface due to the water vapor greenhouse effect. This

dual effect amounts to a larger total flux of heat from the surface into the boundary layer (Eltahir, 1998). Furthermore, the

cooling of surface temperature accompanied by the moisture should be associated with a reduced sensible heat flux and a

smaller PBL height. Fig. 13 shows the PBL heights from both simulations with larger collapses resolved from the coupled

model. According to Seidel et al. (2010), PBL heights can be inferred from radiosonde data (Fig.2 ), particularly based on

determining maximum or minimum vertical gradients of relative humidity or specific humidity. Such methods yield better

agreement compared to those relying on locations of elevated temperature inversions or mixing height. Hence, using the Abu

Dhabi radiosonde profile of Fig. 2, and based on the gradient approach, the PBL height can be estimated to be in the range of
90 — 200 at 12 Z, which is closer to that simulated from the coupled WRF/WRF-Hydro (190 m) compared to standalone WRF

(750 m).
Similar to the present study, Xiang et al. (2017) used the coupled WRF-Hydro system for short-term (72-hour) simulations of

storm events to discretized the effects of higher soil moisture conditions on precipitation generation, using the framework
proposed by Eltahir (1998) to diagnose mechanisms of positive soil moisture-precipitation feedback. They captured an increase

of up to 26 mm in WRF/WRF-Hydro precipitation over 48 hours, which is in line with the present study with a maximum

increase of 23 mm.

Koster et al. (2004) identified regional hot spots, including the Arabian Peninsula, and particularly the UAE, where a global
initialization of soil moisture may enhance precipitation prediction skill during Northern Hemisphere summer. Assuming
predominantly local soil moisture impacts, the hot spots indicate where regular monitoring of soil moisture using in situ and
satellite observation may lead to an enhancement in boreal summer seasonal forecasting. Their study also referred to a main
challenge related to the dependency of the models on soil moisture computational estimates, especially that a long spin up
period might be required to reproduce reliable soil moisture values for seasonal forecasting. Senatore et al. (2015) showed that
simulations for one month in a watershed in Italy required a two month spin up period. This fosters the importance of deploying
dense soil moisture monitoring networks in the region (AlJassar et al., 2015;Temimi et al., 2014;Fares et al., 2013) which
should contribute to a better understanding and characterization of soil moisture variability and hydrological processes in

desert and hyper-arid environments. The description of routing and lateral flow by WRF-Hydro improved the quality of the
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simulated atmospheric processes in this case study. This promises improved seasonal precipitation forecasts, as well as short-

term predictions assessed here.

5 Conclusions

In this study, we simulated an extreme weather event in March, 2016 over the UAE, a country within the Arabian Peninsula
of particular interest for hydrometeorological research and monitoring. The event was simulated from both standalone WRF
and fully coupled WRF/WRF-Hydro model configurations and compared to station observations and ongoing satellite
products. The main objective of the study was to investigate the added value of coupled land surface-atmospheric modeling
for precipitation forecasts over the hyper-arid environment of the UAE, while employing current modeling tools to aid in

operational forecasting efforts in the region.

Results showed reductions of 24% and 13% in RMSE and rBIAS measures, respectively, for precipitation forecasts from the
coupled model configuration. Furthermore, the coupled WRF/WRF-Hydro system was found to outperform GPM rainfall
retrievals at some stations (e.g. Abu Dhabi and Jabal Mebreh). The demonstrated improvement in coupled precipitation
simulation, at the local scale, greatly enhances the accuracy of hydrologic forecasts and flash flood guidance systems. Senatore
et al. (2015) explained the higher precipitation with their WRF/WRF-Hydro simulation by the differences in surface
temperatures as warmer surface boundary condition may lead to more convection and therefore higher energy and rainfall.
The same interpretation could be also adopted in this study. Nevertheless, the deep intrinsic factors, primarily the impact of
internal atmospheric variability (Rasmussen et al., 2012), causing this improvement remain subjects of current research and
were not explored here (Givati et al., 2016;Senatore et al., 2015). The lateral boundary conditions are expected to severely
restrict our model during this short 48-hour simulations, however internal model variability is a direct consequence of the non-
linear dynamical and physical internal processes being active and detectable (Christensen et al., 2001). However, despite the
more skillful forecasts of the coupled system, the bias remains high (21%), which dictates the need for ongoing
hydrometeorological forecast enhancement.

The coupled system also showed improvements in global radiation forecasts (45% and 12% for RMSE and rBIAS,
respectively), while less significant enhancements were observed in the case of surface temperature (3.1% and 1%). Both
parameters were subject to high positive biases during the morning and daytime. The warm temperature biases were attributed
to dry biases in the NCEP-GFS boundary conditions observed by Chaouch et al. (2017) and Yang et al. (2011), and the
uncaptured cooling mechanisms of aerosols and sea breezes, while the underestimation of cloud cover explained the
overestimations in global radiation. The diurnal temperature signal was not captured, even in the observed values, due to the
extreme event. Also, the discrepancies in temperature simulation could be caused by soil moisture simulation and its spatial
organization within the study domain which impacts the latent heat, the heat exchange, and therefore the temperature
difference. More importantly, higher spin up times (6 hours used here) can add to the model accuracy in terms of both

atmospheric dynamics and hydrological processes (Lo et al., 2008). Soil moisture validation — a challenging application over
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arid regions — showed varying response classes across the UAE, and were consistent with the expected surface flow directions.
The difference of spatial scales between the retrieved and simulated soil moisture, and the impact of high reflectance from
desert land cover on the AMSR2 microwave retrieval algorithms may have contributed to the observed discrepancies (Wehbe
etal., 2018).

The fully coupled model configuration captures the complete dynamics of the water and energy cycles, starting from the upper
atmosphere to the unsaturated and saturated zones on the land surface, and back. Land surface-atmospheric interactions are
primarily governed by two key hydrological parameters, namely rainfall and soil moisture. Hence, future work with in-situ
soil moisture data assimilation is expected to enhance the model accuracy, both overland and in the atmosphere, through the
captured feedbacks. This case study focused on a regional event triggered by a large scale system. Hence, the impact of
accounting for hydrological processes through the online coupling is not expected to be significant. Nevertheless, an
improvement in the simulation of precipitation was obtained with the coupled WRF/WRF-Hydro model. To further discretize
the added value of the coupling demonstrated in this study, ensemble approaches should be the focus of future work in order
to assess the robustness of the potential improvements with WRF-Hydro. In the present study, the exact contribution of lateral
flow versus internal atmospheric variability on the captured improvement remains an open question that is subject to further

research in this area, particularly for arid environments that have not been receiving much attention.
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Figure 1. WRF model nested domains at 9 km, 3 km (d02) and 1 km (d03) horizontal resolutions (a), 30-meter ASTER DEM with
station locations (b), and 100-meter WRF-Hydro grid derived over the UAE.
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Figure 2. Radiosonde skew-T profiles retrieved at Abu Dhabi Airport on March 9, 2016 at 00Z (a) and 12Z (b).
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Table 1. WRF and WRF-Hydro model configurations.

WRF and WPS version

Version 3.7.1 released on August 14, 2015 with
latest bug fixes

WRF-Hydro version

Version 3.0 released on June 14, 2015

Domain horizontal resolutions

9 km for d01
3 km for d02
1 km for dO1, and 100 m for Hydro domain

Domains horizontal grid dimensions

350 x 350 for dO1
403 x 403 for d02
562 x 562 for d03

Projection

Transverse Mercator

Number of vertical levels

50 for each domain

Top Pressure value

20 hPa

Lateral boundary conditions

GFS 6-hourly forecasts at 0.5°°

Initial conditions

6-hour spin up

Longwave and Shortwave Radiation

RRTMG

Surface Layer

Monin-Obukhov

Land surface model

Noah-MP

Planetary boundary layer scheme

Yonsei University

Microphysics

Morrison double-moment
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Figure 3. Accumulated storm rainfall over the UAE (d03) from station observations (a), GPM 30-min, 0.1°-degree retrievals (b),
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Table 2. Total storm rainfall statistical measures from collocated GPM retrievals, station observations, and simulation (WRF and
WRF/WRF-Hydro).

Precipitation Source I(\:Isr?:)] (I\r::lrz) ('\r/ln ?:1() (fr;[?ﬁ) PCC RMSE rBIAS
Station Observations 48 0.4 288 57
GPM Retrievals 47 0.03 189 55 0.89 6.12 0.71
Coupled WRF-Hydro 39 0.01 156 47 0.82 10.89 0.21
Standalone WRF 32 0.01 122 42 0.76 14.24 0.34
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Figure 4. Comparison of accumulated rainfall at Abu Dhabi (a), Al Ain (b), Jabal Hafeet (c), and Jabal Mebreh (d) from stations
with WRF, WRF/WRF-Hydro simulations and GPM retrievals.

27



Table 3. RMSE (rBIAS) of simulated and retrieved rainfall at Abu Dhabi, Al Ain, Jabal Hafeet, and Jabal Mebreh stations_for 30-
minute intervals (n = 97)-

Station WRF WRF/WRF-Hydro GPM
1.36 0.90 1.10
Abu Dhabi
(0.84) (0.11) (0.74)
2.11 2.03 2.49
Al Ain
(-0.41) (-0.28) (0.22)
1.92 1.29 1.46
Jabal Hafeet
(1.46) (0.92) (0.86)
0.52 0.38 0.96
Jabal Mebreh
(-0.79) (-0.35) (1.53)
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Figure 5. Comparison of 2-meter temperature observations at Abu Dhabi (a), Al Ain (b), Jabal Hafeet (c), and Jabal Mebreh (d)
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Table 4. 2-meter temperature statistical measures from collocatedthe stations and simulation_outputs-

2-meter Temperature Mean Min. Max. Std. .
Sourc': ) 0) 0 o) PCC RMSE  rBias
Station Observations 20.62 7.62 33.21 3.71
WRF 22.63 8.91 35.62 4.64 0.77 1.61 0.04
WRF/WRF-Hydro 22.76 8.94 35.73 4.65 0.81 1.56 0.03
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Table 5. Global radiation statistical measures from the stations and simulations at 15-minute intervals (n = 194)-

Global Radiation Source Mean Min. Max. Std. PCC RMSE rBIAS
(W/m?) (W/m?) (W/m?) (W/m?)
Station Observations 101.96 0 985.05 189.80
WRF 133.31 0 788.16 214.70 0.78 139.61 0.33
WRF/WRF-Hydro 112.68 0 805.12 198.12 0.89 73.72 0.21
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