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Abstract Lateral and lower boundary conditions derived from a suitable global reanalysis data set form
the basis for deriving a dynamically consistent finer resolution downscaled product for climate and hydro-
logical assessment studies. A problem with this, however, is that systematic biases have been noted to be
present in the global reanalysis data sets that form these boundaries, biases which can be carried into the
downscaled simulations thereby reducing their accuracy or efficacy. In this work, three Weather Research
and Forecasting (WRF) model downscaling experiments are undertaken to investigate the impact of bias
correcting European Centre for Medium range Weather Forecasting Reanalysis ERA-Interim (ERA-I) atmo-
spheric temperature and relative humidity using Atmospheric Infrared Sounder (AIRS) satellite data. The
downscaling is performed over a domain centered over southern Africa between the years 2003 and 2012.
The sample mean and the mean as well as standard deviation at each grid cell for each variable are used for
bias correction. The resultant WRF simulations of near-surface temperature and precipitation are evaluated
seasonally and annually against global gridded observational data sets and compared with ERA-I reanalysis
driving field. The study reveals inconsistencies between the impact of the bias correction prior to downscal-
ing and the resultant model simulations after downscaling. Mean and standard deviation bias-corrected
WRF simulations are, however, found to be marginally better than mean only bias-corrected WRF simula-
tions and raw ERA-I reanalysis-driven WRF simulations. Performances, however, differ when assessing differ-
ent attributes in the downscaled field. This raises questions about the efficacy of the correction procedures
adopted.

1. Introduction

Dynamical downscaling offers an opportunity to study climate processes at finer detail than is currently
resolved by general circulation models (GCMs) or global reanalyses [Li et al., 2015; Pohl et al., 2014]. These
finer details are directly relevant to end users for many decision-making, planning, and development of
adaptation strategies. In dynamical downscaling, output from the coarse GCM/global reanalysis is used to
provide initial and lateral boundary conditions (LBCs) to a regional climate model (RCM). The ability of RCMs
to convert coarser global reanalysis products to finer resolutions contributes to more realistic simulations of
climate systems and processes that are relevant to hydrological applications [Druyan and Fulakeza, 2013;
Teutschbein and Seibert, 2012; Bastola and Misra, 2013]. RCMs have become widely used tools to provide
high-resolution information on the properties of a range of climate variables. The resultant finer resolution
data sets could offer proxy observations for data poor regions. Among the commonly used RCMs is the
Weather Research and Forecasting model (WRF) [Skamarock et al., 2008]. WRF is a state of the art next-
generation mesoscale model that has done well in handling regional-scale processes at finer resolutions. Its
application as a RCM over southern Africa is also quite noticeable [Pohl et al., 2014; Vigaud et al., 2012; Bou-
lard et al., 2012], with demonstrations of its capabilities for a wide range of beneficial applications.

Although the ability of RCMs to reproduce observed characteristics has improved significantly over the
years, the use of output from RCMs could be limited when there are some systematic errors in global reanal-
ysis LBC fields [Frei et al., 2003; Hagemann et al., 2004; Mooney et al., 2011; Teutschbein and Seibert, 2012].
Systematic biases for the current climate are unavoidable in GCMs/global reanalyses [Laprise et al., 2013;
Fotso-Nguemo et al., 2017]. These biases can be propagated through the downscaling process with far
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reaching implications on the simulation products and any subsequent applications [Mehrotra and Sharma,
2015, 2016]. The first step toward reducing the bias and improving the simulations is to avoid using unreal-
istic driving boundary conditions. This can be achieved by using the reanalysis with the most accurate LBCs
at the intended boundaries of a RCM. Liang et al. [2008] advocates for use of regional climate modeling
instead of using biased GCM projection of climate changes for impact studies at regional level. As pointed
out by Moalafhi et al. [2016b], even the reanalysis with the overall most accurate LBCs based on a range of
metrics assessed at the boundaries of a RCM, may still contain biases. Regional models thus could be limited
in addressing the inherent biases present in GCMs and global reanalyses and hence bias correction may still
be required [Wood et al., 2004]. Bias correction of reanalyses LBCs prior to dynamical downscaling, for exam-
ple, ensures that errors are corrected, which would lead to better skill and consistent downscaled products
that are independent of the choice of the domain [Kanamisu and Kanamaru, 2007]. This downscaling of
reanalyses with prior bias-corrected LBC fields offers a relatively cheaper option to a costly high-resolution
data assimilation system when high-resolution observations are not available. Combining statistical bias cor-
rection with a dynamical downscaling constitutes a hybrid technique that can yield nearly unbiased, high-
resolution, physically consistent fields that can be used for climate impact studies [Colette et al., 2012].
Recently Bastola and Misra [2014] tested products of reanalysis for hydrological application over the US
through forcing calibrated hydrological models with five different types of data sets: global reanalyses
(National Centers for Environmental Prediction/Department of Energy Reanalysis and European Centre for
Medium-Range Weather Forecasts 40-year Reanalysis); dynamically downscaled reanalyses at 10 km grid
resolution; stochastically generated data from a weather generator; bias-corrected dynamically downscaled
reanalyses; and bias-corrected reanalyses. In that study, the simulated hydrological response to the bias-
corrected dynamically downscaled reanalyses data was found to be superior to the other four meteorologi-
cal data sets over 28 watersheds. The main research question of this study is thus, “Can simple mean and
standard deviation bias correction of boundary condition fields of global reanalysis prior to downscaling
improve the simulated near-surface temperature and precipitation within a regional domain? Although
studies point to superiority of simulated hydrological response of dynamically downscaled reanalyses, little
has been done on bias correcting LBCs of the reanalysis before downscaling. This study thus attempts to fill
this gap by investigating and demonstrating the impact of dynamically downscaling a bias-corrected rean-
alyses (ERA-I) on near-surface climate within an example regional domain centered over southern Africa.
Ideally, the bias correction would be done on all atmospheric LBCs (temperature, moisture, and winds);
however, a spatially continuous wind data set does not currently exist limiting this bias correction to tem-
perature and moisture. How these bias-corrected ERA-I LBCs translate into bias in the near-surface climate
in the interior of the domain is explored here.

The rest of the paper is as follows. Methods and data which include WRF setup, observational data sets
(including AIRS satellite data), bias correction, and analysis are described in section 2. Results are presented
and discussed in sections 3 and 4, respectively, followed by conclusions in section 5.

2. Methods and Data

Three simulations are performed using WRF to downscale the European Centre for Medium range Weather
Forecasting Reanalysis ERA-Interim (ERA-I) over a domain centered over southern Africa between 2003 and
2012 all inclusive. The first simulation uses raw ERA-I LBC fields for forcing while the other two use ERA-I
with atmospheric temperature and moisture fields bias-corrected using the Atmospheric Infrared Sounder
(AIRS) satellite data. The use of ERA-I reanalysis alone here stems from an earlier study where it was found
to have a better overall performance compared to Modern Era Retrospective-analysis for Research Applica-
tions (MERRA) when downscaled over the same domain using WRF [Moalafhi et al., 2016b]. This was after it
had been revealed in an earlier study that the two reanalyses provide the most accurate LBCs for downscal-
ing over the same domain [Moalafhi et al., 2016al. Despite this, downscaling ERA-I exhibited bias in precipi-
tation and near-surface temperature.

2.1. WRF Setup

A ten-year regional simulation (2003-2012) is made based on each of the three (3) ERA-I LBCs (one without
any bias correction, the second one with mean bias correction, the third one with both the mean and stan-
dard deviation bias correction) using the nonhydrostatic Weather Research and Forecasting WRF (ARW)
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Elevation (m) model, version 3.6 [Skamarock
et al., 2008]. The WRF domains
setup (Figure 1) is configured so
that the inner domain uses a
horizontal grid spacing of
10 km, and the outer domain a
spacing of 50 km with thirty
vertical levels common to both
domains. The first year of the
model runs is discarded for
model spin-up and 10 grid
points along the boundary of
the inner domain are also left
out as the relaxation zone. The
WRF was configured to update
lateral boundary conditions and
sea surface temperature every
6 h using the three reanalysis
forcing fields.
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Figure 1. Elevation map for WRF model (m) (full, dx = 50 km), inner (solid black line, et al,, 2011a, 2011b; Boulard et al.,
dx = 10 km) domain centered over southern Africa also showing locations of boundaries 2012: Pohl et al. 2014: Ratna
(in red) to the study area. ' ’ '

et al, 2013; Evans and McCabe,

2010] the following WRF physical
parameterizations were adopted: Single-Moment 5-class microphysics scheme; Rapid Radiative Transfer Model
(RRTM) longwave radiation scheme; Dudhia shortwave radiation scheme; Yonsei University planetary boundary
layer scheme; Betts-Miller-Janjic cumulus parameterization scheme and Noah land-surface scheme.

2.2. Observational Data Sets

2.2.1. Atmospheric Infrared Sounder (AIRS) Satellite Data

Atmospheric Infrared Sounder (AIRS) satellite data version 6 is used as it provides 4-D global data for both
temperature (24 levels) and relative humidity (12 levels). AIRS is the first of a new generation of advanced
satellite-based atmospheric sounders that produces daily, high-accuracy, high vertical and horizontal resolu-
tion profiles of temperature and water vapor over most of the Earth’s surface [Aumann et al., 2003; Tobin
et al., 2006; Susskind et al., 2006]. The instrument suite is designed to support climate research and improve
weather forecasting with data at 1° X 1° grid resolution and available at http://acdisc.gsfc.nasa.gov/open-
dap/Aqua_AIRS_Level3/. The data used are level 3 standard products of both descending and ascending
overhead passes at 1:30 and 13:30 h local time, respectively, referenced by 0° longitude every day.

The data have high-accuracy retrieval goals of 1 K Root Mean Squared errors in 1 km layers below 100 hPa
for air temperature, 10% Root Mean Squared Errors in 2 km layers below 100 hPa for water vapor concentra-
tion. Despite these, the large temporal and spatial variability of the atmosphere and difficulties in making
accurate measurements of the atmospheric state necessitated continuous careful and detailed validation
using well-characterized ground-based sites [Tobin et al., 2006]. In this regard, the continuing efforts to vali-
date and give quality assurance to AIRS products has always been positive [Fetzer, 2006; Divakarla et al.,
2006]. Among the motivations for increased use of AIRS products is that temperature profile accuracy in the
troposphere matches that achieved by radiosondes, and retrievals in both temperature and water vapor are
in good agreement with global radiosonde measurements over both land and ocean [Divakarla et al., 2006].
With the latest version (version 6), significant improvement in the ability to obtain both accurate tempera-
ture profiles and surface skin temperatures under partial cloud cover conditions has been achieved [Sus-
skind et al., 2014].
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2.2.2. Near-Surface Temperature

Two (2) gridded data sets (herein referred to as observations) of monthly near-surface temperature are con-
sidered in evaluating performance of the model runs. These are University of Delaware (UD) and the Climate
Anomaly Monitoring System (GHCN_CAMS) data sets which are available from NOAA/OAR/ESRL PSD, Boul-
der, Colorado, USA, from their website at http://www.esrl.noaa.gov/psd/. The observation from the Univer-
sity of Delaware (UD) was developed by compiling together data from a large number of stations both from
the Global Historical Climate Network (GHCN2), the Global Synoptic Climatology Network, the Global Sum-
mary of the Day (GSOD) from NCDC and the archives of Legates and Willmott monthly and annual station
records [Legates and Willmott, 1990a, 1990b]. The data set covers the years 1900-2014 at grid resolution of
0.5° X 0.5°. This data set is popular among the research community [Hao et al., 2013; Rawlins et al., 2012;
Sheffield et al., 2012]. The other temperature data set, GHCN_CAMS, is a combination of two large individual
data sets of station observations collected from the Global Historical Climatology Network version 2 and the
Climate Anomaly Monitoring System (GHCN + CAMS). The data set, which is credited for its use of some
unique interpolation methods [Fan and van den Dool, 2008], is available at 0.5° by 0.5° grid resolutions from
1948 to April 2016.

2.2.3. Precipitation

Precipitation data sets being considered are, University of Delaware (UD), Global Precipitation Climatology
Project (GPCP), and Global Historical Climatology Network and The Climate Prediction Center (CPC) Merged
Analysis of Precipitation (CMAP). All these data sets are available from NOAA/OAR/ESRL PSD, Boulder, Colo-
rado, USA, from their website at http://www.esrl.noaa.gov/psd/.

The Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP) [Xie and Arkin, 1997], which
has also been investigated over Africa [Lélé et al., 2015], is a monthly data set consisting of averaged precipi-
tation rates obtained by merging gauge observations, estimates inferred from a variety of satellite observa-
tions, and the NCEP-NCAR reanalysis. The data set is on a 2.5° by 2.5° grid resolution and covers the period
from 1979 to April 2016. The GPCP data set is probably the most commonly used data set for global precipi-
tation, including use in climate and hydrology related studies over southern Africa [Crétat et al., 2011a,
2011b; Boulard et al., 2012; Pohl et al., 2014]. The data set is a composite of rain gauge, satellites, and sound-
ing observation data [Adler et al., 2003] on a 2.5° by 2.5° grid resolution from 1979 to October 2015. The Uni-
versity of Delaware (UD) precipitation data set, which was compiled similar to the UD temperature, also
covers the years 1900-2014 at grid resolution of 0.5° X 0.5°.

These near-surface temperature and precipitation gridded data sets were interpolated to the 0.088° (about
10 km) common grid resolution of the downscaled products (i.e., WRF simulations).

2.3. Bias Correction

Level 3 AIRS satellite data version 6 spanning the years 2003-2012 is available globally at 1° X 1° grid res-
olution. Both the descending (1:30 A.M.) and ascending (1:30 P.M.) overpass times are combined in this
study to produce time series of temperature and relative humidity every 12 h. These fields are interpo-
lated to 6 hourly, 0.72° X 0.72° grid resolution and to the same pressure levels (38) of ERA-I reanalysis
which is being bias-corrected and subsequently used as initial and lateral boundary condition forcing
fields for downscaling. AIRS temperature is over 24 pressure levels (1000-1 hPa) and 12 levels for relative
humidity (1000-100 hPa). Teutschbein and Seibert [2012] demonstrated the viability of different bias cor-
rection approaches using an ensemble of eleven different RCM-simulated temperature and precipitation
and subsequent impacts on hydrological simulations. In the study, most methods were able to correct
daily mean values but power transformation or distribution mapping were also capable of correcting
other statistical properties. Despite the common use of scaling or quantile mapping bias correction
approaches, these are often found to overlook biases in persistence related attributes like time depen-
dence in raw GCM simulations of rainfall and other climate variables [Lin, 2007; Bates et al., 2008; Mehrotra
and Sharma, 2015]. In this study mean and standard deviation bias corrections are made to atmospheric
temperature and relative humidity. More sophisticated bias correction methods quickly lead to substan-
tial computational cost when correcting 4-D fields. This initial effort demonstrates the implementation of
objectively chosen reanalysis downscaling with prior bias-corrected LBC fields. The study, the first of its
kind, attempts to determine the impact of this downscaling of the most accurate reanalysis with prior
bias correction on temperature and precipitation within the regional domain centered over southern
Africa. The first bias correction focuses on biases in the mean for each variable at each grid location, and
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the second uses both mean and standard deviation in the same setting. The bias correction [Mehrotra
and Sharma, 2012, 2015] is implemented at daily time scale on the 6 hourly data in which each of the
ERA-I fields (atmospheric temperature and relative humidity) is transformed toward the AIRS mean (u,)
using the transformation

Xe=Xp— g+ s, m

where Xj is the transformed ERA-I data, Xz is original ERA-I data, uz and u, are means of original ERA-I and
AIRS, respectively.

When the bias correction is extended to also include standard deviation, the ERA-I data is recentered and
rescaled using

X3 =Sa(Xn—11g) /Sr+ . 2)

where S, and Sz are standard deviation of AIRS and ERA-|, respectively, p is mean of the mean transformed
ERA-I.

To assess the influence of the bias correction at the 6 hourly time scale of the LBC fields, mean bias is com-
puted between the corrected ERA-I and AIRS fields alongside that between raw ERA-I and AIRS at the bound-
ary panels of the domain. The panels are located at the boundaries of the RCM domain, stretching inward by
4°, The resultant panels of the domain were thus demarcated as north (-3°E to 58°E, —2°S to 1°S), south (-3°E
to 58°E, —50°S to —47°S), east (55°E-58°E, —47°S to —2°S), and west (-3°E to 0°E, —47°S to —2°S).

2.4. Analysis

2.4.1. LBC Fields

Impact of the LBC fields daily correction on the 6-hourly fields is investigated through computing mean
bias over the individual boundary panels. The errors are then displayed through vertical contour plots and
also summarized in a table to aid in the investigations.

Mean bias is given as
R—Obs, 3)

where R is ERA-l reanalysis averaged temperature or relative humidity, either raw or corrected, and Obs is
averaged AIRS temperature or relative humidity.

2.4.2. Models Simulations

Temperature and precipitation simulated by the models are evaluated against the gridded observations
based on mean bias, RMSE, and temporal correlation. These are done both annually and seasonally. Obser-
vational Range Adjusted (ORA) computation of error statistics is adopted to evaluate the model perfor-
mance against all observational data sets collectively [Evans et al., 2015]. This approach takes into
consideration uncertainties among the different gridded observations considered in which the model is
considered to have no error when it falls within the range of the observational data sets. When the model is
outside this range the error is the difference between the model and the nearest observation. This is
achieved by creating a pseudo-observational time series which equals the model value when the model
falls within the observational range, and takes the maximum or minimum observation value when the
model falls above or below the observational range, respectively. The pseudo-observation series, Obsoga,
can be represented by

Obsora=Model if Obsmin < Model < Obsax,
Obsopa=0bsmin if Model < ObSmin,
Obsora =0bsmay if Model > Obsyay, 4)

where Obsogra is the Observational Adjusted Range (ORA) value, Obsyin is the minimum value from all
the observations, Obsmax is the maximum value from all the observations, and Model is the model
value.

The ORA-adjusted values are subsequently used in computations of error statistics. The differences of the
means between the model and the ORA pseudo-observation series is given by mean bias as
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M—0bsopa, (5)

where M is model-averaged temperature or precipitation and Obs oz, is averaged observed temperature or
precipitation.

The RMSE is calculated as

RMSE = \/ % (327, (M—0bsom)?), (©)

where n is the number of time steps and Obspra; and M; are the observations and model product values,
respectively, for timei=1,...,n.

Temporal correlation coefficient is used to evaluate the goodness of fit by performing linear regression
between observational range adjusted (ORA) and models’ temperature or precipitation.

r= 27:1 (ObSORA,- 7%0&4) (leﬂ)
\/Z,"7 (Obsora, _mORA)Z\/Z,n (M—M)

where Obsogrs and M are observational range adjusted (ORA) and model mean values, respectively.

) 7)

2

3. Results

3.1. Bias Correction

Bias correction is aided through a summary table of mean bias over the individual boundary panels and
vertical contour plots of the errors considering midtroposphere to the surface (i.e,, 500-1000 hPa levels).
Vertical contour plots of mean bias between raw ERA-I and AIRS reveals how over a panel and over the
atmospheric levels the reanalysis compares to AIRS. The aim of bias correction is to bring reanalysis as
close as possible to AIRS and thus vertical contour plots of mean bias between corrected ERA-I and AIRS
should be as close as possible to zero over the individual panels and over levels of the atmosphere. Over-
all impact of bias correction for a panel is assessed through averaging mean bias over the panel and over
the levels of the atmosphere. The resultant panels of the domain are; north (-3°E to 58°E, —2°S to 1°S),
south (-3°E to 58°E, —50°S to —47°S), east (55°E-58°E, —47°S to —2°S), and west (-3°E to 0°E, —47°S to
—2°S).

3.1.1. Temperature

Mean bias over the individual boundary panels and over the levels show that raw ERA-I reanalysis is warm-
biased (overestimates temperature) over the boundary panels except the northern one (Table 1). The north-
ern boundary panel has the largest bias by raw ERA-I (-0.37 K), with western panel coming a distant second
with mean bias of 0.14 K. Mean bias over the panels based on both the mean correction (MeanCorr-AIRS)
and the mean and standard deviation correction (M&SDCorr-AIRS) are similar. Mean and standard deviation
correction is, however, superior for the southern and eastern panels with the bias reduced to zero. In both
corrections, the cold bias of the northern panel is reduced considerably (i.e., from —0.37 K using raw ERA-I
to —0.03 K using corrected ERA-I).

Vertical contours of mean bias reveal that Raw ERA-I is particularly warm-biased toward high latitudes
around 800 hPa over the eastern boundary panel (Figure 2). Over the western and southern boundary pan-
els, this warm bias around 800 hPa pressure level is especially visible toward the low latitudes and larger
over the former (Figures 2 and 3). Raw ERA-| also shows largest cold bias especially toward the surface over
the northern and southern boundary panels. As also revealed through Table 1, bias using both corrections
are very similar to each other.

3.1.2. Relative Humidity

Raw ERA-l is wet-biased (overestimates relative humidity) over all the boundary panels (Table 1). The
northern boundary panel has the largest bias (4.63%) followed by the southern boundary panel
(1.44%). Although the bias slightly varies between the two corrections, the corrections are closer to
each other. Mean and standard deviation correction is superior except over the northern panel. The
largest bias correction is over the northern panel, which is the only one that yields dry bias after the
corrections.
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Table 1. Temperature (K) and Precipitation (mm) Mean Bias Between Corrected ERA-l and AIRS, also Showing That Between Raw ERA-I
and AIRS at the Respective Boundaries of the Domain

Temperature Mean Bias (K) Relative Humidity Mean Bias (%)
MeanCorr-AIRS M&SDCorr-AIRS Raw-AIRS MeanCorr-AIRS M&SDCorr-AIRS Raw-AIRS
N —0.03 —0.03 —0.37 0.24 0.27 4.63
S 0.01 0.00 0.02 —0.76 -0.73 144
E 0.01 0.00 0.01 -0.33 —0.28 0.69
w 0.05 0.05 0.14 —0.40 —0.35 0.77

For both the eastern and western boundary panels, raw ERA-I is wet biased over the lower layers of the
atmosphere (Figure 4). This wet bias is larger over the western boundary panel, especially toward low lati-
tudes. Raw ERA-I shows largest wet bias at upper layers and lower layers over the northern boundary panel
(Figure 5). For the southern boundary panel, the largest wet bias is a thing horizontal band around 950 hPa.
There is also large bias around 500 hPa. All these bias have been minimized during the corrections.

3.2. Models Mean Bias (Model Observations)

3.2.1. Temperature

University of Delaware (UD) and Global Historical Climatology Network version 2 and the Climate Anomaly
Monitoring System (GHCN_CAMS) are used as temperature observational data sets for evaluating the mod-
els performance. The WRF run using raw ERA-I forcing (WRF_ERA-Iraw) is only warm-biased in summer (DJF)
and spring (SON) as could be seen in Table 2. The largest bias is during winter (JJA) at —0.44 K. Transition
seasons (MAM, SON) show best performances by WRF_ERA-Iraw.

Annually, WRF_ERA-Iraw is generally cold biased over the study area despite the anomalous warm bias over
the Namibian coastal plain (Figure 6a). Seasonally, the anomalous warm bias over the Namibian coastal
plain is still visible (Figure 7a). Winter's largest cold bias among the seasons is evident particularly to the
east over southern Mozambique and over northern to central parts of the domain covering northern
Botswana and northwestern Namibia (Figure 7a).

WRF forced with both mean bias-corrected ERA-I (WRF_ERA-IcorrM) and mean and standard deviation bias-
corrected ERA-I (WRF_ERA-IcorrM&SD) atmospheric temperature is warm biased annually and over all sea-
sons (Table 2). In both cases, the bias improvement is only in winter (JJA). Contrary to WRF forced by ERA-
Iraw, where least bias is in spring (SON), the season shows the largest biases from WRF forced by the bias-
corrected atmospheric temperature. WRF_ERA-IcorrM&SD is superior to WRF_ERA-IcorrM except during
summer (DJF). The anomalous warm bias over the Namibian coastal plain appears a bit worse in WRF_ERA-
IcorrM and WRF_ERA-IcorrM&SD especially the northern part as is seen in the annual near-surface tempera-
ture contour plots over the domain (Figure 6). This could partly be attributed to the significant reduction in
cold bias during the bias correction prior to downscaling at the northern boundary (Table 1). Despite the
bias correction at best marginally reducing the atmospheric temperature biases at the western, southern,
and eastern boundaries prior to downscaling, the model forced by the bias-corrected atmospheric tempera-
ture generally increases near-surface temperature over the domain. Seasonally, the anomalous warm bias
over the western coastal plain is more evident during autumn (MAM) from all three model run simulations
(Figure 7). Simulations based on bias-corrected LBCs show more warm bias in spring (SON) and winter (JJA)
especially over most of South Africa. Both WRF_ERA-IcorrM and WRF_ERA-IcorrM&SD show less cold bias
over Mozambique, northern Botswana, and northeastern Namibia than that which is clearly shown by
WRF_ERA-Iraw during winter (Figure 7).

3.2.2. Precipitation

The global gridded precipitation data sets considered as observations are University of Delaware (UD),
Global Precipitation Climatology Project (GPCP), and The Climate Prediction Center Merged Analysis of Pre-
cipitation (CMAP). The models performances are thus evaluated against the three data sets collectively.
WRF_ERA-Iraw is found to be dry biased annually and over all the seasons except in spring (MAM) (Table 2).
The largest bias over the seasons are during spring (-17.86 mm) followed by autumn (17.04 mm).

The eastern part of the domain falling over Mozambique has the largest annual dry bias (Figure 8a). North-
ern to central Botswana and northern Namibia are the other areas with notable dry bias by WRF_ERA-Iraw.
To the south east of the domain over the Drakensburg and Lesotho areas, WRF_ERA-Iraw shows the largest
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Figure 2. Vertical contour plots of temperature (K) mean bias between raw ERA-I and AIRS (Raw-AIRS), mean corrected ERA-l and AIRS
(MeanCorr-AIRS) and mean and standard deviation corrected ERA-I and AIRS (M&SDCorr-AlIRS) at the eastern and western boundaries of

the domain.
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Figure 3. Vertical contour plots of temperature (K) mean bias between raw ERA-I and AIRS (Raw-AIRS), mean corrected ERA-I and AIRS
(MeanCorr-AIRS) and mean and standard deviation corrected ERA-I and AIRS (M&SDCorr-AlIRS) at the northern and southern boundaries of
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Table 2. Observational Range Adjusted (ORA) Mean Bias of Annual and Seasonal Temperature (K) and Precipitation (mm) for the Whole
Study Period (2004-2012)

Temperature (K) Bias Precipitation (mm) Bias

Timescale ~ WRF_ERA-lraw ~ WRF_ERA-IcorrM  WRF_ERA-lcorrM&SD ~ WRF_ERA-Iraw ~ WRF_ERA-lcorrM  WRF_ERA-IcorrM&SD

DJF 0.18 0.37 0.40 —11.95 19.54 0.07
MAM —0.09 0.43 0.42 17.04 15.47 15.58
JJA —0.44 0.32 0.25 —2.20 —3.89 —4.78
SON 0.04 0.67 0.59 —17.86 —12.68 14.54
Annual —0.17 0.38 0.32 —6.38 9.78 1.77

wet bias due to the model’s struggle in handling orographic forcing. The bias patterns are also revealed at
seasonal scales (Figure 9a). The wettest season (summer) shows the largest bias in both magnitude and spa-
tial extent. The eastern part over Mozambique, north to central Botswana in the center of the domain, and
mostly northwestern Namibia have notable dry bias. The southeastern part over the Drakensburg and Leso-
tho areas show largest wet bias by WRF_ERA-Iraw.

Precipitation bias are generally improved in WRF_ERA-IcorrM&SD, especially during summer (0.07 mm for
WRF_ERA-IcorrM&SD, —11.95 mm for WRF_ERA-Iraw) and annually (1.77 mm for WRF_ERA-lcorrM&SD,
—6.38 mm for WRF_ERA-Iraw) as summarized in Table 2. WRF_ERA-IcorrM shows reversals of dry bias from
WRF_ERA-lIraw during summer (19.54 mm for WRF_ERA-IcorrM&SD, —11.95 mm for WRF_ERA-Iraw) and
annually (9.78 mm for WRF_ERA-lcorrM&SD, —6.38 mm for WRF_ERA-Iraw). Dry bias of annual precipitation
over the domain is generally reduced in both WRF_ERA-IcorrM and WRF_ERA-IcorrM&SD (Figure 8). In
both cases, there is increased precipitation biases over Mozambique, and northern to central Botswana
(Figure 8). WRF_ERA-IcorrM also shows increased precipitation bias over central Zimbabwe. The increase in
spatial extent of precipitation bias is also noticed around the high elevation areas of the Drakensburg in
South Africa. These are also reflected over the seasons (Figure 9).

3.3. Models Root Mean Squared Error (RMSE)

For temperature, WRF_ERA-Iraw performs best annually and during summer (Table 3). Similar to mean bias,
largest RMSE is evident over the Namibian coastal plain (Figure 10a). Despite this, WRF_ERA-Iraw’s perfor-
mance is fairly uniform over the domain. Considering precipitation, WRF_ERA-Iraw is superior during winter
(JJA) while summer (DJF) has the worst performance among the seasons, only better than annual (Table 3).
WRF_ERA-Iraw performs best over the southwestern part of the domain bordering Namibia, Botswana, and
South Africa (Figure 11a). Another notable improved performance is to the east, spreading slightly either
side of the borders between Botswana, Zimbabwe, South Africa and into Mozambique.

Both WRF_ERA-IcorrM and WRF_ERA-IcorrM&SD are superior to WRF_ERA-Iraw in near-surface temperature
simulations (Figure 10 and Table 3). WRF_ERA-IcorrM&SD is better than WRF_ERA_IcorrM. Like for
WRF_ERA-Iraw, best performances are during summer for both bias-corrected model simulations. For pre-
cipitation, both bias-corrected model simulations are only slightly superior to WRF_ERA-Iraw during spring

20°S
25°s 2508
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35°S — 358

Figure 6. Observational Range Adjusted (ORA) mean bias (model-observations) of annual surface temperature (K) for (a) WRF_ERA-Iraw, (b) WRF_ERA-IcorrM, and (c) WRF_ERA-IcorrMSD.
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Figure 7. Seasonal Temperature (K) Observational Range Adjusted (ORA) mean bias for (a) WRF_ERA-Iraw, (b) WRF_ERA-IcorrM, and (c) WRF_ERA-IcorrM&SD.

Figure 8. Observational Range Adjusted (ORA) mean bias (model-observations) of annual precipitation (mm) for (a) WRF_ERA-Iraw, (b) WRF_ERA-IcorrM, and (c) WRF_ERA-IcorrMSD.
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Figure 9. Seasonal Precipitation (mm) Observational Range Adjusted (ORA) mean bias for (a) WRF_ERA-Iraw, (b) WRF_ERA-IcorrM, and (c) WRF_ERA-IcorrM&SD.

(SON) and winter (JJA) as shown in Table 3. Here WRF_ERA-IcorrM&SD is marginally better than WRF_ERA-
IcorrM in precipitation RMSE. Annually, RMSE based on bias-corrected model simulations are similar to those
based on WRF_ERA-Iraw but with the former performances worse over northwestern Namibia (Figure 11).
WRF_ERA-IcorrM&SD also perform worse over western Botswana.

Table 3. Observational Range Adjusted (ORA) Mean RMSE of Annual and Seasonal Temperature (K) and Precipitation (mm) for the
Whole Study Period (2004-2012)

Temperature (K) RMSE Precipitation (mm) RMSE

Timescale ~ WRF_ERA-lraw ~ WRF_ERA-IcorrM ~ WRF_ERA-lcorrM&SD ~ WRF_ERA-lraw ~ WRF_ERA-lcorrM  WRF_ERA-IcorrM&SD

DJF 1.94 1.00 1.02 96.63 104.77 105.42
MAM 223 1.29 1.26 58.88 65.92 64.74
JJA 222 133 1.29 19.83 17.38 17.08
SON 2122 .13 11l 40.57 37.59 37.35
Annual 1.92 0.92 0.91 13233 143.72 151.23
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Figure 10. Observational Range Adjusted (ORA) RMSE of annual surface temperature (K) for (a) WRF_ERA-Iraw, (b) WRF_ERA-IcorrM, and (c) WRF_ERA-IcorrMSD.
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3.4. Models Temporal Correlation

Temporal correlation between WRF_ERA-Iraw and observations is poor for both temperature and precipita-
tion (Table 4). For temperature, the best correlation is during summer (DJF) and spring (SON) at 0.35.
Autumn (MAM) has the poorest correlation. WRF_ERA-Iraw is poorly correlated, mostly negative, along the
coastal line and over the center of the domain extending between western Botswana and eastern Namibia
(Figure 12a). Based on Table 4, WRF_ERA-Iraw’s precipitation is better correlated with observed precipitation
during autumn (MAM) and annually. Poorest correlation is during winter (JJA). The northeastern part
over Mozambique and western to central Namibia show the poorest and mostly negative correlation
(Figure 13a).

Temporal correlations in near-surface temperature are generally improved in bias-corrected model simula-
tions with WRF_ERA-IcorrM marginally better than WRF_ERA-IcorrM&SD (Table 4). In the three cases, best
correlations are during summer (DJF) and spring (SON). Considering precipitation, correlations in WRF_ERA-
IcorrM are marginally better than in WRF_ERA-IcorrM&SD (Table 4). Similar to WRF_ERA-Iraw, worst correla-
tions are in winter (JJA) for both bias-corrected model runs. Annually, WRF_ERA-IcorrM&SD shows the larg-
est negative correlation over the center of the domain, which is not present in WRF_ERA-IcorrM and
WRF_ERA-Iraw (Figure 13).

4. Discussions

Daily bias correction of atmospheric temperature and moisture (relative humidity) brings about the desired
impact on the 6 hourly fields as assessed through the boundary panels of the domain from midtroposphere
to the surface (i.e., 500-1000 hPa). Although the bias corrections have similar impact, mean and standard
deviation is superior for both atmospheric temperature and relative humidity.
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Figure 11. Observational Range Adjusted (ORA) RMSE of annual precipitation (mm) for (a) WRF_ERA-Iraw, (b) WRF_ERA-IcorrM, and (c) WRF_ERA-IcorrMSD.
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Table 4. Observational Range Adjusted (ORA) Mean Temporal Correlation of Annual and Seasonal Temperature (K) and Precipitation
(mm) for the Whole Study Period (2004-2012)

Temperature (K) Temporal Correlation Precipitation (mm) Temporal Correlation

Timescale ~ WRF_ERA-lraw ~ WRF_ERA-IcorrM  WRF_ERA-lcorrM&SD ~ WRF_ERA-Iraw ~ WRF_ERA-lcorrM  WRF_ERA-IcorrM&SD

DJF 0.35 0.42 0.47 0.28 0.35 0.34
MAM 0.06 0.34 0.28 0.50 0.27 0.24
JJA 0.26 0.19 0.17 0.20 0.29 0.22
SON 0.35 0.42 0.45 0.32 0.31 0.35
Annual 0.25 0.40 0.32 0.44 0.46 0.30

Despite the bias correction of atmospheric temperature and relative humidity being impactful on the driv-
ing LBCs prior to the downscaling, the impact on the resultant simulations gives mixed results which implies
that maybe different types of bias correction strategies (such as the more complex alternatives that main-
tain intervariable relationships as per Mehrotra and Sharma [2015]) should be considered instead of the
approaches considered here. It might also be that an altered configuration of WRF model that is more ame-
nable to the influence of the lateral and lower boundaries should be adopted for this domain. Lack of wind
LBCs correction cannot be ruled out as another limiting factor that might have impacted the simulations. It
is interesting that bias correction of the LBCs has led to cooler (except the northern boundary) and drier
boundary conditions on average, but this has translated into a generally warmer and wetter land surface.
The vertical structure of the LBC bias correction plays an important role here. Most of the temperature
decreases imposed through the bias correction are occurring around 800 hPa elevation, while the near-
surface layers are often warming. Meanwhile, most of the humidity decreases are occurring near the surface
while increases are occurring around 800 hPa elevation.

This means that around 800 hPa, near the top of the daytime planetary boundary layer, the atmosphere
entering the domain is closer to saturation. Meanwhile, surface layer air masses entering from the west or
east are warmer and drier. These surface air masses must travel over significant ocean distances before
reaching land and while doing so readily evaporate more water than the control simulation. The net effect
of these processes is an increase in the total precipitable water in air masses reaching the land. This in turn
leads to precipitation events generally producing higher rainfall totals. Since the number of precipitation
events does not change, this leads to higher total precipitation over land.

It is also observed that simulations with prior bias correction of LBCs show similarities to those without any
prior correction of LBCs especially in regard to anomalous high temperature over the Namibian coastal plain
and notable wet bias over high altitude areas (and also dry bias over Mozambique). The temperature anom-
aly over the Namibian coastal plain was also revealed in a study by Moalafhi et al. [2016b] using the same
WRF configuration to downscale ERA-I and MERRA over the domain. In that study, Moalafhi et al. [2016b]
attributed this anomalous warm bias to low level air masses that cool over the Benguela current not cross-
ing onto the coastal plain frequently enough, and air masses descending from the inland plateau onto the
coastal plain warming the low-level air too much. This anomaly was also revealed in other past studies over
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Figure 12. Observational Range Adjusted (ORA) temporal correlation of annual surface temperature (K) for (a) WRF_ERA-Iraw, (b) WRF_ERA-IcorrM, and (c) WRF_ERA-IcorrMSD.
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Figure 13. Observational Range Adjusted (ORA) temporal correlation of annual precipitation (mm) for (a) WRF_ERA-Iraw, (b) WRF_ERA-IcorrM, and (c) WRF_ERA-IcorrMSD.

the region using RegCM4 [Li et al., 2015; Diallo et al.,, 2014]. The largest wet biases over the Drakensburg
and Lesotho were also revealed through the same study by Moalafhi et al. [2016b] where WRF was found to
be sensitive to orographic forcing, as also revealed through other RCM studies over similar domains [Kalog-
nomu et al., 2013; Ratnam et al., 2011]. Past studies over similar domain also revealed dry bias over Mozam-
bique which was attributed to models overestimation of precipitation over Madagascar, to the east of
the domain over the Indian ocean, and thus denying Mozambique the moisture column for precipitation.
Moalafhi et al. [2016b] also showed that warm air masses frequently pass over Madagascar before reaching
Mozambique.

5. Conclusions

Influence of bias correction of ERA-I reanalysis LBCs fields of atmospheric temperature and relative humidity
using AIRS satellite data prior to downscaling has been investigated over a domain centered over southern
Africa between the years 2003 and 2012. Two WRF downscaling experiments were undertaken; one using
only mean-corrected and the other one using both mean and standard deviation corrected atmospheric
temperature and relative humidity in the LBCs. To account for observational uncertainty, the simulations
were evaluated against a collection of global gridded observational data sets. Mean bias, RMSE, and tempo-
ral correlation were derived seasonally and annually on simulated near-surface temperature and precipita-
tion. These were compared with the raw ERA-I reanalysis (i.e., ERA-I reanalysis without any bias correction in
the LBCs fields) driven WRF simulations to investigate the impact of the bias corrections on the model
forced simulations over the domain.

Although bias correction of temperature and relative humidity LBC fields is impactful prior to downscaling,
the resultant simulated climate does not show clear improvement. The bias correction produces mostly
cooler and drier boundary conditions on average, but the resultant simulations show a generally warmer
and wetter climate over the region. These imply that the more complex alternative bias correction proce-
dures like the one suggested by Mehrotra and Sharma [2015] that maintains intervariable relationships and
implemented recursively at different time scales should maybe be considered for future work. The current
WRF model configuration might also need to be altered to make it more amenable to the influence of the
lateral and lower boundary conditions. Since not all LBC variables (temperature, moisture, and winds) were
corrected in this study, future work should consider inclusion of wind fields for improved simulations. All
these might have implications not only for this particular domain and region of southern Africa. These chal-
lenges need to be addressed in future work to ensure that the best downscaled reanalysis data set is devel-
oped for use in hydrological impact studies over the region.

Similar to the WRF model’s challenges in simulating temperature over the Namibian coastal plain and pre-
cipitation especially over complex topography [Moalafhi et al., 2016], the simulated climate with prior bias
correction of the LBC variables also shows some anomalous warm temperature over the Namibian coastal
plain and considerable wet bias over high-altitude areas. These appear to be a common challenge to RCMs
over the region as revealed also in other previous studies.
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