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Abstract Reanalysis precipitation is routinely used as a surrogate for observations due to its high spatial
and temporal resolution and global coverage, and it has been widely used in hydrologic and agricultural
applications. The resultant product and analysis are largely dependent on the accuracy of the reanalysis
precipitation data set. In this study, we analyze the impact of reanalysis precipitation uncertainties on
drought depiction. Five reanalyses precipitation data sets (Climate Forecast System Reanalysis, R1: National
Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research reanalysis, R2:
NCEP/Department of Energy reanalysis Il, 20CR: The Twentieth Century Reanalysis version 2 and Modern-Era
Retrospective Analysis for Research and Applications) are evaluated from 1979 to 2012 over sub-Saharan
Africa against an observational-based reference: The Princeton Global Meteorological Forcing data set.
Results show that all the reanalyses precipitation data sets provide a relatively good representation of the
long-term statistics of spatiotemporal drought characteristics in sub-Saharan Africa. However, deficiencies
are found in the estimation of drought severity, the spatial pattern, and temporal persistency of droughts.
Drought depiction over central Africa appears more problematic due to a lack of observational data. A
comparison of drought depiction based on the Standardized Precipitation Index reveals higher monthly to
seasonal precipitation variability that further increases after ~1999 due to changes in the observations
included in the reanalyses assimilation systems.

1. Introduction

Drought accounts for widespread agricultural failure and famine and threats future water and food supplies
as well as to regional economies. It is estimated that in the twentieth century, nearly 1.9 billion people have
been affected by drought [Sheffield et al., 2012]. However, the dynamics of tropical drought onset, persis-
tence, and recovery are one of the least understood aspects of this natural disaster. As a critical characteristic
of the hydrologic cycle, drought is primarily caused by a precipitation deficit and propagates through the
hydrologic cycle affecting all components. Thus, knowledge about precipitation amounts and their patterns
are crucial for understanding drought mechanisms, monitoring current drought conditions, predicting future
drought risks, and mitigating potential impacts on agriculture and water availability.

Valuable ground-based precipitation records that can be used for drought monitoring or prediction are often
lacking, especially in developing countries where precipitation networks are sparse. Precipitation reanalyses
data generated from state-of-the-art global circulation models, with assimilation of multiple-source satellite
or observational data, bring substantial opportunities to the hydrologic and climate community. Reanalysis
has been increasingly used as a surrogate of observations in long-term monitoring of water-driven processes
such as climate predictions and drought monitoring [Mo and Chelliah, 2006; Dutra et al., 2008]. By merging
available observations with a climate model, reanalysis offers valuable information, especially over poorly
monitored regions such as sub-Saharan Africa.

However, substantial uncertainty exists in hydrological variables in reanalyses data sets, especially in tropical
regions, which may lead to an unrealistic representation of the water cycle variables [Lorenz and Kunstmann,
2012; Zhang et al., 2013]. Precipitation, being one of the key components of the water and energy cycles, is
particularly important since its accuracy, to a large extent, determines the reliability of hydrological model
outputs. A number of studies have been carried out on the evaluation of reanalyses-based precipitation at
regional [e.g., Koutsouris et al., 2015], continental [e.g., Solman et al., 2013; Pefia-Arancibia et al., 2013] and
global scales [e.g., Betts et al., 2006, 2009; Bosilovich et al., 2008]. The reanalyses data sets have been found
to suffer from a lack of closure of the water budget over the tropics [Marengo, 2005] and have failed in

ZHAN ET AL.

DEPICTION OF DROUGHT USING REANALYSES 10,555


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2016JD024858
http://dx.doi.org/10.1002/2016JD024858
mailto:wzhan@princeton.edu

@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD024858

reproducing the increasing tendency of the North African monsoon precipitation [Lin et al, 2014].
Intercomparison studies have demonstrated major differences in the tropical regions between reanalyses
precipitation and observations [Lorenz and Kunstmann, 2012; Zhang et al., 2013]. Some differences have been
attributed to the misrepresentation of rain rate distribution [Rienecker et al., 2011] as well as biases in rainfall
climatology and variability [Poccard et al., 2000].

Errors in reanalyses products are associated with parameterizations in the physical processes and the data
assimilation procedures [Zhang et al., 2012], leading to uncertainties when they are used to force hydrological
models and other applications like crop models. A few of the evaluation studies focused on assessing and
understanding the impact of errors in reanalyses data sets on hydrological modeling [e.g., Adler et al.,
2001; Solman et al., 2013]. Precipitation has been demonstrated to be a significant source of uncertainty in
simulated runoff on different time scales from daily [Getirana et al., 2011] to decadal [Fekete et al., 2004].

Quantitative assessment of drought characteristics and the impact of historical drought events are essential
for managing water resources, irrigation planning, and food security. For this purpose, several indices have
been derived in recent years to quantify different drought parameters, such as its intensity, duration, fre-
quency, and severity. Mishra and Singh [2010] and Dai [2011] gave comprehensive reviews on drought
indexes commonly used, and newly developed, for different types of drought. One of the most frequently
used drought indices to characterize meteorological drought is the Standardized Precipitation Index (SPI)
[McKee et al., 1993]. SPI is a normalized index representing the standardized departure of an observed rainfall
amount compared to long-term rainfall climatology. It is recommended by the World Meteorological
Organization to monitor the severity of drought events. Sheffield et al. [2004] developed a drought index
based on soil moisture percentiles (Qsy) derived from a 50year, historical soil moisture time series from
the Variable Infiltration Capacity (VIC) land surface model. This soil moisture-based drought index was first
used over the continental US. and has been adopted by the North American Land Data Assimilation
System to represent drought severities and durations over the U.S. and is used in Princeton's African Flood
and Drought Monitor [Sheffield et al., 2014].

As a dynamic process, it is important to investigate spatial-temporal patterns of drought. Efforts have been
made to relate different aspects of drought characteristics [Hallack-Alegria and Watkins, 2007; Mishra and
Singh, 2009]. Among the others is the innovative severity-area-duration (SAD) analysis developed by
Andreadis et al. [2005], which quantifies relationships between drought severity, spatial extent, and duration
in an objective manner. The novelty of the SAD analysis lies in integrating the spatiotemporal information
without reducing events to a lower dimension. SAD analysis has been successfully used to compare agricul-
tural drought events over the continental United States [Wang et al., 2009], Korea [Kim et al., 2011], China
[Wang et al., 2011], and globally [Sheffield et al., 2009] using soil moisture percentiles.

In this study, we evaluate five reanalyses precipitation data sets on their reconstruction of drought properties
over sub-Saharan Africa by implementing the SAD procedure outlined in Andreadis et al. [2005]. SAD analysis
is applied to track Qsp- and SPI-based drought events over the period 1979 to 2012 and to determine the
variability among the reanalyses products in depicting such droughts. The five reanalyses products used in
the study are as follows: (i) Climate Forecast System Reanalysis (CFSR) [Saha et al., 2010], (i) National
Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis
(R1) [Kalnay et al., 1996], (iii) NCEP/Department of Energy (DOE) reanalysis (R2) [Kanamitsu et al., 2002], (iv)
twentieth century reanalysis (20CR) [Compo et al, 2011], and (v) Modern-Era Retrospective Analysis for
Research and Applications (MERRA) [Rienecker et al., 2011]. The observational reference used for comparison
with the reanalyses is the Princeton Global Forcing data set (PGF) [Sheffield et al., 2006]. The assessment is
based on simulated soil moisture at a 0.5° spatial resolution from macroscale land surface model, Variable
Infiltration Capacity (VIC) model (version 4.1.2, in full water and energy balance mode), driven by observed
meteorological data, and the five reanalyses precipitation data sets.

2. Data Sets

Here we compare the precipitation fields from five state-of-the-art reanalyses data sets to the observational
precipitation reference from the PGF data set. The five reanalyses data sets mentioned in the previous section
are further summarized in Table 1 and briefly described in section 2.1. The PGF precipitation and other forcing
data used to run the VIC land surface model are described in more detail in section 2.2. All data are
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Table 1. Summary of Reanalysis Precipitation Data Sets Evaluated

Data Set Assimilation Temporal Coverage Spatial Coverage Model Resolution Source Reference

CFSR 3D-VAR 1979/01 to present, 6-hourly Global, 0.5° x 0.5° T382 Gaussian grid NCEP Saha et al. [2010]

R1 3D-VAR 1948/01 to present, 6-hourly Global, 2.5° x 2.5° T62 Gaussian grid NCEP/NCAR Kalnay et al. [1996]
R2 3D-VAR 1979/01 to present, 6-hourly Global, 2.5° x 2.5° T62 Gaussian grid NCEP/DOE Kanamitsu et al. [2002]
20CR EnKF 1871/01-2012/12, 6-hourly Global, T62 Gaussian grid T62 Gaussian grid NOAA Compo et al. [2011]
MERRA 3D-VAR? 1979/01 to present, 1 hourly Global, 0.5° x 0.667° 0.5°x 0.667° NASA Rienecker et al. [2011]

#With incremental update.

interpolated onto a 0.5°x 0.5° grid using a bilinear interpolation technique. We acknowledge that there are
uncertainties introduced by the interpolation since different reanalyses have different spatial resolution.
The reanalyses data was aggregated to monthly values for the analysis and covers the period 1979 to 2012.

2.1. Reanalyses Precipitation Data

This section briefly describes the reanalyses from which the precipitation products were derived.

2.1.1. Climate Forecast System Reanalysis (CFSR)

The NCEP CFSR [Saha et al., 2010] covers the period from 1979 to present with a spatial resolution of T382
(~38km). It includes a coupled atmosphere-ocean model consisting of a spectral atmospheric model from
the NCEP Global Forecast System (GFS) [Saha et al., 2006] and an ocean component from the Geophysical
Fluid Dynamics Laboratory Modular Ocean Model version 4p0d [Griffies et al., 2004]. Also included is the
Global Land Data Assimilation System (GLDAS) Land Information System (LIS) using observed precipitation
with a four-layered Noah land surface model (LSM) [Ek et al., 2003], as well as the atmospheric grid-point
statistical interpolation (GSI) data assimilation system [Wu et al., 2002]. Precipitation observations from the
5day satellite-based Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP) [Xie and
Arkin, 1997] with 2.5°x 2.5° spatial resolution and CPC unified global gauge analysis [Xie et al., 2007; Chen
et al., 2008] with 0.5°x 0.5° spatial resolution are used as direct forcing to the GLDAS land surface analysis
[Meng et al., 2012].

2.1.2. NCEP/NCAR Reanalysis (R1)

The NCEP/NCAR reanalysis system [Kalnay et al., 1996] includes the NCEP Global Spectral Model (GSM, also
referred to as the Medium Range Forecast model) with T62 (~210 km) horizontal resolution and a three-
dimensional variational (3D-Var) assimilation scheme. The NCEP GSM became operational in January 1995
and is based on the 1988 version of the model (National Meteorological Center Development Division,
1988) with improvements summarized by Kanamitsu [1989] and Kanamitsu et al. [1991]. Observational data
used in the assimilation system [Kistler et al., 1994] include radiosonde observations, Advanced Television
Infrared Observation Satellite (TIROS-N) Operational Vertical Sounder temperature soundings, cloud-tracked
winds from geostationary satellite, aircraft observations of wind and temperature, land surface reports of sur-
face pressure, ocean reports of surface pressure, temperature, horizontal wind, and specific humidity.
Observed precipitation is not included in the assimilation phase of the model. The daily NCEP/NCAR reana-
lysis precipitation fields, available from 1948 to the present, are averaged from 6-hourly model forecasts
(0000 UTC, 0600 UTC, 1200 UTC, and 1800 UTC) and then aggregated to monthly precipitation.

2.1.3. NCEP/DOE Reanalysis Il (R2)

The NCEP/Department of Energy (DOE) Atmospheric Modelling Intercomparison Project 2 reanalysis (R2)
[Kanamitsu et al., 2002] followed the NCEP/NCAR Reanalysis Project with an updated forecast model (1999
version of NCEP GSM), data assimilation system, and improved physical parameterization. The most signifi-
cant changes in R2 that directly affect the precipitation forecasts are improved convective parameterization
and the incorporation of precipitation observations instead of analysis precipitation to compute soil moisture
within a GLDAS system [Kanamitsu et al., 2002]. The observed precipitation database used is the 5 day accu-
mulated Xie-Arkin precipitation [Xie and Arkin, 1997], which is a global data set based on both gauge and
satellite estimates. Thus, an improved representation of precipitation and soil moisture variability is found
in R2 [Roads, 2003; Maurer et al., 2001]. Data from NCEP/DOE Reanalysis Il are available from January 1979
to the present with T62 (~210 km) horizontal resolution, and this study uses the monthly precipitation fields
(aggregated from 6-hourly to monthly) from 1979 to 2012.
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2.1.4. The Twentieth Century Reanalysis v2 (20CR)

The Twentieth Century Reanalysis (20CR) [Compo et al., 2011] project is an international effort to produce a
comprehensive global atmospheric circulation data set spanning the twentieth century. The system is driven
by global sea surface temperature and sea ice distributions from the Hadley centre global sea ice and sea
surface temperature data set as boundary conditions. The unique feature of 20CR is that it assimilates only
surface level pressure records into the coupled atmosphere-land model, which is the April 2008 experimental
version of the NCEP GFS, using an Ensemble Kalman Filter (EnKF) data assimilation method [Whitaker et al.,
2004]. This unique feature allows it to span over a longer time period from 1871 to 2012 and is available at
6-hourly temporal resolution at a 2°x 2° spatial resolution.

2.1.5. Modern-Era Retrospective Analysis for Research and Applications (MERRA)

NASA Goddard Space Flight Center Global Modeling and Assimilation Office conducted the MERRA reanalysis
[Rienecker et al., 2011]. MERRA reanalysis surface products are available for the period of 1979 to the present,
at high spatial and temporal resolution: 0.5°x 0.667° and hourly, respectively. It is based on NASA's Goddard
Earth Observing System version 5 (GEOS-5) [Rienecker et al., 2008] that includes the GEOS-5 global climate
model with observed sea surface temperatures and the Catchment land surface scheme [Koster et al.,
2000]. The data assimilation used is the NCEP GSI system, a three-dimensional variational (3D-Var) data assim-
ilation system developed by NCEP [Wu et al., 2002]. MERRA assimilates satellite rainfall estimates from the
Special Sensor Microwave Imager (SSM/I) and the Tropical Rainfall Measuring Mission (TRMM) Microwave
Imager (TMI).

2.2, Gridded Observation and Other Forcing Data

The observational reference precipitation data set and other meteorological forcings are taken from the
Princeton Global Meteorological Forcing data set (PGF) [Sheffield et al., 2006], which has a resolution of 3-
hourly and 1° spatially of near-surface meteorology for global land areas for the period 1948-2010. PGF offers
multiple variables that can be used to drive land surface models including precipitation, temperature, pres-
sure, downward shortwave and longwave radiation, specific humidity, and wind speed. The precipitation
field merges R1 with observations from the 1° Global Precipitation Climatology Project (GPCP) [Huffman
et al,, 2001] daily precipitation, the 0.5° Climatic Research Unit [New et al., 2000; Harris et al., 2014] monthly
values and a 2° gauge-based daily precipitation data set developed by Nijssen et al. [2001]. The 0.25°
TRMM Multi-Satellite Precipitation Analysis [Huffman et al., 2007] 3-hourly real-time data set (3B42RT) is used
to downscale precipitation data from 2°, daily to 1°, 3-hourly over the TRMM domain region. The data set has
been extensively used in regional and global studies of climate and hydrology applications [Sheffield and
Wood, 2008; Wang et al., 2011]. Given a lack of available high-quality observations for Africa, it is believed that
PGF provides the most reliable information about precipitation climatology and variability over Africa under
current conditions, despite its inevitable uncertainties [Chaney et al., 2014]. Thus, this data set is used as the
reference data set in our study.

3. Materials and Methods
3.1. Variable Infiltration Capacity (VIC) Model

The Variable Infiltration Capacity (VIC) model [Liang et al., 1994] is used to dynamically simulate the hydrolo-
gical response of the surface water budget components—namely, surface and subsurface runoff, evapotran-
spiration, and changes in soil moisture—to atmospheric forcings. A three-layer-soil-moisture representation
is simulated through a soil-vegetation-atmosphere transfer [Liang et al., 1996] scheme that accounts for
subgrid-scale heterogeneity of vegetation, soil, and topography. The VIC simulated water budget compo-
nents, and particularly runoff and soil moisture, has been validated extensively over the globe to observa-
tions [e.g., Sheffield et al., 2004]. Nijssen et al. [2001] compared monthly soil moisture patterns from VIC
simulations to a climatology of soil moisture values by Mintz and Serafini [1992]. They conclude that VIC
simulated patterns of soil moisture storage mirrors those of Mintz and Serafini [1992], with the exception of
high-latitude regions in the summer time. The model is run either in full energy mode at a subdaily time step
and forced by precipitation, surface incoming shortwave and longwave radiation, and surface meteorology
or run in water balance mode at a daily time step and forced with daily precipitation and maximum and mini-
mum air temperatures. In this study, VIC was run in daily water balance mode at a 0.5° spatial resolution, with
a spin-up period from 1 January 1970 to 31 December 1978 using PGF precipitation and temperature data.
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3.2. Drought Indexes

The simulated soil moisture fields were aggregated to a monthly time scale and empirically fit to a statistical
distribution at the grid and monthly scales to define drought. Two indices are computed for drought assess-
ment. The first is the soil moisture based drought index proposed by Sheffield et al. [2004]. This drought index,
hereby noted as Qs is based on the total column soil moisture percentile and has been used as an indicator
of agricultural drought in several studies with good results [Andreadis et al., 2005; Sheffield and Wood, 2007].
Following Sheffield et al. [2009], the threshold value taken in this study is the 20th percentile (i.e., an area is in
drought if Qsp < 0.2). The 20th percentile threshold also is adopted by the U.S. Drought Monitor (Source:
National Drought Mitigation Center, University of Nebraska-Lincoln) and has been successfully used in a pre-
vious application in the United States [Andreadis et al., 2005] and at the continental scale [Wang et al., 2011] to
identify drought events. Another index widely used for meteorological drought analysis is the standardized
precipitation index (SPI). SPI is a measure of standardized departure from the empirical rainfall probability dis-
tribution function, which allows one to assess the impact of the individual model's precipitation anomalies
across different geographical locations and to make spatial comparisons at different time scales. SPI can
be calculated over different time scales allowing for interpretation of drought from monthly to multiyear
scales. In our study, 3 month and 12 month SPI (SPI3 and SPI12) are calculated, which represents short-term
and long-term precipitation patterns, respectively. Ntale and Gan [2003] recommended SPI for eastern Africa
based on their comparison of the performance of three drought indicators, including SPI, Palmer Drought
Severity Index, and Bhalme-Mooley Index. We define drought at a grid cell if the SPI value is below the thresh-
old of —1.0 [McKee et al., 1993].

3.3. Drought Event Identification

A clustering algorithm [Andreadis et al., 2005; Sheffield et al., 2009] is used to identify drought events that
allows for spatially contiguous drought clusters at each time step to merge or divide over time. The clustering
algorithm begins with an identification of spatial clusters at each time step, followed by tracking the identi-
fied spatial clusters over time. This allows for merging and dividing of clusters during the evolution of a
drought (see Sheffield et al. [2009] for details). Two threshold values are critical to the identification of the spa-
tial clusters: the drought index threshold (see section 3.2 for details) and a minimum cluster size threshold
(hereby noted as Ngigs). We set the minimum cluster size threshold to be 150 grids (Ngyigs =150 grids;
~1.5% of all grids in our study area), a value adopted previously by Andreadis et al. [2006]. Spatial clusters
are linked in time based on the extent of overlapping drought areas in neighboring time steps. Sheffield
et al. [2009] investigated the variability of drought occurrence as defined by the cluster analysis.

3.4. Severity-Area-Duration (SAD) Analysis

Following the identification of drought events during the study period, SAD envelope curves are constructed
to profile the extreme drought conditions and describe the maximum severity at different combinations of
spatial and temporal resolutions. Severity (S) is defined as follows:

5:12

where DI denotes the drought index (Qsy or SPI, as described in section 3.2) and t (months) as the predefined
drought durations, which were set for this analysis at 3, 6, 12, 24, and 48 months. The construction of a SAD
curve for a drought event identified by the clustering algorithm starts from the grid cell with the maximum
severity. The algorithm then, one-by-one, adds grid cells in the 3 x 3 neighborhood of any added grids (under
drought) starting with the grid with the highest drought severity. After each grid is added, the algorithm
records the number of currently included grids and their average severity. This process is repeated until all
the grids in the spatial drought cluster are summed. Details of the SAD analysis method can be found in
Andreadis et al. [2005], Sheffield et al. [2009], and Wang et al. [2011].

Note that the original SAD algorithm begins with applying a median filter for spatial smoothing. However,
applying median filter will smooth out anomalies, decrease the number of drought events, and therefore
potentially hide some discrepancies between observation and reanalyses precipitation data sets. For the
purpose of this study, the median filter is not employed. As a result, the drought clusters are more
spatially scattered.
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Figure 1. Fraction of sub-Saharan African continent under drought conditions computed from the Qg data set (Qsy < 0.2).

4. Results and Discussion

Figures 1 and 2 provide an overview of drought conditions in sub-Saharan Africa during the period of 1979 to
2012. Figure 1 shows the time series for the fraction of area in drought based on the Qs derived from VIC soil
moisture simulations using different the precipitation forcings from reanalyses. Figure 2 shows the percen-
tage of months under drought during 1980s, 1990s, and 2000s as indicated by Qsy. The three drought epi-
sodes were recognized and analyzed in previous studies [Giannini et al., 2008; Dai, 2011] and thus are
discussed separately in more detail in section 4.1. The false alarm rate (FAR) and probability of detection
(POD) in the detection of drought events for African during our study period are shown in Figure 3, bench-
marked on the PGF data set. In general, all five reanalyses reproduce major drought events fairly well at
the continental scale, with differences in spatial contiguity and temporal persistency, as well as spatial and
temporal mismatches in drought occurrence.

There are regional differences in drought detection over sub-Saharan Africa among different data set (Figure 3).
Southern Africa droughts are more consistently estimated with high detectability (high POD) and reliability
(low FAR).Thisis most likely due to a larger number of in situ observational stations and upper level radiosondes
in the region, with the latter assimilated in the reanalyses. This suggests that the accuracy of reanalyses data is
dependent on the observational data availability, that is, reanalyses data is more accurate over well-observed
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Figure 2. Percentage months in contiguous drought during (a) 1980s, (b) 1990s, and (c) 2000s drought episodes based on PGF and five reanalyses (from left to right,
CFSR, R1, R2, 20CR, and MERRA). Line shadings in Figure 2a (left panel) correspond to regions in Table 4.
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Figure 3. False alarm rate (FAR) and probability of detection (POD) of soil moisture droughts based on Qg of five reanalyses (CFSR, R1, R2, 20CR, and MERRA) from

1979 to 2012.

regions. On the other hand, despite the relatively few gauge observations, droughts in the Sahel region are also
well replicated with high skill (high detectability and reliability). This is likely due to that fact that the drivers of
Sahel droughts are better understood based on previous research [Masih et al., 2014], and this understanding is
reflected in climate models. Mechanisms related to dry conditions in Sahel include El Nifio-Southern
Oscillation [ENSO; Nicholson, 2000, oceans warming in Atlantic and Indian Ocean; Dai, 2013], southward shift
of Intertropical Convergence Zone (ITCZ) [Caminade and Terry, 2010; Dai, 2011], land-atmosphere feedbacks,
and human activities (aerosol emissions) [e.g., Desboeufs et al., 2010]. Timing and spatial extent of eastern
African drought events are less satisfactorily reproduced compared to southern Africa, especially by MERRA.
Regions with the lowest detectability and reliability in constructed drought events are West and central
Africa (Sahel region not included). This coincides with the limited studies on northwestern African drought
mechanism [Masih et al., 2014]. Further studies on the causes of droughts, both natural drivers and anthropo-
genic factors, are needed in northwestern Africa (Morocco and northern Algeria).

On the longer-term continental scale, overall statistics of drought events in reanalyses is in reasonably good
agreement to that of PGF. Table 2 provides the number of drought events in the reanalyses data sets over the
34 year period. Drought events are partitioned into three categories based on their duration: short-term
drought (<6 months), medium-term drought (6-11 months), and long-term drought (=12 months). R1 and
20CR estimate more short-term events and less long-term events, indicating that prolonged drought events
tend to break during their evolution. R2 and MERRA, on the other hand, have the fewest short- to medium-
term droughts. Since the occurrence of long-term droughts is consistent to PGF, it is inferred that the
spatiotemporal coherency of short-to-medium-term droughts in the two reanalyses is more different than
the long-term events. Given that the spatial-temporal extent of droughts is the same across different preci-
pitation data sets, this suggests that the droughts depicted by these two reanalyses precipitation data sets
extend larger spatially. CFSR does not show significant bias in the occurrence of drought events of different

Table 2. Number of Drought Events Categorized by Duration

PGF CFSR R1 R2 20CR MERRA
Total 72 74 79 66 77 65
Short-term droughts 54 56 67 51 64 51
Medium-term droughts 10 1 7 7 9 7
Long-term droughts 8 7 5 8 4 7
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Table 3. Occurrences of Drought Clusters (Sum of All Time Steps) in PGF, CFSR, R1, R2, 20CR, and MERRA Conditioned on
Cluster Sizes

Small Clusters (><104) Medium Clusters Large Clusters
PGF 2.67 310 26
CFSR 3.35 308 16
R1 2.14 319 24
R2 1.96 388 13
20CR 2.18 315 27
MERRA 2.10 373 11

durations. However, it should be noted here that an agreement in the distribution of event duration does not
necessarily indicate an accurate depiction of individual drought events nor does this suggest a better repre-
sentation in the spatial pattern of drought clusters.

The spatial pattern of droughts in CFSR is more scattered than that observed. Since the drought cluster
method allows for merging and splitting of clusters during the evolution of an event, the spatial extent of
an event at a specific time step may consist of multiple drought clusters that were split from, or will join into,
one cluster through the lifetime of the event. We count the occurrence of drought clusters at each time step
with respect to cluster sizes. A small cluster is defined as drought clusters with less than 350 contiguous grids;
a medium cluster is consisting of 351 to 1750 contiguous grids and a large cluster has more than 1750 con-
tiguous grids. Table 3 shows the number of spatial drought clusters depicted by PGF and the five reanalyses
precipitation data sets. CFSR sees more small clusters and less large clusters. The lack of large drought clusters
is shared by R1, R2, and MERRA reanalyses data sets. This is due to the low drought severity in the widespread
1980s Sahel droughts (discussed in section 4.1). In addition, R1, R2, 20CR, and MERRA estimate more medium-
size clusters but less small clusters, showing discrepancies in the spatial coherency of depicted droughts.
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Figure 4. Snapshots of drought conditions in the 1980s, 1990s, and 2000s drought episodes in (a) August 1984, (b) April 1995, and (c) February 2006. The drought
condition is depicted by (from left to right) PGF, CFSR, R1, R2, 20CR, and MERRA. Color shading shows drought severity. A higher value corresponds to a higher

drought severity.
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Figure 5. SAD envelop curves of 34 years study period over the sub-Saharan region at (from top to bottom) 3, 6, 12, 24, and
48 month time scale depicted by PGF and five reanalyses precipitation data sets (CFSR, R1, R2, 20CR, and MERRA). Color
shading corresponds to different drought episodes.

4.1. Characteristics of Drought Episodes

Our results show that Africa suffered from three severe drought episodes during the 34 years of the study per-
iod, each dominated by a spatially extensive drought over different regions. They are the prolonged 1980s
Sahel drought, 1990s drought of central Africa, and 2000s eastern Africa drought. A snapshot of each drought
episode in PGF and the reanalyses precipitation data sets are provided in Figure 4. The figure shows the areal
fraction in drought in reanalyses precipitation data sets at the time when the event in PGF reaches its largest
spatial extent. These maps are similar with findings in previous studies that analyzed the geospatial coverage
of drought extremes, e.g., Vicente-Serrano et al.[2012] using Standardized Precipitation and Evapotranspiration
Index. The three major drought episodes and their spatial extents are shown in Figure 1. In PGF, the top three
largest and longest drought events come from 1980s, 1990s, and 2000s drought episodes, respectively, which
is consistent with the common perception that spatially extensive droughts also tend to last longer and with
higher severity. The three severe drought episodes and their relative ranks are consistent with previous studies

ZHAN ET AL.

DEPICTION OF DROUGHT USING REANALYSES 10,563

85UB01 7 SUOWILWOD BAIES1D 3[ceot|dde aup Aq peusencb ase sejoie YO 8sn Jo sejn 1o Ariq i 8UlUQ /8|1 UO (SUONIPUOD-pUe-SLUB)/W00" A3 | 1M Ae.q 1jpuluo//sdny) SUoIpUD pue swie | 8 89S *[£202/70/8T] Uo Akiqiaulluo A8|IM ‘858Y20Ar9T0Z/200T OT/1op/wod A3 |im Aseidjeuljuo'sgndnbey/sdny wouy pepeojumoq ‘8T ‘9T0Z ‘96686912



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD024858

[Rouault and Richard, 2005; Kasei et al., 2010; Masih et al., 2014]. Among others, Masih et al.[2014] reviewed more
than 500 articles and identified the dry conditions in Sahel in 1983-1984 as having the highest severity.
According to PGF, the spatial extent of 1980s Sahel megadrought is the largest, affecting approximately
16.64 x 10° km? and persisting almost two times longer (91 months, December 1981-August 1988) than the
second most severe drought, the 1990s drought (50 months, October 1993-November 1997). The 2000s
drought is the least spatially extensive (8.78 x 10° km?), yet it posed a serious threat to regional food security
as a large percentage of agricultural land lay within the affected region. The 2010-2011 drought in Horn of
Africa plunged eastern Africa into the worst famine in 20 years and affected more than 11.5 million people
[United Nations Office for the Coordination of Humanitarian Affairs, 2011]. The relative intensity of 1980s,
1990s, and 2000s drought events is confirmed by the SAD envelope curves shown in Figure 5, which provides
a regional severe drought profile as constructed by combining different drought events at different areal
extents via the SAD methodology. The 1980s drought is the most intense event as it dominates the SAD envel-
ope curves for its large extent and at all durations; while the 1990s drought contributed to a small number of
points in SAD envelope curve at very small spatial areas.

The spatial pattern of drought events in CFSR is more scattered than that observed. The results indicate that
the contiguous drought area of 1990s drought does not span as large an area as the 1980s. However, instead
of a further decrease in the affected area, the spatial extent of the 2000s drought is significantly larger from
the reanalyses (Figure 1). In general, reanalyses estimate a wetter 1980s, a significantly drier 2000s, and com-
parable conditions in the 1990s compared to PGF. Thus, the 2000s drought in reanalyses is significantly more
intensive in both duration and spatial extent than the 1980s Sahel megadrought. Severity of the 2000s
drought in reanalyses is higher than the 1980s as well. As is shown in Figure 5, the 2000s drought dominates
most of the SAD envelope curves for CFSR, R1, and MERRA, while R2 and 20CR replicate its intensity but with a
longer duration and smaller the spatial extent. Similarly, for the 1990s drought as its severity is ranked lower,
with the exception of CFSR and MERRA.

On the other hand, discrepancies exist in the spatial pattern of drought events depicted by reanalyses in com-
parison to observations (i.e., PGF-based estimates.) Figure 6 shows the same SAD envelope curves as Figure 5
but color shaded by the location of grids that are experiencing drought. There are large differences in the
location of the drought events at different spatial extents and time scales. In PGF (Figure 6a), at 6 month
and longer time scales, the SAD envelope curves at the large spatial extent is composed from the southern
African drought, while the 1980s Sahel drought dominants the rest of the curves at smaller spatial scales.
However, although 20CR agrees with PGF that the 1980s drought is the most severe event, the location of
the severe drought is different from that in PGF. The majority of the 20CR SAD envelope curves (Figure 6e)
at large spatial scales are composed by drought over the central Africa region. With a closer look, discrepan-
cies can be found in the reproduced drought events by reanalyses data sets in each dry period.

4.1.1. The 1980s Sahel and Southern Africa Drought

As the most significant disaster during the study period, the 1980s Sahel drought has led to widespread famine
affecting millions of people [Sheffield et al., 2006; Kasei et al., 2010; Masih et al., 2014]. The reanalyses precipita-
tion data sets perform fairly well in terms of locating the drought over both the Sahel and southern Africa
(Figure 2a). In PGF, we find that the 1980s drought (snapshot shown in Figure 4a) began in December 1980
in two nonadjacent regions: southern Africa and the Sahel. The southern Africa drought then evolved and
migrated northward until it joined with Sahel drought in 1982, soon after which the droughts split and evolve
separately in 1983. The Sahel drought reached its maximum spatial extent in 1983-1984 and dissipated in
December 1988. Southern Africa drought peaked in 1985-1986 and persisted until the end of 1989.

However, the evolution of the 1980s droughts and the merging and spitting of the southern African and
Sahel drought is less well depicted by the CFSR-based estimate. CFSR depicts the Sahel and southern
Africa droughts as two separate events that never meet each other spatially during their existence. This
results in a significantly smaller estimation of the maximum spatial extent of this drought event
(12.64 x 106 km?) in CFSR. Another feature of the 1980s drought in CFSR is the persistence of a high-severity
drought center. The drought center, located over the border of Angola and Zambia, decreases little in severity
over the event and persisted for almost 3 years until it suddenly disappeared. The evolution of this drought is
fairly well replicated by R1, R2, 20CR, and MERRA, with differences being in the timing and spatial pattern of their
drought severity. In R1, the southern Africa branch lasts longer than PGF as it started 1 year earlier (January
1980); while the Sahel branch has a shorter duration and dissipated seven months earlier (January 1988)
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Figure 6. Same as Figure 5, with color shadings representing different geographic locations. The extent of regions is shown
in Figure 2a (left panel).

than in PGF. Therefore, the 1980s SAD envelope curves at 24 month and longer time scales (not shown)
are taken up entirely by the southern Africa branch. Another noticeable feature in the R1 SAD envelope
curves is that they appear “bumpier,” unlike the “smoothness” in the PGF-based SAD curves. Upon closer
inspection, it is because the R1 curves are derived from droughts at different times and locations during
the drought existence. This implies that superimposed on the interannual drought dynamics, R1 shows con-
tinuous, high-frequency fluctuations in drought severity. The fluctuations appear temporally for southern
Africa and both spatially and temporally over the Sahel. R2 performs similarly to R1 but with a lower wet bias.
However, on the relative severity between southern Africa drought and the Sahel drought, the latter is almost
always lower, and it barely appears in the SAD envelope curves. This is most likely because the northward
latitudinal shift of the West Africa rain belt moves beyond the study area in our analysis. The southern
Africa drought recovered slowly after 1988 and evolved into a persistent drought into the 1990s resulting
in a much longer lasting drought event that lasted until May 1993. Of all the five reanalyses data sets,
20CR reproduces the 1980s drought closest to PGF in terms of its estimated severity and spatial extent.
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Figure 7. The 6 month SAD envelope curves of the 1980s drought period over the western, central, southern and eastern Africa region depicted by (a) PGF, (b) CFSR,
(c) R1, (d) R2, (e) 20CR, and (f) MERRA precipitation data sets. Line colors correspond to geographic locations shown in Figure 2a (left panel).

Differences in its depiction mainly occur after 1986. During 1986 to 1989, instead of further recovering from
the earlier drought peak, the southern Africa drought in 20CR came back in late 1987 but with a lower severity
than the 1983-1984 peak. This return gives rise to the persistence of this event, lasting much longer—until
May 1991. MERRA has the least severe drought (i.e., a wet bias) among the five reanalyses throughout the
1980s. The background wet bias results in the significantly smaller estimation of the maximum spatial extent.
On the other hand, there are more drought events/clusters with smaller average sizes in MERRA, which sug-
gest that MERRA does not represent well the spatial rainfall patterns, at least over this period.

After the cluster analysis, we separate the study area into four regions, (western, eastern, central, and south-
ern Africa, as shown in Figure 2) and then construct SAD envelope curves for each region. Figure 7 shows the
6 month SAD envelope curves of 1980s drought over four regions in Africa: western, eastern, southern, and
central Africa. It is clear that the severity of Western Africa drought, namely, the Sahel drought, is the highest
among the four regions, followed by the southern Africa region (Figure 7a). Relatively smaller area in eastern
and central Africa region suffers from dry condition with relatively lower severity. Except for the 20CR, the
Sahel drought is significantly less spatially extensive in reanalyses with a lower severity that results in a cor-
responding lower long-term drought risk. Meanwhile, reanalyses, especially R1 (Figure 7c), R2 (Figure 7d), and
MERRA (Figure 7f) estimate more intense, dry conditions in southern African. R1 and R2 depict the southern
Africa drought with a higher severity than the Sahel drought at all spatial extents. CFSR (Figure 7b), 20CR
(Figure 7e), and MERRA (Figure 7f) estimate higher severity in the center of the Sahel drought than they
do in southern Africa, but the severity gradient degrades faster as the drought area expands and with the
severity becoming lower than the southern Africa branch at larger spatial extents. In particular, the high-
severity drought center in MERRA is not spatially extensive with the SAD envelope curves showing a steep
decrease in severity (slope) with increased area under drought.

4.1.2. The 1990s Central Africa Drought

The 1990s drought is the second most severe event depicted by the PGF-based analysis affecting mainly cen-
tral Africa (Figure 2b). The event began, intensified, peaked, and dissipated with little spatial migration, and it
reached its maximum spatial extent in April 1995 (a snapshot provided in Figure 4b). In PGF, the region ended
the drought in July-September of 1997, but the dry spell persists much longer in R1 and 20CR (until 1999).
Their 1990s SAD curves (not shown) is made up by droughts located in western Africa, as opposed to PGF
curves which are primarily derived from the central Africa region. Therefore, the SAD curves from the reana-
lyses data sets are radically different in shape when compared to PGF. This suggests that the interannual
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Figure 8. Temporal and spatial coverage of observational precipitation data sets included in reanalyses assimilation
systems (namely, CFSR, R2, and MERRA) and contributing data sets in the development of two observation-based data
sets (CMAP and PGF). Dashed line indicates that the precipitation observation is used to adjust the initial land conditions
instead of directly assimilated to correct precipitation. Black arrows represent the change in assimilated radiance data from
TOVS/stratospheric sounding unit before 2006 to include ATOVS/advanced microwave sounding unit-A radiance data after
1998.

variability and persistence in the central and West Africa rain belt is significantly different in the two reana-
lyses, especially R1, compared to PGF. CFSR and 20CR, though to a lesser extent, also estimate less drought
occurrence in 1990s central Africa region.

4.1.3. The 2000s Eastern Africa Drought

The 2000s drought over the Horn of Africa and part of central Africa was the least extensive, both spatially
and temporally, among the three episodes being analyzed (Figure 1). However, depiction of the 2000s
drought by reanalyses features a significant dry bias as compared to PGF. Two droughts stand out, which
occurred in 2000 and 2005, respectively. The latter is relatively more intense (spatially extensive and tempo-
rally persistent). The year 2000 was in the cold phase of ENSO, resulting in a dry eastern Africa [Dutra et al.,
2013; Tierney et al., 2013]. The region suffered from another severe drought during its 2005 “short rains”
(October to November.) There is agreement among reanalyses data sets that equatorial East Africa has the
most frequent drought occurrence after 2000, but with differences in drought intensity.

4.2. Availability and Changes in the Reanalyses Assimilation Systems

It is likely that differences in drought depiction, especially the 1990s drought episode, are related to the
observational data included in reanalyses systems, in particular, precipitation observations. Reanalyses preci-
pitation is the primary forcing for the off-line land surface analysis rather than a state variable. Figure 8 pro-
vides a list of precipitation observations included by different reanalyses systems as well as the component
data sets of CMAP [Xie and Arkin, 1997] and PGF [Sheffield et al., 2006] precipitation. In the R1 and 20CR, pre-
cipitation products are rainfall forecasts from coupled atmospheric and oceanic models with no direct assim-
ilation of precipitation observations. SAD curves of the 1990s drought from the two reanalyses products are
more different than the other reanalyses when using PGF as the reference. In R2, CFSR, and MERRA, a number
of different precipitation observations from conventional gauge observations, in situ, and satellite observa-
tions are included. R2 takes rainfall observation from 5 day CMAP precipitation to adjust initial land condi-
tions. CFSR and MERRA, unlike R2, directly assimilate precipitation observations to correct the precipitation
forecast. CFSR blends model forecast with the same 5 day CMAP precipitation [Xie and Arkin, 1997] used by
R2 and the daily CPC unified global gauge analysis [Xie et al., 2007; Chen et al., 2008] to drive GLDAS/LIS.
The former is especially favored in the tropics, while the latter is given higher weight in high latitudes. The
blended precipitation product is used to force Noah LSM within NCEP's GLDAS/LIS system. MERRA utilized
newly available satellite precipitation estimates from the TMI and SSM/I for a tendency correction over the
oceans within the incremental analysis update framework
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Table 4. Average Number of Observation Stations Available in Different The central African region has the

Region.s and Skil!s Indicated by Fal§g Alfarm Re?te (FAR) and Probab;lity of lowest POD and highest FAR
Detection (POD) in Reanalyses Precipitation Using PGF as Reference ; .

CFSR R compared to other regions in sub-

Saharan Africa (Figure 3). The

GPCC Stations FAR POD FAR POD prevailing drought condition in

Central Africa 60 016 037 017 030 central Africa captured by PGF is

Eastern Africa 369 014 042 013 047 almost completely missed by R1,

Western Africa 582 0.17 0.32 0.14 0.44 R2, and MERRA. CFSR and 20CR,

Southern Africa 1093 0.13 0.49 0.12 0.53 though to a lesser extent, also have

@GPCC provides the number of rain gauge stations per grid with its less drought occurrence in 1990s

gridded gauge-analysis precipitation product [Xie et al., 2007; Chen et al., for this region (Figure 2b). Aside

2008]. The spatial extent of different regions is shown in Figure 2a (left

from the limited knowledge of
drivers of central African drought,
the regional difference in the skill
of drought depiction (i.e., lower skill in central Africa) is related to the availability and consistency of precipita-
tion measurements included in the assimilation systems. As discussed earlier, CFSR and R2 take advantage of
CMAP precipitation estimates. CMAP is obtained by merging Global Precipitation Climatology Center (GPCC)
gauge stations [Xie and Arkin, 1995], five satellite estimates from the GOES Precipitation Index (GPI) [Arkin
and Meisner, 19871, outgoing longwave radiation-based precipitation index [Xie and Arkin, 1997], SSM/I
[Grody, 1991; Ferraro et al.,, 1994; Wilheit et al., 1991] and microwave sounding unit (MSU) [Spencer, 1993],
and R1 reanalysis precipitation from numerical forecast models. Table 4 shows the relationship of GPCC gauge
observation availability (number of GPCC gauge stations in CMAP) and bias in regional precipitation. Drought
events in central Africa, where the least amount of observations are available compared to other regions, are
more diversely depicted by CFSR and R2 versus PGF. This indicates that the observational data availability plays
an important role in the development of accurate long-term reanalyses data products. It appears that the
abrupt change in precipitation and temperature after 1999 is closely related to the inclusion of the new
Advanced TIROS Operational Vertical Sounder (ATOVS) observation data in the reanalyses assimilation
systems. Zhang et al. [2012] demonstrated that the sudden increase in precipitation over the oceans, as well
as increase in precipitable water and low-level specific humidity around 1998, is due to the inclusion of
ATOVS radiance data in the assimilation systems for CFSR, R2, and MERRA. Changes in precipitation afterward
are the results of the interplay between a lack of calibration of the forecast and the assimilation system with the
new sensor data. Notably, CFSR after 1999 has dramatically enhanced interannual variability in precipitation
suggesting an intensified water cycle, while R2 is less affected (Figure 9). It is likely due to the soil moisture
nudging scheme of R2 that lowers the impact of abrupt changes in the observation data. Furthermore,
on top of the impact induced by the inclusion of ATOVS radiance data, MERRA also started to ingest
satellite rain rate estimates from TMI and SSM/I over the oceans in 1998 (Figure 9). Thus, changes in rainfall
amounts and variability, particularly in the period of 2000 to 2007 (Figure 9), are likely a result of changes in
the assimilated data.
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Figure 9. Time series of domain average precipitation difference between PGF and CFSR and MERRA with their associated precipitation observations.
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Figure 10. SAD envelope curves based on (a) SPI3 at 3 month time scale and (b) SPI12 at 12 month time scale.

4.3. Drought Depiction Based on SPI

More insights on the role of precipitation forcing for soil moisture anomalies can be given by a SAD analysis
based on SPI.

There are discrepancies shown in the spatial patterns of SPI at different time scales and among different rea-
nalyses data. Figure 10a shows SAD envelope curves at a 3 month time scale based on SPI3 and at 12 month
time scale based on SPI12. For example, the 3 month SAD envelope curve (Figure 10a) is derived from
drought clusters with the 3 month-averaged SPI3 values falling below the threshold of —1. Figures 10a and
10b represent the maximum precipitation anomaly of short-term and long-term drought, respectively.
Results show discrepancies in the spatial pattern of SPI. Short-term dry extremes defined by SPI3 are more
severe in reanalyses than in PGF. Compared to PGF, R2, and 20CR estimate larger maximum spatial extent,
while CFSR, R1, and MERRA estimate higher drought severity. This strong evidence that the anomalies of rea-
nalyses precipitation data sets have higher spatial correlation due to higher monthly-to-seasonal rainfall
variability (Figure 9). However, the more intense drought condition is not present at the 12 month time scale
(Figure 10b). That is, except for CFSR, extremes in 12 month-average SP112 depicted by reanalyses products is
lower than PGF with smaller maximum spatial extent, as the stronger short-term anomalies average out. For
CFSR, rainfall variability is higher at both short-term and long-term time scale.

In summary, the discrepancies in SPI-defined droughts originated from differences in precipitation variability
and spatial correlation of precipitation anomalies, in reanalyses data sets. The monthly-to-seasonal rainfall
variability is enhanced in reanalyses. However, when aggregated in time (>12 month), the anomalies are
averaged out, and the dry extremes at 12 month or longer time scales are less severe in all reanalyses, except
for CFSR, than in PGF. CFSR, on the other hand, depicts a more severe dry extreme at both short-term and
long-term time scale.

4.4. Uncertainties in Drought Identification and SAD Analysis

4.4.1. Drought Identification Parameterization

The choice of different thresholds used in defining droughts can cause uncertainties in the results. Currently,
we have two threshold parameters that are used in our study. The first parameter is the threshold on drought
index values used to distinguish severe drought events [Sheffield et al., 2009]. The value adopted for Qs cor-
responds to the commonly used 20th percentile and for SPI the value of —1. These values have been exten-
sively and successfully used to capture and describe drought events in a number of studies [e.g., Sheffield and
Wood, 2008; Lloyd-Hughes and Saunders, 2002].

Another threshold used in the spatial-temporal identification of drought events is the minimum contiguous
area affected by drought. Vidal et al. [2009] recommends a threshold of percent area of the study area. The
value adopted for Africa is 150 half-degree grid cells (approximately 375,000km? ~1.5% of Africa).
Previous studies have picked a minimum cluster area threshold of 500,000 km? (approximately fifty 1° grids
or 2% of Africa) [Sheffield et al., 2009]. Sheffield et al. [2009] found large reduction in the number of events
when increasing the cluster area threshold from 100,000 km? to 500,000 km?, suggesting a large percentage
of drought events have a maximum spatial extent within this range. Due to differences in settings, it is diffi-
cult to directly compare the outcome of drought depiction to results in [Sheffield et al., 2009]. However, the
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Figure 11. Fraction of sub-Saharan Africa area under drought (SPI < —1) based on PGF and (a) observational data sets from GPCC, ARC2, and CHIRPS; (b) reanalyses
precipitation data sets from CFSR, R1, R2, 20CR, and MERRA.

longest duration and peak extent in this study is reasonably reproduced compared to that in Sheffield et al.
[2009] with slight overestimation due to a finer resolution in the LSM simulations.

4.4.2. Uncertainties in PGF

PGF data show that 2000s is in a relatively wetter period compared to previous periods in the study (1980s or
1990s); however, none of the reanalyses show the wetting trend as strongly as PGF. To examine the reliability
of PGF precipitation data, we compared SPI3 based on PGF to that derived from the gridded observational
precipitation data from the GPCC gridded monthly precipitation data set [Xie and Arkin, 1997], Africa
Rainfall Climatology version 2 (ARC2) [Novella and Thiaw, 2013], and Climate Hazards Group Infrared
Precipitation with Station data (CHIRPS) [Funk et al., 2015]. Figure 11 shows the fraction of drought area
defined as a SPI3 value smaller than —1. The four time series from PGF, GPCC, ARC2, and CHIRPS
(Figure 11a) are close to each other, compared to the reanalyses data sets in Figure 11b. The result confirms
the relatively wetter condition after 2000 as a smaller dry area is observed by all four observational rainfall
data set. Ideally, the reference precipitation data would be taken from a sufficiently densely gauged,
observation-based source that is independent to the five reanalyses data sets in consideration. However,
given the limited in situ data availability and the reanalyses observation systems, it is infeasible to use a refer-
ence data set that is strictly independent of all reanalyses. Given this, PGF is arguably the best estimate
currently available with long-term records and global coverage. In the meantime, we acknowledged the
existence of unknown bias and errors in the reference data set especially over the data sparse regions of
Africa in the most recent past.

5. Conclusions

Reanalyses' precipitation is routinely used as a surrogate for observations due to its high spatial and temporal
resolution, continuous record, and global coverage and thus is widely used in hydrologic and agricultural
applications. Yet the resultant products and their reliability are largely dependent on the consistency of
reanalyses precipitation data sets. In this study, we addressed the uncertainties in drought identification by
reanalyses rainfall products over sub-Saharan Africa and the associated impact on the estimation of drought
conditions as measured by the extent, severity, and duration of individual drought events. We evaluated the
depiction of drought using five reanalyses precipitation data sets (CFSR, NCEP/NCAR R1, NCAR/DoE R2, 20CR,
and MERRA) against drought estimated from the Princeton Global Forcing (PGF) data set, in which the
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precipitation data are from combined satellite-gauge based measurements. The precipitation data sets were
used to force the Variable Infiltration Capacity (VIC) land surface model to develop fields of soil moisture at a
daily and 0.5° spatial resolution that were then used to analyze soil moisture-based drought across Africa
from 1979 to 2012. Following the approaches of Andreadis et al. [2006], the severity-area-duration (SAD)
envelope curves representing the largest events form the basis for the SAD analysis and are used to describe
the spatial-temporal characteristics of the identified events at different spatial and temporal scales. The pro-
cedure is later repeated using standardized precipitation index (SPI) as the drought index to quantify the role
of precipitation in soil-moisture drought depiction.

In general, the statistics of drought spatial-temporal characteristics over the 34 year study period is well repro-
duced by all five reanalyses data sets. Major drought episodes with severe and prolonged soil moisture
droughts are accurately located in time and space by reanalyses, including the 1980s megadrought affecting
the Saheland southern Africa, the 1990s central Africa drought, and the 2000s eastern Africa drought. However,
discrepancies are found in the representation of the spatial-temporal characteristics of drought events in dry
episodes across the reanalyses products. Regional differences in drought depiction skill are found, with all five
reanalyses products having more discrepancies in the depiction of the 1990s central Africa drought. CFSR
shows the least differences when compared to PGF, while R1 estimated little dry conditions over the Great
Rift Valley in the 1990s. It is likely that this is related to the availability of observational data included in the
assimilation system. Central Africa, where limited in situ precipitation observations are available, has large dis-
crepancies compared to the PGF reference data. By evaluating the depiction of meteorological drought based
on SPI, discrepancies are attributed to higher monthly to seasonal rainfall variability and differences in spatial
correlation of drought conditions from the reanalyses precipitation. The monthly precipitation variability is
enhanced in all five reanalyses, while the spatial correlation of drought conditions at short-term time scales
is higher. At the 12 month time scale, the correlation is lower except for CFSR, which estimates a higher spatial
correlation at both short-term and long-term time scales. The high monthly precipitation variability further
increases after about 1999 causing the 1980s drought to have relatively lower intensity and the 2000s drought
episode to stand out in both severity, maximum spatial extent, and duration. This is most likely due to changes
in input observations used in the reanalyses assimilation systems at around 1999.

The analysis examined the impact of uncertainties in reanalyses precipitation on drought monitoring. The
consistency of reanalyses precipitation data is limited by observational data availability and uncertainties
associated with the assimilation methods. Caution is needed when using reanalyses precipitation for drought
analysis, especially for case studies focusing on specific events at monthly to seasonal time scale. In summary,
the results suggest the need for improved bias correction schemes for errors in both the mean (systematic)
and variability from the reanalyses products, as well as concerns with the temporal evolution of observation
systems used in data assimilation systems. Further studies are needed to better understand and attribute the
differences in drought depiction by reanalyses data sets.
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