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ABSTRACT

GPCC AND GPCP PRECIPITATION PRODUCTS AND GRACE AND
GRACE-FO TERRESTRIAL WATER STORAGE OBSERVATIONS FOR
THE ASSESSMENT OF DROUGHT RECOVERY TIMES

¢tak&nj] at ay
Master of SciengeCivil Engineering
Supervisor. Prof. DrM.  Tujrul Yél maz

October 202494 pages

Accurate precipitation observations are essential for understanding hydrological
processes. Most precipitation products rely on stdiesed observations,
necessitating additional independent data for validation. This study evaluates the
accuracy of the (Bbal Precipitation Climatology Center (GPCC) and Global
Precipitation Climatology Project (GPCP) precipitation products by estimating
hydrological drought recovery time (DRT) from terrestrial water storage anomalies
(TWSA) and precipitation observations & 0 s s f i-Gemer Blifmgiepzenes.
Precipitation datasets (GPCC Full Data Monthly Product v2022 and GPCP v3.2) and
TWSA datasets (JPL mascon and G3P) from Gravity Recovery and Climate
Experiment (GRACE) and GRACE Folle@n (GRACEFO) satellite missios

were used for DRT estimates. Two methods, storage deficit and required
precipitation amount, were applied to calculate DRT. Results show GPCC and GPCP
provide similar mean DRTs and consistencies. DRT estimations using G3P (12.1) is
2.8 months less tharPl mascon (14.9). Conversely, G3P exhibited 4.0% higher
consistency than JPL mascon. Tdgpatorialzone showed the lowest mean DRT

and highest consistency, while thelar zone showed the highest mean DRT and



lowest consistency. These findings offer théormation required for precipitation
and TWSA product accuracy by investigating hydrological drought, which aids in

comprehending meteorological and hydrological processes.

Keywords:GPCC, GPCP, GRACE, GRACGEO, Drought Recovery Time
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G¥ZLEML ERK
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Hassas yajék g°zlemleri, hidrolojik s¢re-
oréngé, i stasyon tabanlée g°zlemlere dayan
verilere ihtiya- duyar .-GeBiug eraliékklmam bb°elk¢
kar asal su depol ama anomal il er. ( TWSA)
kurakl éeék toparl anma s¢resi (DRT) tahmin
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CHAPTER 1

INTRODUCTION

A crucial component of the global water cycle is precipitation, which provides fresh
water to inland regions and thus enables vegetation to flourish. Terrestrial
ecosystems and climate zones are defined by the average amounts of precipitation
and the corresponding temporal distribution of rainfall evéBéyar et al., 2023;

Lai et al., 2018)However, an abnormally high or low amount of precipitation can
have disastrous effects on the biosphere, agriculture, and human sociétes.
monitoring of extreme events such as drou@Besker et al., 2016; Lai et al., 2019;

Wu et al., 2023; Xu etla 2015)and floodqBelabid et al., 2019; Harris et al., 2007;
Maggioni & Massari, 2018)as well as short, medium and leteym precipitation
forecass (Akbari Asanjan et al., 2018; Senocak et al., 2@#8)a central objective

of hydrometeorologial research.

The most common method for monitoring precipitation is usirgjtinrain gauge
data(Barker et al., 2016; Wehbe et al., 2017; Wei et al., 20N etheless, gauge
station distribution is frequently uneven and sparse, especially in catealiterrain
where stations might not be accessitWang et al., 2017)in contrast, significant
progress has been made with satebiésed precipitation products obtained from
remote sensing devices, which offer a viable alternative to grbased
precipitation observations with varying spatiotemporal resolutiBaset al., 2019;
Prakash et al., 2015; Wang et al., 2017; Wu et al., 202®) Global Precipitation
Climatology Center (GPCC) and Global Precipitation Climatology Project (GPCP)
are twocommonly used precipitation products with global cover@gder et al.,
2003; Sun et al., 2018apBPCC providesn-situ stationprecipitation observations,

while GPCP offers blended observatiac@mnbining irsitu station and satellite data.



GPCC andsPCP precipitation products have often been evaluated against a variety
of atmospheric reanalysisitaas well as with one anoth@.g.,Prakash et al., 2015)

There has been good agreement between GPCC and GPCP at regional sizes,
especially in theropicsGPCP( Negr - n Ju8rez et al.. , 20009;
Furthermore, a comparison of the GPCC and GPCP revealed consistency in the
spatial distribution of the climatology of annual and seasonal rainfall across West
Africa (Lamptey, 2008) Despitethe regional similarities found, there are also
distinct differences. In comparison to statlmased precipitation data in China,
GPCC performed better than GPQ®ang et al.,, 2017)Additionally, GPCC
indicated greater spatiotemporal representativeoiepsecipitation patterns in Iran
(Darand & Khandu, 2020and exhibited better performance in the Sahel region
based on statistical error metr{@di et al., 2005) These studies generally compre
precipitation products with isitu measurements tassess their quality.
Nevertheless, as both datasets rely on observations freituigtations, evaluating
precipitation products against-gitu stations becomes inapproprigelditionally,
precipitation products may use other datasets to enhancedkeits, which can
introduce bias when validating these products against one another. Therefore, using
other independent variables (without precipitation) could be more effective for
evaluating precipitation products. Consequently, independent evaluaspasate

from in-situ station observations, may be necessary for products that rely on-ground
based data, such as GPCC and GPCP.

Drought monitoring is essential because drought is one of the most devastating
natural disasters, characterized by a sigaifialecline in a region's water resources
over an extended period. The effects of the drought might be catastrophic for human
health, agriculture, irrigation, water supplies, and ecosystégizaKouchak et al.,
2015; Ding et al., 2020; Mishra & Singh, 2Q0HRnatz et al., 2014; Piao et al., 2010)

The frequency, severity, and recovery time of droughts are defined by using drought
indices, such as the standardized precipitation iii8&%, Mckee et al., 1998)the

standardized precipitation evapotransjiora index (SPEI, VicenteSerrano et al.,



2010) the standardized runoff inde§SRI, Shukla & Wood, 2008)and the
standardized streamflow ind€Sl, VicenteSerrano et al., 20123P1 utilizes solely
precipitation data to define drouglharacteristics, whereas SPEI depends on
precipitation and evapotranspiration data. SSI utilizes the runoff data from the land
surface, whereas SRI depends on streamflow in river chafirelet al., 2019)
Meteorological droughts are caused by inadegpeecipitation, while hydrological
droughts arise from insufficient water stord@ehrangi et al., 2015; Keyantash &
Dracup, 2002; Thomas et al., 201€pmplex hydrological models use precipitation
data to determine hydrological drought using SSI &Rl (Lai et al., 2018;
Madadgar & Moradkhani, 2014As an alternative, without the need for complex
hydrological models, the water storage deficiency might shed light on hydrological
drought(Thomas et al., 2014t solely relies on measurementsagdter stored on or
below the ground and is used to estimate drought recovery time ([ERdi). the
amount of precipitation needed to fill any storage deficiency may be predicted by
combining precipitation antkrrestrial water storage (TW8pservationgSingh et

al., 2021).

The satellite mission Gravity Recovery and Climate Experiment (GRACE),
conducted by the National Aeronautics and Space Administration (NASA) and the
German Aerospace Center (DLR) from 2002 until 2@&gbledmeasurements of
TWS (Sprirger et al., 2017)In order to extend the data record further up to the
present, NASA and the German Research Center for Geosciences (GFZ) have been
operating GRACE FollowbOn (GRACEFO), the successor to GRACE, since 2018.
The measurement of irregulaesi in the orbits of two identical twin satellites trailing
each other at a distance of approximately 200 km in a polar orbit, initially 490 km in
altitude, yields terrestrial water storage anomalies (TWSA), which comprise all
subsurface and surface watealdnce component$Wahr et al.,, 2004) The
comparison of data obtained at different times allows for the computation of
temporal changes in the Earth's gravity field. Variations in TWS are reflected in the
remaining signal on monthip-interannual scakeafter atmospheric, oceanic, and

geophysical factors have been subtract8gherical harmonic (SH) or mass



concentration (mascons) are two different solutions includes the-teasg TWS
data from the GRACE and GRAGKED missions are provideHydrological model
validation( D° | | e tanddhle relatiordipddivwyeen interannual fluctuations in
TWS and largescale climate modegPfeffer et al., 2023)have both been
accomplished using GRACEased TWS. Assimilation of GRACE data into land
surface algorithms was even attempfetker et al., 2014; Tangdamrongsub et al.,
2021) Thus, GRACE and GRACGEO datasets are currently the most frequently
used inglobal TWS.

An independent evaluation of precipitation products by drought monitoring could be
performed using GRACE and GRAGED TWS products as an alternative to
evaluations using hydrological mod€Beck et al., 2017; Gebrechorkos et al., 2024)

The precipitation product assessment was conducted by drought monitoring using
indices like SPI and SPEI in previous studi@éslian et al., 2019; Wei et al., 2019,
2021) However, in order to fully comprehend the utility of precipitation products,
more irdependent evaluation studies utilizing critical parameters, such as TWS, that
include all components of the surface and subsurface water balance are still required.
This is particularly important for monitoring hydrological droughts since the spatial
varigbility across different climate zones and globally has yet to be thoroughly

explored.

T h e K %GpigeeChmate Classification system is extensively used for regional
climate zonation by various disciplines, such as climate research, physical
geography, wdrology, agriculture, biology, and educatigBayar et al., 2023,
Kottek et al., 2006)It utilizes the temperature and precipitation datasets to define
the limits of the climatic zong¥ottek et al., 2006)

The goal of this study is to independgraksess and compare the GPCC and GPCP
precipitation products by utilizing the GRACE and GRAEE dataset (e.g., G3P,

which is spherical harmonics, and JPL mascon, which is mascon solutions) in



perspective of evaluating drought characterisiibe evaluatin of precipitation

products using TWS products as an independent variable has not yet been conducted.

The current study evaluates the applicability of the GPCC and GPCP precipitation
products for global hydrological applications. The evaluation covers different
climate zones, as-Gdigesclassifichtiond Thégvaluatiorewak ® pp er
conducted byestimating DRT based on TWSA and needed precipitation amount.

The comparative analysis in this study allows for a basis for comprehending the
connection between hydrological drought and global precipitation products through

DRT estimates.






CHAPTER 2

DATASET AND METHODOLOGY

The flow chart of tis thesis are shown figure2.1. First, the dTWSA and cdPA
parametersvere calculated to estimate DRT values. The calculation of dTWSA is
explained in Sectio@.3, while the calculation of cdPA is explained in Sectkoh

Then, the DRT valuessicalculated based on storage deficit method, described in
Section2.6.1 Also, the DRT values is calculated based on required precipitation
amountmethod, described in Sectidh6.2 Then, the consistency of the DRT
estimation methods is calculated, described in Se@i@ril Finally, the DRT
estimations and consistency in DRT estimations presented ¥ppd&Geiger
Climate Classification, described in Secti@r8. Additionally, the effect of the area

of the pixel is investigated for parameters (dTWSA and cdPA) and DRT estimations,

described in Sectioh.9.

smoothing 3-month Temovin
moving average filter linear trend

Parameters
subtract the temporal smoothing 3-month removing
temporal mean integration moving average filter linear trend
Estimations

Figure2.1. Flow chart of this thesis



2.1 Dataset

In this study, two distinct precipitation datasg$CC and GPCR)nd two different
TWS dataset¢G3P and JPL mascowmjere utilized. Detailed information regarding
these datasets is provided in Tablke

Table2.1. Detailed information regarding the precipitation and TWS datasets

Type Name Spatial  Temporal Spatial Temporal

Resolution Resolution Coverage Coverage

Precipitation =~ GPCC 0. 54 Monthy 90A 19812020
Precipitation ~ GPCP 0. 54 Monthy 90A  1979present
TWS G3P 0. 54 Monthy 90A 20022020

TWS JPLmascon 0. 54 Monthly 90A  2002present

2.1.1 GPCC and GPCP Precipitation

Although most precipitation products do not provide kegn global coverage for

l atitudes up t o 9 6ffAr piddipBation Gafka ®Chigh latitlde§ P C P
The GPCCwas established by the World Meteorological Organization (WMO) in
1989 and combines monthly precipitation data over land from global
telecommunication systems (GTS), synoptic weather reports (SYNQ@R)@thly

climate reports (CLIMAT). Various precipitation products with different
spatiotemporal resolutions, including the Full Data Monthly Product (GPCC FDM),
the Monitoring Product, and the First Guess Monthly Product, are provided by
GPCC. Among thesproducts, the GPCC FDM v20Z3chneider et al., 20223

suitable for water cycle studi€Schneider et al., 2014For these reasons, it was
utilized to investigate the relationship between precipitation and TWS for further
analyses in thishesisMont hly precipitation data with O
available from 1891 to 2020 for GPCC FDM product. It can be downloaded from
the Deutscher Wetterdienst(German Meteorological Service website
(https://opendata.dwd.de/climate _environment/GPCC/html/fuldata



https://opendata.dwd.de/climate_environment/GPCC/html/fulldata-monthly_v2022_doi_download.html

monthly v2022 doi_download.htinl The spatial distribution of the mean

precipitation dataset obtained from GPCC was illustratédguare 2.2.
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Figure2.2. The spatial distribution of ttemporaimean GPCC precipitation dataset
from 2002 to 2020

The GPCPwas managed by the World Climate Research Program (WCRP) under
the Global Water and Energy Experiment (GEWEX) Data and Assessment Panel
(GDAP) and blends gauge observation and satellite precipitation data to set up global
precipitation estimates. Thatest version of the GPCP precipitation product, GPCP
v3.2 SatelliteGauge (SG) Combined Datluffman et al., 2023)was used in this
thesis The GPCP v3.2 dataset providasenthly precipitation data with 0.5 spatial
resolution from 1979 to the presenhespatial distribution of the mean precipitation
dataset obtained from GPGE€ illustrated in Figure2.3. It is available from the
Goddard Earth Sciences Data andnformation Services Center
(https://disc.gsfc.nasa.gov/datasets/GPCPMON _3.2/sumnhoyeover, the time
series of the mean precipitation dataset obtained from GPCC and&&g§i\enin
Figure2.4.



https://opendata.dwd.de/climate_environment/GPCC/html/fulldata-monthly_v2022_doi_download.html
https://disc.gsfc.nasa.gov/datasets/GPCPMON_3.2/summary
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Figure2.4. Thetime serie®f theglobalmeanmonthlyprecipitation datasetbtained
from GPCC and GPCP
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2.1.2 GRACE and GRACE TWS

GRACE and GRACH-O measure the change in terrestrial water storage (BWS)
Earth's gravity field variations. The TWS data is available from GRACE and
GRACEFO spherical harmonics and mascon solutions. T#®maliesare
composed ofhe sum of the anomaliessnow, ice, surface water, soil moisture, and
groundwater g 21). In this study, the GRACE and GRAGED Level 3 products

of G3P (spherical har moni cs, Géentner et
Watkins et al., 2015; Wiese et al., 2023) TWS products were utilized to estimate
water storage deficit and examine the relaship between precipitation and TWS
changes. The Level 3 products include all correction of the geophysical, smoothing
and filtering the gravity field, and provide reattyuse data as mass anomalés
water Negative changes show mass losses, whildipesihanges show an increase

in mass amount. Thus, it aids in our observation of the water flows and their temporal

variations.

YYO'Y Yoo YYD Y6 w6 YYwO P
whereY Yo "% thechange irtotd water storagey"Owis thechange irgroundwater
storage,Y"Y0U is the change insoil moisture content in soil layer¥;Y o Os the

change irsnow depth water equivalent, asél  éis thechange ircanopy surface

water storage.

The G3P datasetpralie s a mont hly TWS dataset at a h
than the other spherical harmonic solutignd . féb YApril 2002 to December

2020. The G3P TWS dat asavdilabléfiGry the GFZr et a
Information System and Data Center (ftp://isdcftpjpftsdam.de).

The monthly JPImascor(from now on abbreviated as JPIYWS dataset spans from

April 2002 to the present atJPATWSplaa i al re
(Watkins ¢ al., 2015; Wiese et al., 2023) is acquired from the Virtual Directories of

Earth Data CMR Https://cmr.earthdata.nasa.gov/virtual
directay/collections/C253696248BOCLOUD/temporal/2002/04/}6 The time
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https://cmr.earthdata.nasa.gov/virtual-directory/collections/C2536962485-POCLOUD/temporal/2002/04/16
https://cmr.earthdata.nasa.gov/virtual-directory/collections/C2536962485-POCLOUD/temporal/2002/04/16

series of the mean TWSA dataset obtained from G3RJRhdredemonstrated in
Figure2.5.

Because ofhe satellite battery issues, both G3P 3RHTWS datasets have missing
monthly data, especially after 2011. The missing monthly data in the time series were
filled with the average of previous and subsequent two months, an average of four
months (Andrewvet al., 2017; Long et al., 2015). Except for the missing data due to
the satellite battery problems, a time gap between the GRACE and GRACE
missionsis missing, spanning from July 201the end of the GRACE mission) to
May 2018 (the launch of the GRAGED mission).This time gap has been left

missing
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Figure2.5. The time series of thnglobalmeanmonthly TWSA dataset obtained from
G3PandJPL

Both G3P andIPL have a baseline to calculate the anomalies. G3P TWS dataset
represents anomalies relative to a kbegn mean from April 2002 to December
2020. In contrast, th&PLTWS dataset utilizes a lortgrm mean from January 2004

to December 2009 as the baselifiee differences in TWSA time serjesspecially
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after 2010 Figure 2.4, could arises from the baseline difference between TWSA

products.

The baseline of the JPL TWSA should be matched with that of G3P TWSA to
maintain consistency in the time series congoas. (Humphrey et al., 2023;
Monthly Mass Grids Global Mascons (JPL RL06.1_v03) | Data Poit@RACE
Tellus, n.d.)Thus, the baseline of the JPL TWSA was changed from-2009 to
20022020in this study First, the average for each gpoint from April 2002 to
December 2020 is calculated to align the baseline of the JPLAT\ES ¢&).

P

I Q90 Y0y, —.
0 € QAEED

YO i &
wherel ‘Q"®w "YOj, is the reference value of TWSRandy refer to the horizontal
and vertical grid locations over the study af&ao & ; is the TWSA valuemb
refers to the month since beginning of the analysis,aadoddE cE'Qis the totall
numbers of month in the analys@hen, reference value is subtracted freath
TWSA in the dataset® calculate the TWSA value accordingtte new baseline

(@Y "Y) as follows:

~

W"YW YO i YOV {5 i Q8w YOy &
2.2  Water Balance Equation
The water balance equation establishes a close relationship between TWS
fluctuations and precipitation.
QiQo 0 OY'Y &
whereQ ifQ ds the storage change over tinvehich is TWSA in this studyd is
precipitation,O “Ys evapotranspiration, and is streamflow,contains both surface

and subsurface waterhese values aexpressed in millimeters of equivalent water

height per month (mm/month).
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Any change in storage over tim& {Q p must be driven by water fluxes. These
fluxes can be vertical, such @sor OY occurring between the surface and the
atmosphere. Alternatively, they can be horizontal, occurring at or below the Earth's
surface, and are collectively referred to dsGravity missions directly observe
TWSA relative to a londerm mean value. Thushese observations can provide

insights into water fluxes across various timescales.

In this thesis, the relationship between the combined ET + R fluxes and precipitation
is assumed to be linear and statior(&ingh et al., 2021Jollowing this assenption,

the possible variations in precipitation can be deduced by using the changes in
TWSA. By comparing two storage measurements taken 30 days apart, the typical
interval for GRACE solutions, quantitative information about the precipitation

occurring duing this time period can be derived.

2.3  Deviation of Storage (dTWSA)

Determining the timescales for drought recovery requires an understanding of the
extent of water deficiencies. The variability in TWSA data can be used to infer these
water deficiencies dactly (Thomas et al., 2014)Longterm processes like
groundwater extraction and/or glacier mass accumulation can affect variations in
water storage. The TWSA data were detrended for each grid in order to reduce the
influence of the longerm factordn this study Eliminating the linear trend isolates

the deviations from the loAgrm trend. These deviations are referred to as
deviations of storage (dTWSAingh et al., 2021 The deviations represent the

anomalie.

Q"YuwoY; py YOV fh a Q&' YOy ¢:i)
whereQ "YudY; ; is the deviation of storage andy refers to the horizontal and
verticalgrid locations over the study areabrefers to thenonth sincéeginning of

the analysis"Yw & ; is the TWSAvalug ando i ‘QEY@Q"Y0y, is thelinear

trend of the TWSAall given in mm equivalent water height per month (mm/month).
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2.4  Cumulative Detrended Precipitation Anomaly (cdPA)

The precipitatioranomalies (PA) were calculated by subtractingi¢émeporalmean
precipitation of the grid for the period between April 2002 and December 2020 (the
reference period) from the precipitation.

0 6rr  Ofpp  Of cap
whered 05 is the precipitation anomalsalue x andy refer to the horizontal and
vertical grid locations over the study aredyrefers to the month since beginning of
the analysis,0 ; is the precipitation vakiand 0 ; is the temporal mean
precipitation value To ensure compatibility between the precipitation data and
TWSA, a temporal integration of the precipitatexmomalydata is performedah this

study, resulting in cumulative precipitation (8 data.

wb@r 00r 0 @ &
where® 0 §; is the cumulative precipitaticonomalyvalue x andy refer to the
horizontal and vertical grid locations over the study amgarefers to the month
since beginning of the analysia.this thesis, the cumulative precipitation anomalies
(cPA) were smoothed using an®onth moving average filter, applied with the filter
function from the stats package in R, resulting in smoothetuative precipitation
anomalies (scPA)Singh et al., 2021 his procedure effectively reduced noise and
shortterm variations in the cPA. The scPA were then detrended to separate short
term fluctuations from longerm trends, resulting in the cumtile detrended

precipitation anomalies (cdPA). This additional steguced the lonterm effects
in precipitation patterns.

©

QU i 0}, a Q&I P cap

where QU is thecumulative detrended precipitation anomaijue,x andy
refer to the horizontal and vertical grid locations over the study mteafers to the

month since beginning of the analysis,® 0x§ is the smoothed cumulative
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precipitation anomalyvalue & Q&i'@o0 § is the trend of the smoothed

cumulative precipitation anomalgll given in mm equivalent water height per month

(mm/month).

2.5 Relationship between cdPA and dTWSA

The amount of precipitation required to balance a water storage deficit can be
estimatedusingthe water balance equatipwith the assumption of stationary and
linear relationship between ET+R flux and precipitat®y establishing a direct
connection beveen changes in TWSA and precipitation dynamics, this method
provides an invaluable tool for comprehending water resounzsgmgementTo
estimate the amount of precipitation needed based on water deficiency, a linear
relationship between cdPA and dTWSAswconstructed as follows:

QO T 5 T 5ZQYOYRR - caw

wher¢g Is the interceptx andy refer to the horizontal and vertical gt@tations

h

over the study ared. ; istheslopeand U represents the residuas

h

The cdPA and dTWSA are both in mm/month.

Given that cdPA and dTWSA arneauemefdsured i n
indicates that cdPA isqual tod TWSA andvariations in precipitatiors same athe
differences in storag¢. n contrast, a bl value greater th
of local precipitation is immediately lost through processes like evapotranspiration

(ET) and runoff (R), without contributing to local storaddis imgdies that the

decrease in precipitation amount can be attributed to other hydrological processes

(e.g., ET and R) and is only partially reflected in the variability of storage data in

t hese r egi 0n s.isleBsalpn oimpdy that the stasagdixiecan be

addressed with less precipitation than is actually required. In other words, there needs

to be either further input from outside that coincides with local rain events, which

would cause annderestimationf the amount of precipitation needealsed only on

storage fluctuationgSingh et al., 2021)

16



Based on the research conductedSuygh et al. (2021)we have computed the
correl at i o gy betweerf cHHA@nd@TWSA é&nd the maximum drought

length for each pixgglobe, spatiall o | ut i on of OusHgX9ye&$ 9200 |
of monthly data (i .e., from 2002 %o 2020
a n d). Irbthis case, a positive correlation between cdPA and dTWSA is anticipated,
meaning that increases (decreasesytorage changes should result from positive
(negative) precipitation anomalies. If storage change increases (decreases) in the
presence of a negative (positive) precipitation anomaly, this indicates a weak or no
linear relationship between cdPA and dTR/SCorrespondingly, in thetudy of

Singh et al. (2021)regions with a weak or no linear association between the two

var i abl e si<(,iandenaximum droughOperiod< 5 months) were removed

from the global analysesnce these regions werensidered as being unsuitable for

the further analysiA considerable linear relationship may still exist in some pixels

wi t hvaldes slightly less than 1, although sampling mistakes may result in
fluctuations around 1, and random variability may also lead some pixels to exhibit
marginaldifferencesTherefore, while Singh et al. (2021) masked out regions where

b1 was less than, Xhis thesis applies aést for statistical significance to determine

the threshold fob:. The Im function in R was used to calculateglue, which shows

t he signifi canc eFidule Alellsdraids the spdtial dstributioas u e s .
of the pvalues of theb; for each TWSprecipitation product. The insignificabi

values (pvalue>0.05) were excluded in this thesis along with regions with maximum
drought length < 5 month§he maskeeut criteria used to classify regions based

on their suitabity for further analysis are listed ifable2.2.
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Table2.2. Maskedout Criteria used in the present study

Criteria o )
Criteria in this study Singh et al. (2021)
Number
1 - } < 0
2 pval ue>00% b bl < 1
3 maximum drought length < 5 maximum drought length <5
months months

2.6 DRT Estimations

TWSA datasets from G3P ad&Land precipitation datasets from GPCC and GPCC
will be utilized in DRT estimations. We quantify DRT using two different estimation
methods, closely adhering the methodology provided by Singh et al. (2021)
described in Sectioh.10 Using solely on GRACE and GRAGED TWSA dataset,

the first approach, relied on storage deficit, estimates DRT as the length of TWSA
residuals from its climatology. The second apprazsds the required precipitation
amount, which is determined by combining the precipitation and TWSA datasets.
According to this method, a drought is assumed to end when the absolute required
precipitation amoun(Section2.6.2 exceeds the precipitation observations. Thus,
the precipitation (GPCC and GPCP) and the TWSA (G3RBhdproducts and two

DRT estimation methods (storage deficit and required precipitatiouiat) will be
utilized in further analyses or vari ous c¢limate zones as
Geiger climate classificatiomhe details of the DRT estimations are explained in
Table 2.3. Precipitation products (GPCC and GPCP) are used in-DRORT-2,

DRT-3, and DR for excluding regions, with exclusion criteria provided able

2.2.
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Table2.3. The details of the DRT estimations

Estimation TWSA Precipitation Product Estimation Method
No. Product

DRT-1 G3P - | GPCP(excludingregiong Storage Deficit

DRT-2 G3P -/ GPCC éxcludingregiong Storage Deficit

DRT-3 JPL - /| GPCP éxcluding regionps Storage Deficit

DRT-4 JPL -/ GPCC éxcluding regions Storage Deficit

DRT-5 G3P GPCP Required Precipitation
Amount

DRT-6 G3P GPCC Required Precipitation
Amount

DRT-7 JPL GPCP RequiredPrecipitation
Amount

DRT-8 JPL GPCC Required Precipitation
Amount

2.6.1 DRT Estimation based on Storage Deficit

Drought features can be better understood by examining how TWSA deviates from
its climatology. A reference point bgveraging the TWSA values for each month
over the course of the time series is established in order to compute this deviation.
For instance, a reference point for February would be calculated by the average of
all February TWSA values in the dataset. Thmatology for that particular month

was reflected by this average monthly TWSA.

P

Y Y@ i e
Ah 5E omamo |

YO j g P m

where"Y® Y@ is the mean TWSAalue, x andy refer to the horizontal and

vertical grid locations over the study arearefersthe month; Yo &y j is the
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TWSA, yy refers to the yearand 0 ¢ 0uuldis the total number ofyear of the
datasetsThen, the corresponding monthly climatology value was subtracted from
each TWSA data point to determine the deviation of each TWSA data point from the

climatology, resulting in residuals.
QVYDYrn  YONRRR YO Y@ G p

where Q"YwdY; i is the deviation of the TWSAalue x andy refer to the

horizontal and vertical grid locations over the study areafers tothe month, and
yyrefers to the year.

Deficits in water storage are indicated by negative residoaBWSA from its
climatology(Thomas et al., 2014) ong-term belowaverage water storage periods
were identified as drought occurrences when persistent negative residuals persisted
for more thanhree consecutive monti§Singh et al., 2021)if these periods lasted

less than three consecutive months, the negative residuals were not considered a
drought(Singh et al., 2021)However, if a new phase of negative residuals began
within a month aftea prior drought recovery, it was regarded as a continuation of
the same drougt{Singh et al., 2021)This approach ensured a consistent record of
drought events over time, allowing create a comprehensive inventory of drought
recovery periods for each grid point. DRT estimatiese derived fronthe storage

deficit method This method examined the duration of negative residuals (indicating
lowerthanusual storage values) of dT\W&t each grid and time, providing insights

into the patterns and severity of drought occurrences ove(Matailed information

about the differences in between this thesis @mgjh et al. (2021are given in
Section2.10).

2.6.2 DRT Estimation based on Required Precipitation Amount

Drought characteristics are also investigated by observing precipitation amount. The
cdPA can be used to analyze each grid's draztgiwcteristics For this purpose, the
second method, DRT estimation based on the required precipitation amount, is
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employed for this purpose. The linear relationship between dTWSA and &tPA (
2-9) yields the required precipitation amouatfill the storagedeficit. The cdPA

terms gives therequired precipitation amount, while dTWSK the storage
deficiency. The climatology of precipitatiowas used tacalculate the absolute
required precipitation amounh this study A reference point by averaging the
precipitation values for each month throughout the time series is established in order
to compute the absolute required precipitation amount from both precipitation
products (GPCC and GPCP) using the time series from April 2002 to December
2020. For instance reference point for Februamascalculated by the average of

all February precipitation values in the dataset. The climatology for that particular

month was reflected by this average monthly precipitation.

: p
Uprn T o v
hh 5 ¢ oo i
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wherel ;; is the mean Ralue,x andy refer to the horizontal and vertical grid
locations over the study arearefers tathe month0 ( 7 is the Pvalue yyrefers

to the yearand o ¢ oux{Dcis the totalnumber ofyearin the datasetsThen, the
corresponding monthly climatology value was added to the estimated required
precipitation amount, obtained from the linear relationship between cdPA and

dTWSA, to calculate the absolute required precipitation amount for each grid.

where Q"YwdY;,  is the deviation of the TWSAalue x andy refer to the
horizontal and vertical grid locations over the study arefers tothe month, and

yyrefers to the year.

0YO@in OYO@rir Urs o

whered 'YU pf i is theabsolute required precipitation amountindy refer to
the horizontal and vertical grid locations over the study ameafers tothe month,
andyy refers to the yeaandO'Y D 5 , is theestimated required precipitation

amount The duration over which the observed precipitation ameurgassed the
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absolute required precipitation amount for any given time and location was analyzed
to estimate DRT (Singh et al., 2021). This method allows for an extensive evaluation

of DRT dynamics across various locations and periods.

2.7  Accuracy Analysis

2.7.1 Consistency in DRT Estimations

By analyzing the differences in the timing acquired from both approaches, the
consistency (degree of agreement) between the two DRT estimations was measured.
Here, the consistency was defined as the absolute time differemesehethe two

DRT estimation methods, as illustratedTiable 2.4. For instance, the region was
classified as consistent category 1 if the absolute time difference between the two
approaches was withitwo months In contrast, if the absolute time differenc
between the two methods was more than nine months, the region was classified as
consistency category @.e., very poor consistencyJhe consistency between the

two methods was measured by comparing the absolute differences between the DRT
estimates foreach TWSprecipitation product.With this investigation, the
dependability and robustness of the DRT estimations are better understood.
Essentially, it assisted us in determining the degree to which the two approaches
converged on comparable DRT values the same areadn general, DRT
estimation valug cannot be directly validated via ground observations, these drought
related characteristics are only estimated utilizing ancillary observations like
precipitation and TWS. Accordingly, in the absenceidal validation, consistency
between different and independent methodologies may imply the real skill of these

methodologies in estimation of DRT.
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Table2.4. Consistency Categories in DRT Estimations

Consistency category Time difference (months)

1 (very good consistency 1-2
2 (good consistency) 3-4
3 (poor consistency) 5-8
4 (very poor consistency 9+

2.7.2 Calculated Statistics

The degree of uncertainty related to the means of the datasetsne@asered by

using standard deviation (SD) and standard error (SEwer SE value, which is
frequently attained with less fluctuation in the data, denotes a more accurate estimate
of the mean DRT across each pixel (Lee et al., 2015). For every pixeliarade

zone, respectively, the values of SD and SE were computed individually using the

following formulas:

YO i - O 'YV i ﬁ P T
whereOY “Y; is the@h DRT value in the dataset andy refer to the horizontal
and vertical grid locations over the study ateg, is the mean DR;Tand¢ , is the

number of the DRT values

Orn — &P v
whereSDyy is thestandard deviationfdRT, x andy refer to the horizontal and
vertical grid locations over the study araad¢ j isthenumber of the DRT values

To evaluate the degree of uncertainty surrounding the mean values of the datasets,
confidence intervals (Cls) are utilized in addition to SD and SE (Altman & Bland,
2005; CurrarEverett, 2008; Lee et al., 2015). With a certain degree of confidence

23



(in this study, 95% Cls offer a range of values that are likely to contain the true

population mean as follows:
0CG ' FY w205 P @

w h e ras th® meaRT, x andy refer to the horizontal angertical grid locations
over the study areand SE is the standard eracdDRT. Here, a normal distribution
assumption is made with the selection Z = 1.96. However, the sensitivity of the
results for this assumption and alternativeistribution scenao results are not
investigated in this thesis study. Overall, this normal distribution assumption would

underestimate the uncertainty of mean DRT.

2.8 K?©° p p@erger Climate Classification

In this study, theK °© p pGeiger Climate Classification dataset wagparedby

Rubel et al. (2017and covers the years 198010 at sspatialr e s ol ut i on of
There exist 5 main climate zones and 31 subtypes includdden K °-Gemer n
Climate Classificationvas prepared bRRrubel et al. (2017Figure2.6 illustrates the

31 subtypes, whil&igure 2.7 depicts the 5 maiglimate zonesln this study,the

K° p pGeiger climate classification datas@patialr e s ol ut i o)jrwaso f 0.

regridded to be consistent with TWS and precipitation data used in this Spadial
res ol ut ibgutliziagbilir@ar HtérpolationThisthesisconcentrated on the
five mai-Geig Climatee categories, which are equatorial, arid, warm
temperate, snow, and polar, as depicteHigure2.7. T h e K GpigeeClimate
Classification dataset utilized in the present study is acquiredHtipst//koeppen
geiger.vuwien.ac.at/present.htmrhe detailed information for the subzones of

K ° p pGeiger climate classification is shownTable2.5.
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Figure2.6. K ° p pGeiger Climate ClassificatiofRubelet al., 2017)

Table2.5. Detailed I nformati o@GeigérClimatte he Subzor
Classification(Rubel et al., 2017)

Main Climates Precipitation Temperature
A: equatorial W: desert h: hot arid
B: arid S: steppe k: cold arid
C: warm temperate f: fully humid a: hot summer
D: snow S: summer dry b: warm summer
E: polar w: winter dry c: cool summer
m: moonsoonal d: extremely continental

F: polar frost
T: polar tundrta
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2.9 Pixel Size Effect

This study utilized the gridded TWSA and precipitation datasets to estimate the mean
DRT. The pixel sizes are constant across the datasets; however, the pixel sizes
become smaller when moving from the equator to the poles. Area weights were
calculated bagkon the area of the pixels and are shown in Fig8eThese area
weights were used in the analysis to investigate whether the pixel size effect impacts
the resultsHere, the area weights are calculated by taking the ratio of the area of any
pixel on the globe against the area of a pixel over equator. This implies the area

weights would be near 1 around equator and near 0 around poles.
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2.10 Difference from Previous Study

This study follows the methodology 8ingh et al. (2021 )ut with some differences.

Singh et al. (2021used one TWSA dataset (JPL mascon) and one precipitation

dataset (GPCP), while this study utilizes two TWSA datasets (G3P and JPL mascon)

and two precipitation datasets (GPCC and GPCP). The spatial resolution of the JPL
mascon, used bgingh et al. (2021) i s 0. 5A, which is the s
TWSA prodicts used in this study. However, Singh et al. (2021) used the GPCP
precipitation product with a spatial res
bilinear interpolation. In contrast, this study uses the updated GPCP precipitation
product with aspatta r esol uti on of 0. 5A, and the G

resolution of 0. 5A. Thus, both datasets |

To calculate the cdPA i8ingh et al. (2021)the precipitation anomaly was first
obtained, then smoottiaising a 3month moving average, and the linear trend was
removed. Finally, the detrended data was integrated over time to obtain the cdPA.
Conversely, in this study, the precipitation data was first integrated over time to
obtain cumulative precipitaticstiata. The cumulative precipitation anomaly data was
then derived, smoothed using ar®nth moving average, and the linear trend was
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removed to obtain the cdPAhe calculation procedure for this thesis was revised to
first convert the units of the preciption dataset into storage units. This change
ensures consistency between precipitation and storage data, enablingsamiare
process like GRACE

Also, the exclusion criteria fdn in this study differ from those ithe study oSingh
et al. (2021) While Singh et al. (2021¢xcluded pixels ib; was less than 1, this

study excludesigels have insignificanb: values.

Singh et al. (2021provided results for one global drought evendanuary 2016
whereas this study offers mean DRT estimaifmom different coupled products

acr oss f-Geiger clinate zomes and globally.
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CHAPTER 3

RESULTS

3.1 Relationship between cdPA and dTWSA

Figure 3.1a shows the spatial distribution of correlation coefficients between
dTWSA and cdPA for a selected data combination of dTWSA from G3P and cdPA
from GPCP (hereafter referred to as G3P&GPG&H)ce the G3P&GPCP coupled
product has the highegtobal averag correlation coefficient (0B, the coupled
product was chosen to displdlge actual valuesin the following figures The
correlation coefficients of the other coupled products are presenteabie 3.1.
Additionally, the impact of pixel size was examined to understand how the
correlation coefficient changes from the equator to the p@lable 3.1). Our
findings indicate that pixel sizes did not significantly affect the correlation
coefficients, as thdifference in the mean correlation coefficient whether or not the
pixel size effect was considerers 0.05 High correlations were observed over
Australia (0.%), South America (0.46and south Africa (>0.47), regions with
significant fluctuations in water storag&ee Appendix B)and dense in situ
observation network@~igure C1). Compared to the other areas (~10% of gmds

the nonpolar regiony polar regions (#0% of gridsin the polar regionshad higher
negative correlations, where the reduction in water geooecurs both during and
after the melting season without any direct association with the incoming
precipitation.From October/November onwards, temperatures are usually below
OAC and any precipitation accumul ates
March/April onwards, temperatures are sufficiently high again that melting can
occur at larger scales so that the TWS starts to drop again. Melting therefore results
in lateral surface discharge of water and thereby a reduction of Bii8lar

negative correlationsvere observed in Central Asia and Northern Africa’s arid
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regions, where water storage fluctuationslave (See Appendix B)and GRACE
measurements are most likely driven by measurement ndise. overall
measurement accuracy of GREGor GRACE measurement accuracy for short)
slightly varies with latitude due to its polar orbit, resulting in more observations per
unit area at the poles than at the equator each month. Additionally, there is a minor
dependency on coastal proximity, dssing artifacts tend to be more pronounced
near the sea compared to inland regions. Consequently, the relative accuracy of
GRACE is primarily influenced by signal magnitudes: in regions with large signals
(such as the Amazon), the sigtanoise ratio ENR) exceeds 1, allowing
TWSvariations to be accurately observed. In contrast, in areas with smaller signals
(such as deserts), the SNR is less than 1, meaning the GRACE data is predominantly
noise.

Table3.1. TheCorrelation Coefficients of Coupled Products with and without
Pixel Size Effect

Mean} without Pixel Meanj with Pixel
Coupled Product _ _
Size Effect Size Effect
G3P&GPCP 0.31 0.36
G3P&GPCC 0.28 0.4
JPL&GPCP 0.3 0.36
JPL&GPCC 0.28 0.34

Furthermore, the spatial distributions gqf differences for the remaining
combinations against the findings acquired for G3P&GRE@Rustrated in Figures

3.1b-d. Differences were observed in arid climate zones when swapping the TWS
product from G3P taJPL (Figure 3.1c). These regions typicallgxhibit less
fluctuations iNTWS than norarid regionsresulting in a low signéb-noise ratio in
GRACE and GRACH-O observationgFigure B6). In such areas, processing
preferences, such as the spatially variable a priori constridggkins et al., 2015)
applied in the mascon, have a greater effect. The standard deviation of the differences
in Figure3.1c (0.14) is smaller than that of the difference in Fig8rid (0.21). Thus,
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correlations areeducedby the switching of the precipitation proddicim GPCP to
GPCC (Figires3.1c and3.1d) to a considerably greater extentnrore regions,
especially over locations with less dense in situ netw@rigure C1). Higher
correlations obtained using GPCP as a precipitation product validaaeditsnal

value of satellite observations in areas that would otherwise lack data (e.g., the
Congo Basin in central Africa). Nonetheless, several places where GPCC matches
GRACE and GRACH-O more closely than GPCP, indicating that systematic
deficienciesin satellite data may also deteriorate & S-precipitation coupled
product insome regiondDespite the differences mentioned above, precipitation and
storage, as measured by satellite gravimetry, have an average correlation of 0.30.
The significance tteshold for the correlation is 0.14, based on the number of
temporally available TWS data points. Therefore, an average correlation of 0.30 is
considered both significant and substantial, suggesting that GRACE and GRACE
FO observations should be utilized ora frequently in extensive
hydrometeorological studies. This calculation includes all pixels, even those with
negative correlations. Consequently, the average correlations remain above the

significance threshold, even when pixels with negative correlatiomincluded.
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FigureHat a! Bakvur u Kk aadapfs the spatidl iusntarmaldigt. i on s

(Eq.2-8), larger than 0, for G3P&GPCP. Thevalues were below 0 in the piaular

areas of North America, North Africa, aldbrtheastern AsiaThe relationship
between TWSA and precipitation is less dependable in these regions since factors
other than precipitatiolikely affected TWSA values. The majority of regions having
polar cl i mat e sGeider Clirmate,ZonK E) glipptaydd values less than

zero, suggesting a weak relationship between cdPA and dTWSA in these regions. A
contrasting pattern was found between the arid zones, which was simiteg to
correlation coefficient analysis. The arid areas of North America (Zone B) exhibited
a pattern more comparable to the arid regions in Australia. The percentage of
excluded areas was higher in the arid regions in Africa than in Australia and North
America. Also, theb: valueswerelower in the remaining arid areas of North Africa.
Furthermore the mearb; values of all coupled products are shownTable 3.2.

Similar to correlation analysis, the effect of the pixel area was investigated to get an
idea of how thé; values change from the equator to the poles. The results, aligned
with the correlation coefficient analysis, show that the pixel areas do not greatly
impact theb: values, as minor differencdgss than 6%gxist in the meab; values

whether or not the effect of the pixel areas was considered.

Table3.2. Theb: Valuesof Coupled Products with and without BbSize Effect

Meanb; without Pixel Meanbs: with Pixel
Coupled Product

Size Effect Size Effect
G3P&GPCP 1.33 144
G3P&GPCC 1.27 1.38
JPL&GPCP 1.39 143
JPL&GPCC 1.34 1.39
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Moreover, the spatial distributions bf differences for the remaining combiimans
against the findings acquired for G3P&GPCP are illustrated in Figdesa!
Bawur u kaynaj é-dbMhénswappmatdeeTWS product from G3P to
JPL(FigureHat a! Bakvur u k acg),thagxél aréaeighited meara d é .
b, difference is0.01. Thus, thé; values are mostly similar for the mascon solutions
and for the spherical harmonics. Using the JPL instead of G3P revealed more
locations withb: bigger than 3 in the warm temperate climate (Zone E) of Europe.
Switching the precipitation product from GPCP to@&Palso showed a fairly similar
effect, that thé; values were usually smaller for thesitu observations than for the
blended precipitation product. Also, JPL&GPCC showed the greatest overall decline
in by values against G3P&GPCHR(15). Specificallyin the snow zones of Asia and

the arid zones of Australia, utilizing GPCP revealed more locationdwilbser to

1 than GPCC. This indicates that when utilizing GPCP as opposed to GPCC, there
may be less need for extra variables to explain the retiipletween precipitation

anomalies and TWS variations in these regions.

3.2 The cdPA and dTWSA for Each Climate Zone

3.2.1 Equatorial Zone (A)

The time series of dTWSA obtained from both TWS products (G3RIRbdare

illustrated in Figure3.3a for an example regiom the Equatorial Dne @) in

Australia 65.75AW, 5. 7 5 Rigu@Hat a! Bakvuru kaa.fhaj & bul
time series of cdPA obtained from both precipitation products (GPCC and GPCP)

are illustrated in Figurd.3b for the same region. The dynamics of water availability

and precipitation, as well as possible patterns of drought recovery, can be understood

by using these visualizations to track and ex&rvariations in water storage
deviations and cdPA over tim&he close agreement was found between the time

series of G3P andPL, and GPCC and GPCP, as well as between dTWSA and cdPA

ti me s er i e s80foathiseagiangas shpwn in FIQUBE. The correlation
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coefficients between all products for the example regidhe Equatorial Dne @A)

are shown iTable3.3. The regression coefficients between cdPA and dTWSA using
different precipitation and TWSA produdty the example regiom the Equatorial
Zone @) are presented ihable3.4.

(a) Time Series of d-TWSA

»

400 — G3P.

== JPL mascon

200

dTWSA (mm)

-200

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Year

(b) Time Series of cdPA

400

cdPA (mm)

-400

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Year

Figure3.3. Time series of (a) dTWSA derived from both TWS products (G3P and
JPL); and (b) cdPAderived from both precipitation products (GPCC and GPCP),
each in arexample regiomn the Equatorialzone A) in South Americg55.75AW,

5 75A S) .
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Table3.3. Correlation Coefficient of All Products fan Example Region in the
Equatori al Zone (A) in South America (55.

G3P JPL GPCC GPCP
G3P - 0.98 081 0.79
JPL 0.98 - 081 0.77
GPCC 081 081 - 0.74
GPCP 0.79 0.77 0.74 -

Table3.4. The by values foDifferent Precipitation and TWSA Products for an
Example Region in the Equatorial Zone (A

Products b1 value

G3P&GPCP 1.02

G3P&GPCC  1.17

JPL&GPCP 0.98

JPL&GPCC 1.15

Based on thé; valuesin Table 3.4, which are around 1 for different products, the
decrease in precipitation can be directly linked to the storage deficit for the example
region in the Equatora | Zone (A) i n South ThWsmer i ca
suggests that changes in precipitation closely correspond to variations in terrestrial

water storage in thisegion.
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3.2.2 Arid Zone (B)

The time series of dTWSA obtained from both TWS products (G3RIRbdare

illustrated in Figure3.4a for an example region in the Arid Zone (B) in Australia

(113. 75A |FigueMat a5ABSkvuru Kkaag. mMkejtde bul unama

series of cdPA obtained from both precipitation products (GPCC and GPCP) are
illustrated in Figure3.4b for the same region. The dynamics of water availability and
precipitation, as well as possible patterns of drought recovery, can be understood by
using these visualizations to track and examine variations in water storage deviations
and cdPA over time. The close agreement was found between the time series of G3P
andJPL, and GPCC and GPCP, as well as between dTWSA and cdPA time series
(average 3} = 0.65) f oB4Thecorelatioa cpeffzianis a s
between all products for the example region in the Arid Zone (B) are shown in Table
3.5. The regression coefficients between cdPA and dTWSA using different
precipitation and TWSA products for the example region in the Arid Zone (B) are

presented iTable3.6.

38

s hown



(@

dTWSA (mm)

(b)

cdPA (mm)

G3P
100

= = JPL mascon

50

-50

2002

200 JGPCC

)
- GE’CP‘
-200

-400
2002

2004

2004

2008

Time Series of dTWSA

-’ v
(N
2010 2012 2014 2016 2018 2020
Year
Time Series of cdPA
'\
f ¥ AN )
f I\
[ I
[ 3 ]
f b\ -
- o
- ,
] Al
A \J
| \
/
¥
A "
[ ] \ | A\
] Ve
N\
V
2010 2012 2014 2016 2018 2020
Year

Figure3.4. Time series of (a) dTWSA derived from both TWS products (G3P and
JPL); and (b) cdPAderived from both precipitation products (GPCC and GPCP),
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Table3.5. Correlation Coefficient of All Products for an Examplegitoa in the

Arid Zone (B) in Australia (133.75AE
G3P JPL GPCC GPCP
G3P - 0.88 0.67 0.66
JPL 0.88 - 0.65 0.60
GPCC 0.68 0.65 - 0.99
GPCP 0.66 0.60 0.99 -
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Table3.6. Theb: values forDifferent Precipitation and TWSA Products for an

Example Region in the Arid Zone (B) in Aust

Products b1 value

G3P&GPCP  3.21

G3P&GPCC  3.34

JPL&GPCP 2.53

JPL&GPCC 2.77

Based on th®;: values inTable 3.6, which are higher than 1 for different products,

the decrease in precipitation can be attributed to other hydrological processes, such

asET and Rfor the example region in the Arid Zone B)n Australia (133.

23. 75AS) .

3.2.3 Warm Temperate Zone (C)

The time series of dTWSA obtained from both TWS products (G3RIRhdare
illustrated in Figure3.5a for anexample regioin theWarm Temperate Zone (C) in
Europe (5. 75A Thetime &&ies7d AdPANQbtained from both
precipitation products (GPCC and GPCP) are illustrated in FRjbbefor the same
region. The dynamics of water availability and precipitation, as well as possible
patterns of drought recovery, can be understood by using these visualizations to track
and examine variations in water storage deviatamss cdPA over timeThe close
agreement was found between the time series of G3FRandnd GPCC and GPCP,

as wel |l as between dTWSA an9lforthid Rdlont i me seri

as shown in Figur8.5. The correlation coefficients between all products for the

example regionn the Warm Temperat&Zone (C)are shown inTable 3.7. The
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regression coefficients between cdPA and dTWSA using different precipitation and

TWSA productsfor the example regioimn the Warm TemperatéZone (C)are

presented iTable3.8.

@ Time Series of dTWSA
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Figure3.5. Time series of (a) dTWSAerivedfrom bothTWS products G3P and
JPL); and (b) cdPAderivedfrom bothprecipitation products(GPCC and GPQP
each inan example regionn the Warm Temperat&one (C)in Europe(5. 7 WA

40. 75A S)

Table 3.7. Correlation Coefficient of All Products for an Example Regiorthe
Warm Temperat&one (C)in Europe(5. 7 9/ A0. 75 A S)

G3P JPL GPCC GPCP
G3P - 0.89 0.69 0.66
JPL 0.89 - 0.72 0.69
GPCC 0.69 0.72 - 0.98
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GPCP 0.66 0.69 0.98 -

Table3.8. Theba values forDifferent Precipitation and TWSA Products for an
Example Regioin theWarm TemperatZone (C)in Europe(5. 7 9/ AM0. 75 A S)

Products b1 value

G3P&GPCP  3.21

G3P&GPCC 3.3

JPL&GPCP 2.53

JPL&GPCC 2.77

Based on th®; values inTable 3.8, which are higher than 1 for different products,

the decrease in precipitation can be attributed to the other hydrological processes,
such as ET and R, for the example regiomenWarm Temperate Zone (C) in Europe
(5. 75A W), 40.75A

3.24 Snow Zone (D)

The time series of dTWSA obtained from both TWS products (G3RIRbdare

illustrated in Figure3.6a for an example regioim the Snow Zone Q) in North

America(90. 7 W A5 7 8 KigureHat a! Bakvuru kaaTha] & bul una
time series of cdPA obtained from both precipitation products (GPCC and GPCP)

are illustrated in Figurd.6b for the same region. The dymics of water availability

and precipitation, as well as possible patterns of drought recovery, can be understood

by using these visualizations to track and examine variations in water storage

deviations and cdPA over tim&he close agreement was founetveen the time

series of G3P an#PL, and GPCC and GPCP, as well as between dTWSA and cdPA
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ti me ser i e s60)(orathisgaegiangas shpwn in FiQuBeés. The correlation
coefficients between all products for the example regiadhe SnowZone QD) are
shown inTable3.9 The regression coefficients between cdPA anW&A using
different precipitation and TWSA produdts the example regiom theSnowZone
(D) are presented ihable3.10.
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Figure3.6. Time series of (a) dTWSAerivedfrom bothTWS products G3P and
JPD); and (b) cdPAderivedfrom bothprecipitation product§GPCC and GPQP
each imnexample regioim theSnowZone Q) in North America(90. 7 8/ ,A45. 7 5 A
N)

Table 3.9. Correlation Coefficient of All Products for an Example Regiorthe
SnowZone D) in North America(90. 7 B/ Al5. 7 NH)A

G3P JPL GPCC GPCP
G3P - 0.95 0.63 0.65
JPL 0.95 - 0.53 0.60
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GPCC 0.63 0.53 - 0.98

GPCP 0.65 0.60 0.98 -

Table3.10. Theb; values foDifferent Precipitation and TWSA Products for an
Example Regiomn theExample Regiom theSnowZone Q) in North America
(90. 7 W/ A5 7 R)A

Products b1 value

G3P&GPCP  2.22

G3P&GPCC  2.23

JPL&GPCP 2.66

JPL&GPCC 2.44

Based on thé; values inTable3.10, which are higher than 1 for different products,

the decrease in precipitation can be attributed to other hydrological processes, such
asET and Rfor the example regioim theSnowZone Q) in North America(90. 7 5 A

W, 45, 7 H)A

3.25 Polar Zone (E)

The time series of dTWSA obtained from both TWS products (G3RIRbdare
illustrated in Figure.7a for an example regidn thePolarZone €) in Asia(85. 7 5 A
E, 3625 A, FigureHat a! Bakvur u Kk ag.Mtejtirae serieslofi n a ma d é .
cdPA obtained from both precipitation products (GPCC and GPCP) are illustrated in
Figure 3.7b for the same region. The dynamics whter availability and
precipitation, as well as possible patterns of drought recovery, can be understood by

using these visualizations to track and examine variations in water storage deviations
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and cdPA over timeThe mean correlation coefficient beta the time series of
G3P andJPL, and GPCC and GPCRs well ailTWSA and cdPAor the example
region in the Polar Zone €) are shown inTable 3.11. The mean correlation
coefficient betveen dTWSA and cdPA time seriesms found to bé.42 for this

region The regression coefficients between cdPA and dTWSA using different

precipitation andf'WSA productdor the example regiom the PolarZone E) are

presented iTable3.12

(a)
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(b)

cdPA (mm)
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Figure3.7. Time series ofd) dTWSAderivedfrom bothTWS products G3P and
JPD); and (b) cdPAderivedfrom bothprecipitation product¢GPCC and GPQOP
each inanexample regiolin thePolarZone E) in Asia(85. 7 B, 86.25 A)

Table3.11 Correlation Coefficient of All Products for an Example Regiothe
PolarZone E) in Asia(85. 7 b, 86.25 A)

G3P JPL GPCC GPCP
G3P - 0.62 048 0.48
JPL 0.62 - 0.5 0.17
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GPCC 048 0.5 - -0.12

GPCP 048 0.17 -0.12 -

Table3.12. Thebs values forDifferent Precipitation and TWSA Products for an
Example Regioin theExample Regioin thePolarZone E) in Asia(85. 7 B, A
36.25 N)

Products b1 value

G3P&GPCP  0.25

G3P&GPCC  0.37

JPL&GPCP 0.20

JPL&GPCC 0.93

Based on thé; values inTable3.12, which are less than 1 for all products except
JPL & GPCC, the required precipitation amount may be underestimated when
considering only storage fluctuatiofts the example region in the Polar Zone (E) in
Asi a (85. 75 PorPL&GRBCE pradudh th&lyariation in precipitation is

almost equal to theariation in storage for this region.

3.3  Storage Deficit Amount

DRT estimation based on storage defi@iscalculated using TWSA data for storage
deficitamountFigureHa t a! B aywnvaujréu bkuahillustratesthedspatial

distributions of meastorage deficit amount to calculddRT estimations based on

storage deficimethod. MoreoverfiguresHa t a ! Bakvuru kabynaj é& bul u

d demonstratehe spatial distribution of the differences between G3P&GPCC and
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G3P&GPCP JPL&GPCP, andIPL&GPCC, respectivelyThe mean storage deficit
amountwas thehighest in the Equatorial (A) zenexceeding 125 mm for the G3P
& GPCC coupled products. I n North Africac
amountwasthe lowest, with less than 25 mivhen switching from G3P to JPL, the

mean storage deficit amount marginally increase8 tmyn.

3.4  Required Precipitation Amount

DRT estimation based on required precipitation amewagcalculated using both

cdPA and TWSA data for necessary precipitation amdtigureHa t a ! Bakvuru
kaynaj e b a lillustnatesntbed spatial distributions of mearequired

precipitation amount to calculai2RT estimations based arquired precipitation

method. MoreoverffiguresHat a! Bakvur u Kk alyddenjorsstrateu | un am
the spatial distribution of the differences between G3P&GPCC and G3P&GPCP,
JPL&GPCP, andIPL&GPCC, respectivelyrhemeanrequired precipitation amount

to fill the stomge deficitwas thehighest in the Equatorial (A) zone, exceeding 500

mm for the G3P&GPCP coupled prodmeant s. 1| n
required precipitation amountasl ess t han 100 mm, whil e 1in
Amer i cads 4itrangd fetd/gen 200 ané 200 mm for the G3P&GPCP

coupled products. When switching from GPCP to GPCC, the required precipitation
amount decreadanarginallyin South America, central Africa and south Asraa

global scalg(3.2 mm) Similarly, when swithing from G3P to JPL, the required

precipitation amounts alsonarginally increased by 5 mm.
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3.5 The Storage Deficit and Required Precipitation Amount for an

Example Regions in Each Climate Zone

3.5.1 Equatorial Zone (A)

The storage deficit and required precipitation amount for an example ladion
Equatorialzone Q) in South Americg55.75AW, 5. 7 5, KiguBHat a ! Bakvuru
kaynaj & b a)hbreillustratesl dséng both TWS products (G3P drd) and

precipitation products (GPCC and GPGR)Figure 3.10. Observed precipitation
amountfrom corresponding precipitation produstalso shown in Figurg.10.

Figure3.10a shows the storage deficit amount obtained from the G3P TWS product,
the required precipitation amount from the G3P TWS and GPCP precipitation
products, and the observed precipitation amount from the GPCP precipitation
product, thereby illustratingesults from the G3P&GPCP coupled products. Figures
3.10b-d present results obtained from the G3P&GPCIPL&GPCP, and
JPL&GPCC coupled products, respectively.

For al coupled products, the maximum storage deficit ameagapproximately

400 mmin April 2016 (Figure 3.10). The longest drought periddr G3P was
observed betwee@ctober 2015 and May 201Figure3.10a and3.10b), while for

the longest drught period for JPL was observed between December 2014 and
September 2016-{gure 3.10c and3.10d). The drought events between 2007 and
2008, as well as between 2015 and mieR017, were continuous for the G3P
product; however, thewere not continuous for the JPL produ@iher drought
eventswereobserved with both products.

Furthermore, the maximum observed precipitation amount for the @RS&ound
650 mm inMarch 2016(Figure3.10b and3.10d), however, it was not observed for
GPCP (350 mm). The maximum amounfor the GPCPwas arond 550 mm in
February 200%Figure3.10a and3.10c) and also iwasobservedor GPCC(Figure
3.10b and3.10d).
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Figure3.10. The time series of storage deficit amount, required precipitation amount,
and observed precipitation amount usi(@ obtainedfrom G3P&GPCP, (b)
G3P&GPCC (c) JPL&GPCR and (dYUPL& GPCG each in arexample regioim the
Equatorialzone @) in South Americg55.75AW,5. 75 A S) .
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3.5.2 Arid Zone (B)

The storage deficit and required precipitation amount for an example ladios

AridZone (B) in Austr a)FgaeH@l 1a3. Bsak vE,r u2 X.aymMj
b ul un amadilkistrated using both TWS products (G3P addL and

precipitation products (GPCC and GPGR)Figure 3.11. Observed precipitation

amountfrom corresponding precipitation produstalso shown in Figurg11.

Figure3.11a shows the storage deficit amount obtained from the G3P TWS product,
the required precipitation amount from the G3P TWS and GPCP precipitation
products, and the observed precipitation amduomin the GPCP precipitation
product, thereby illustrating results from the G3P&GPCP coupled products. Figures
3.11b-d present results obtained from the G3P&GPCIPL&GPCP, and
JPL&GPCC coupled products, respectively.

The maximum storage deficit amount was approximately 60 mm and 7@hmm
March 2008 for G3P and JPL, respectivéligire3.11). The longest drought period
for G3Pand JPLlwas observed between May 2007 and February Z€gQre3.11).
The drought was notad 2013 mid-2013andmid-2015for the G3P TWS product,
while no drought was observed using @ Other drought events were observed

with both products.

Furthermore, the maximum observed precipitation amount for the GRGGPCP
wasaroundl40mm inNovember2008 and February 201(rigure3.11). In general,
the observed precipitation from GPCC was aligned well with the observed

precipitaion from GPCP for this grid.
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Figure3.11 The time series of storage deficit amount, required precipitation amount,
and observed precipitation amount usi(@ obtained from G3P&GPCPR (b)
G3P&GPCC (c) JPL&GPCR and (dYUPL& GPCG each in arexample regioim the

Arid Zo n e

(B) in Australia
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3.5.3 Warm Temperate Zone (C)

The storage deficit and required precipitation amount for an example ladios

Warm Temperat&one (C)in Europe(5.75AW, 40. 7 B, AigureHat a! Bakvur u
kaynaj & b a)hbreillnstratesl dseng both TWS products (G3P drd) and

precipitation products (GPCC and GPGR)Figure 3.12. Observed precipitation

amountfrom corresponding precipitation produstalso shown in Figurg.12.

Figure 3.12a shows the storage deficit amount obtained from the G3P TWS product,
the required precipitation amount from the G3P TWS and GPCP precipitation
products, and the observed precipitation amount from the GRE€&lpitation
product, thereby illustrating results from the G3P&GPCP coupled products. Figures
3.12b-d present results obtained from the G3P&GPCIPL&GPCP, and
JPL& GPCC coupled products, respectively.

The maximum storage deficit amouwasapproximately80 mm in May 2012 for
G3P (Figure 3.12a and3.12b), while the maximum storage deficit amoumas
around 100 mmn May 2017for the JPL (Figure 3.12c and3.12d). The longest
drought periodvasobserved betweddecembef004 andSeptember 200f®r G3P,
while the longest droughwas observed betweeBecember2004 and December

2009for JPL Other drought events were observed with both products.

Furthermore, the maximum observed precipitation amount for the GREGPCP
wasaround250 mm in October2006 andDecembe2009 (Figure3.12). In general,
the observed precipitation from GPCC was aligned well with the observed

precipitation fran GPCP for this grid.
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Figure3.12. The time series of storage deficit amount, required precipitation amount,
and observed precipitation amount usi(@ obtained from G3P&GPCP,(b)
G3P&GPCC (c) JPL&GPCR and (dJPL& GPCC each in axample regioin the
Warm TemperatZone (C)in Europe(5. 7 W/ A0. 7 B)A
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