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Abstract 

Ground water is the main source of water for domestic and agricultural purposes in rural areas 
in Malawi. Continued exploitation of the ground water for domestic, agricultural, mining and other 
industrial purposes results in continued temporal changes in its levels. Understanding changes in 
the Groundwater Storage Capacity is crucial in development and in improving the livelihoods of 
people. Attempts to study groundwater storage have been made in Malawi. However, the lack of 
groundwater data, triggered by scarcity of ground observation facilities, hampers water resource 
management efforts. In this paper, the Gravity Recovery and Climate Experiment (GRACE-FO), 
supported by Global Land Data Assimilation System (GLDAS), has been used to determine variations 
in Terrestrial Water storage capacity levels, which combine the surface moisture, groundwater, snow 
and canopy water conditions in Balaka district, in Malawi, over a period of ten years (2012-2022). 
Owing to the fact that Balaka does not register any snowfall, only the surface moisture anomaly was 
considered in reducing the terrestrial water storage anomaly to determine the groundwater storage 
level changes from 2012 to 2022. Since an increasing trend, declining to levels as low as 
0.002mm/year, was determined, the GRACE-based groundwater storage anomalies revealed no 
significant changes in groundwater levels. Influencing factors for the increasing trend were not 
addressed in this paper. Nonetheless, the results of this paper can contribute positively to the effective 
management of groundwater resources and promote the use of geodetic gravity data in water 
resource management.  
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1. Introduction 

Water reservoirs play a vital role in human life and the dynamics of the Earth’s system. Owing to 
a wide range of changes in the lithosphere and atmosphere over time, water in the Earth’s system 
redistributes itself in a variety of ways (UNAVCO, 2012). In many countries, including Malawi, 
ground water constitutes a significant proportion of the water that is readily available for use. Many 
people in the rural areas of Malawi, including Balaka, depend on groundwater for different purposes 
(Mapoma & Xie, 2014). Groundwater aquifers supply water for domestic and agricultural use, just 
to mention a few. In rural Malawi, ground water from dug wells and hand pumped boreholes is 
estimated to supply 3 million people (Hellens, 2013). 
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As a consequence of exploitation, changing weather patterns and climate change, ground water 
storage (GWS) levels continue to vary in various regions across the globe. Another important 
component that is crucial in defining the global hydrological cycle is terrestrial water storage (TWS). 
TWS is the total amount of water stored on the Earth’s surface and sub-surface and includes, amongst 
others, ground water, soil moisture, lakes, rivers and glaciers (Humphrey, Matthew, & Eicker, 2023). 
The depletion of TWS and GWS contributes to the droughts and continued crustal deformations that 
are prevalent in various parts of the globe (Wang, et al., 2022; Seka, et al., 2022). The depletion of 
ground water leads to water insecurity and could threaten agricultural productivity and hydro-electric 
production (Frappart & Ramillien, 2018). Considering the crucial role that ground water plays in 
economic development and the growth of countries such as Malawi, the depletion of this vital natural 
resource poses a danger to the livelihoods of people. In this regard, it is necessary to monitor the 
levels of terrestrial and groundwater storage. 

Geodesy has provided different ways of monitoring water levels on the Earth’s surface and has 
made huge amounts of hydrological data available. Satellite Geodesy provides valuable Earth 
Observation data for modelling the size, shape and gravity field of the Earth, as well as its rotation, 
which are fundamental properties of the Earth (Böhm & Schuh, 2013). Further applications in 
modelling the different dynamic properties of the Earth have been developed. Of paramount 
importance in modelling the Earth is space-based geodesy, which makes use of different satellites 
that have been launched into space and are orbiting around the planet Earth. The launching of modern 
satellites such as GRACE-FO and GPS into orbit marks the advent of modern geodesy. Satellite 
geodesy has become an interdisciplinary science that has found important applications in different 
scientific fields, including hydrology, climate change and meteorology, among others (Herring, 2007; 
Suya, et al., 2022; Ikuemonisan & Ozebo, 2020). Among many space-geodetic missions, the Gravity 
Recovery and Climate Experiment (GRACE-FO) satellites, as well as the Global Positioning System 
(GPS), provide the means to monitor water levels on the surface of the Earth.  

Balaka is one of the driest areas in Malawi. In some areas, efforts to exploit groundwater prove 
futile and many water sources run dry during significant periods of the year. Attempts to study 
groundwater storage using remote sensing have been made in Malawi. However, the focus was only 
on the use of normalized difference indices for vegetation and water (NDVI and NDWI) which 
measure only the water content of water bodies without measuring the levels of terrestrial water 
storage. Traditional methods to study variations in ground water have also been used. These include 
the use of in-situ observations and hydrological modelling. However, these methods offer a limited 
point scale (Han, et al., 2023). In addition to that, the lack of groundwater data, triggered by the 
scarcity of ground observation facilities, hampers water resource management efforts. This results in 
a poor understanding of the changes in the groundwater storage levels.  In this study, solutions 
focusing on measuring the water levels on both the surface and sub-surface by employing geodetic 
methods have been employed to analyze the current water storage levels in Balaka, Malawi. Time 
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series analyses of TWS capacity changes have been employed, and the results have been validated 
with the aim of determining the GWS variations. 

This study focuses on measuring water levels on both the surface and sub-surface. GRACE-FO 
provides data on a wide range of temporal variations or changes in surface mass with a centimeter-
equivalent water high precision with a spatial resolution of approximately 400 km and a monthly 
temporal resolution (Li, Zhong, Li, & Liu, 2022). GRACE-FO offers important tools for the analysis 
of groundwater levels and has been used for tracking changes in water storage and monitoring 
drought and groundwater inversion (Seka, et al., 2022). GRACE-FO also serves as a reliable 
substitute of the costly groundwater observation wells. It provides uniformity in scale and spatial 
distribution and provides reliable results, even in the absence of hydrological and meteorological data 
(Shao & Liu, 2023). On the other hand, there is a correlation between changes in groundwater levels 
and vertical displacements of the Earth’s surface (Liu, et al., 2022; Khorrami, et al., 2023); hence, 
GPS measurements have the ability to track changes in GWS levels. 

Dwindling levels of ground water in the wake of climate change and the continued exploitation of 
ground water pose a threat to the water security of people, especially in developing countries such as 
Malawi. They also jeopardize agricultural productivity. Therefore, having accurate information on 
groundwater levels is important in making informed decisions. This study provides information on 
the levels of groundwater in Balaka district and  provides a track of water level changes. This will 
ensure that proper decisions are made in tackling the problem at hand. 

 

2. Space Geodetic Techniques for Estimating Changes in TWS Levels 

There are numerous space geodetic techniques. Those that are relevant for this study have been 
briefly discussed. 

2.1. Global Navigation Satellite Systems (GNSS) 

GNSS is a highly precise geodetic positioning technique that has become crucial in surveying and 
navigation. Its high level of precision and the ease of acquiring its data have made GNSS crucially 
important in geophysical studies (Herring, 2007). Different studies in measuring TWS levels have 
employed GNSS. Owing to the correlation between vertical displacement of the land mass and 
extraction of ground water, GNSS has been used to detect changes in groundwater levels. It has in 
fact been established that vertical displacements of continuously observing GNSS stations indicate 
changes in the water levels of aquifers (Liu, et al., 2022). Nonetheless, to provide definitive results, 
there is a need to have a network of permanent GNSS stations that continuously observe vertical 
displacement in the study area. Cumulative vertical displacement time series of longer periods need 
to be obtained to ascertain land subsidence due to water level changes ( Ikuemonisan & Ozebo, 2020).  

In Shaan-Gan Ning region in China, post-processed GNSS data obtained from 77 evenly 
distributed permanent GNSS stations were used in estimating groundwater levels (Li, Zhong, Li, & 
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Liu, 2022). In Beijing, China, a network of 36 Continuously Observing Reference Stations (CORS) 
were used to correlate crustal deformation data and station velocity data to groundwater storage 
changes (Li, et al., 2022). In groundwater level and land subsidence studies, a well distributed 
network of GNSS CORS was used to provide definitive vertical displacements in Lagos and the 
United States ( Ikuemonisan & Ozebo, 2020; Wang, et al., 2022). However, in Malawi and Balaka 
in particular, there is no proper distribution of the CORS network. There are only 10 GNSS stations, 
and four of them are decommissioned (Suya, et al., 2022). This would not serve as a good basis for 
making observations since the study area does not have any GNSS station. The nearest station is the 
Zomba GNSS station (labelled number 11 in Figure 1), which is over 80km from the study area. 

 

 
Figure 1: Distribution of permanent GNSS stations in Malawi. Source (Suya, et al., 2022) 

 

Li, Zhong, Li, & Liu (2022), stated that good quality GNSS permanent stations that are evenly 
distributed should be selected as fixed reference stations. Their data should be  employed and jointly 
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adjusted with those of other datasets to obtain the final vertical displacement time series of the GPS 
stations relative to the International Terrestrial Reference Frame (ITRF). Owing to the uneven 
distribution of GNSS stations in Malawi, GNSS was not used for the purposes of this study as the 
uneven distribution could lead to biased results. 

2.2. GRACE-FO 

The main purpose of the GRACE mission is to measure time-varying anomalies in the gravity 
field of the Earth which is one of the fundamental properties of the planet (Humphrey, Matthew, & 
Eicker, 2023). It was jointly launched in 2002 by the National Aeronautics Space Agency (NASA) 
and the German Aerospace Centre (Frappart & Ramillien, 2018). It consists of two identical satellites, 
following each other at 220km and are orbiting the Earth at an altitude of 500km. The two satellites 
use microwaves to accurately monitor their separation distance and they have on-board 
accelerometers that minimize the distance problems resulting from the atmospheric drag that is 
caused by the low altitude of the identical orbits. The distance between the two identical satellites 
varies with time as they fly through spatial gradients in the gravity field, and so, by monitoring those 
changes, the gravity field can be determined (Herring, 2007). Using the microwave ranging 
instruments on board, the satellites create maps of the Earth’s changing gravity fields which are 
primarily caused by fluctuations in the water mass on Earth (Mucia, 2018). 

 
Figure 2: View of the GRACE-FO mission. Source (Humphrey, Matthew, & Eicker, 2023) 
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Following a battery failure in the satellites, the GRACE mission came to an end in 2017. A follow-
on mission, GRACE-FO, launched in 2017, would continue the mission of its predecessor. The 
GRACE-FO provides high resolution monthly models of the Earth’s gravitational field. The models 
have been used to analyze TWS with higher accuracy and precision where it has been shown that 
there is a strong interrelation between hydrology and gravity (Creutzfeldt, Güntner, Klügel, & 
Wziontek, 2008). In an area where there is excess water, a stronger gravitational acceleration is 
experienced, while in areas experiencing drought, a weaker gravitational acceleration is registered. 
GRACE has been proven to answer hydrogeological questions with reliability and accuracy. The 
GRACE mission has been applied in determining changes in the mass distribution of the Earth 
(Döhne, Horwath, Groh, & Buchta, 2023). Changes in terrestrial water storage redistribute the mass 
of the Earth; hence water storage can be modelled using GRACE and GRACE-FO data. Since the 
launch of GRACE in 2002, the monitoring of water storage over large areas has been made possible 
and its data have been made available (Li, et al., 2022). In hydrological modeling, it has been 
established that there is a correlation between GRACE load deformation (hydrosphere) and the 
vertical seasonal changes of GPS stations (Bian, et al., 2023). GRACE-FO has been proven to provide 
reliable results in estimating terrestrial water storage levels as it was found that there is a good 
association between GRACE-derived and water balance-based terrestrial water storage change 
(Huang, et al., 2023). Owing to this, and coupled with the uneven distribution of GNSS CORS 
stations and the unavailability of reliable hydrological data, GRACE has been used for the purposes 
of this study. 

2.2.1. TWS 

Total water storage combines all water that is stored on the land (surface and sub-surface) and 
includes components such as groundwater and soil moisture. The GRACE mission satellites 
accurately detect gravity anomalies that are caused by changes in TWS. Positive or negative change 
in TWS levels is linked to changes in lake levels and droughts and is highly responsive to different 
atmospheric dynamics triggered by climate change. The lack of hydrological data and the challenges 
in determining all the components of TWS have hindered an understanding of the spatial and 
temporal TWS changes (Seka, et al., 2022). However, GRACE-FO provides vital datasets of 
hydrology that can be used to model changes in TWS. 

GRACE and GRACE-FO provide TWS hydrological data, reported in metres, centimetres or 
millimetres, monthly. The TWS changes are reported in the form of grid anomalies. They indicate 
the quantity of the water mass that is needed at the surface of the Earth’s ellipsoid to best explain the 
observed gravity field anomaly (Humphrey, Matthew, & Eicker, 2023). Such anomalies are obtained 
by subtracting the current terrestrial water storage and the long-term TWS averages derived from 
satellite observations. As such, it is important to note that GRACE does not provide TWS data, but 
only anomalies in TWS obtained from the deviations from the long-term mean. According to 
Fatolazadeh, Eshagh, & Goita (2022) the hydrological model can be expressed as: 
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𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑇𝑇𝑆𝑆 + 𝑇𝑇𝑇𝑇𝑆𝑆 + 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐺𝐺𝑇𝑇 + 𝑇𝑇𝑇𝑇      [1] 

Where 𝑇𝑇𝑆𝑆, 𝑇𝑇𝑇𝑇𝑆𝑆, 𝐶𝐶𝐶𝐶𝐶𝐶, 𝐺𝐺𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎 𝑇𝑇𝑇𝑇 are soil moisture, snow water equivalent (SWE), canopy 
water (CAN), groundwater storage (GWS) and surface water (SW), respectively. The same can be 
expressed in terms of anomalies; hence the terrestrial water storage anomaly (TWSA) contains the 
surface moisture anomaly (SMA), the snow water equivalent anomaly (SWEA), the canopy water 
anomaly (CANA), the ground water anomaly (GWA) and the surface water anomaly (SWA). 

𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶 = 𝑇𝑇𝑆𝑆𝐶𝐶 + 𝑇𝑇𝑇𝑇𝑆𝑆𝐶𝐶 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐺𝐺𝑇𝑇𝐶𝐶 + 𝑇𝑇𝑇𝑇𝐶𝐶 [2] 

One of the reliable sources of surface moisture storage data is the Global Land Data Assimilation 
System (GLDAS). GLDAS provides a wide variety of land surface information that includes soil 
moisture, storm water runoff, total precipitation, wind speed and air pressure. It can provide stable 
and a long time series model of land surface information. This makes the GLDAS hydrological 
model, combined with GRACE data, suitable for assessing GWS levels under all terrestrial 
conditions (Wang, et al., 2023). GLDAS gathers data from a few satellite platforms and uses such 
data to estimate TWS anomalies. In Chad, GRACE products were integrated with GLDAS data 
analysis results to estimate and analyze spatio-temporal TWS changes and to estimate  groundwater 
storage anomalies (Mohamed, Abdelrady, Alarif, & Othman, 2023). In the GWS levels study in 
North America, it was discovered that, not including surface water storage data from GLDAS, the 
data results led to contradictory findings (Wang, et al., 2023). In this study, surface wetlands have 
been subtracted from TWS signals provided by the GRACE data to correct for the errors caused by 
disregarding GLDAS.  

 

3. Study Area, Datasets and Methods 

3.1. Study Area 

The study area is located between latitudes 14°40’S and 15°20’S, and longitudes 34°50’E and 
35°20’E in Balaka district of Malawi which covers a surface area of 2133.84 Km2. The study area 
is characterized by a tropical climate and experiences two main weather seasons, namely, the rainy 
season that spans from November to April and the dry season that extends from May to October. 
Malawi’s climate is dominated by the north–south migration of the inter-tropical convergence zone 
(ITCZ), which is marked by the convergence of the northeasterly monsoon and southeasterly trade 
winds (Ngongondo, Xu, Gottschalk, & Alemaw, 2011).  Balaka is one of the hottest districts in 
Malawi but it has in recent years experienced heavy rains brought by Cyclones Anna and Idai.  
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Figure 3: Study area map 

3.2. Data set 

3.2.1. GRACE Data 

In this study, gravity data based on monthly time varying solutions from GRACE processing 
centres were used. Monthly Mass Grid-Global mascons (JPL RL06.1_v03) and CSR 
GRACE/GRACE-FO RL06 mascon solutions (version 02) provided by NASA’s Jet Propulsion 
Laboratory (JPL) and Centre for Space Research (CSR), respectively, were used. The gravity data 
had a resolution of 1°×1° grid. Mass concentration blocks (mascons) offer advantages over spherical 
harmonic solutions in such a way that with mascons, geophysical constraints can be implemented 
much more easily. These a-priori constraints help to filter out noise from GRACE/GRACE-FO 
observations. Mascons serve as alternatives to spherical harmonics for processing GRACE-FO data. 
A mascon corresponds with a small predefined region on the Earth’s surface and serves to quantify 
a local mass anomaly other than spherical harmonics, the latter  being a representation of the global 
gravity field (Humphrey, Matthew, & Eicker, 2023). The datasets were not smoothed nor scaled for 
post processing. This was the case because scaling techniques, spectral de-striping and smoothing 
filtering are not necessary when working with mascon solutions (Alshehri & Mohamed, 2023).  The 
missing monthly data in the datasets were determined through interpolation. A linear trend of the 
anomalies was determined from the variations in the TWS time series. The JPL and CSR dataset also 
had monthly surface moisture anomalies (SMA) with 1° × 1° grid resolution.  
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Monthly land mass grids provided by JPL and CSR contain land water mass anomalies provided 
in terms of water equivalent thickness (WET). The WET given by GRACE-FO has already been 
corrected for glacial isostatic adjustment (GIA) and correction filters have already been added. The 
WET represents the TWS.  

3.2.2. GLDAS 

To understand the fluctuations of TWS and surface moisture (SM), the Global Land Data 
Assimilation System (GLDAS) dataset was used. The GLDAS dataset contains no gaps and was used 
to fill in the missing gaps in the GRACE data. TWS data from the CLSM025 model of GLDAS, with 
a 0.25° × 0.25°  spectral resolution and daily temporal resolution, was used. The dataset was 
retrieved from GIOVANNI, NASA’s open data portal (https://doi.org/10.5067/SXAVCZFAQLNO). 
The GLDAS offers good spatial and temporal resolution and the dataset was applied to study the time 
series of TWS. The GLDAS dataset provides all components of the water balance equation 
(Fatolazadeh, Eshagh, & Goita, 2022). For this study daily, the 0.25° × 0.25° model was used to 
determine variations in terrestrial water storage capacity levels. The GLDAS data were used to 
validate the results and offer a comparison of the results generated from the GRACE-FO solutions. 

The soil water data of the GLDAS MERRA-2 model was also used. The data had a monthly 
temporal resolution and 𝑎𝑎 0.5° × 0.625° spatial resolution. GLDAS NOAH-10 model surface 
moisture data with a 1° × 1° spatial resolution and a one-month temporal resolution was used as well. 
Another dataset that was used was the GLDAS NOAH025 surface plant canopy water, with a 
temporal resolution of one month and a spatial resolution of 0.25° × 0.25° grid. 

3.3. Methods 

GLDAS-derived TWS was provided in mm/grid, SW was provided in 𝑘𝑘𝑘𝑘/𝑚𝑚2, SM in 𝑘𝑘𝑘𝑘/𝑚𝑚2 and 
CAN in 𝑘𝑘𝑘𝑘/𝑚𝑚2. These were pre-processed to convert the units to cm/grid, which is the scale used 
by GRACE data. This was done by determining the cm/grid-level equivalent of 𝑘𝑘𝑘𝑘/𝑚𝑚2 of water. In 
pre-processing, the gaps in the GRACE data were filled and others were ignored because they could 
not have an impact on the results. The TWS data of GLDAS which are provided with a daily temporal 
resolution were also pre-processed by grouping them in monthly averages so that they would conform 
to the other datasets provided with monthly temporal resolutions. 

Changes in the GWS anomaly were monitored by using the changes in the other components 
obtained from the GRACE-FO data. The climate conditions of the study area are mostly dry and no 
snowfall has ever been recorded in its history. Therefore, the snow water equivalent was not 
considered for the purposes of this study. Other components, such as the biomass anomalies, surface 
water storage, surface canopy water and runoff-water anomalies were also not considered. A study 
on the groundwater changes in China indicated that runoff-water and biomass anomalies have a 
negligible impact on terrestrial water storage (Shao & Liu, 2023). Hence, a change in ground water 
can be expressed as: 

https://doi.org/10.5067/SXAVCZFAQLNO
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∆𝐺𝐺𝑇𝑇𝑇𝑇 = ∆𝑇𝑇𝑇𝑇𝑇𝑇 − ∆𝑇𝑇𝑆𝑆    [3] 

Where ∆𝐺𝐺𝑇𝑇𝑇𝑇 is the change in groundwater storage, ∆𝑇𝑇𝑇𝑇𝑇𝑇 is the change in terrestrial water 
storage. 

However, for the GLDAS data, only the snow water equivalent was dropped from [1equation [1 
to give equation [7. To validate the GRACE data, the results of the GRACE analysis were compared 
to the results of the analyses obtained from the GLDAS data set.  

3.3.1. Trend Analysis 

A simple ordinary least squares linear regression analysis was conducted to determine the trend 
of the components over the study period. The linear trend slope represents the rate of change in the 
levels of water storage in the area for the study period. To determine the significance of the trend, P-
values of change were determined. The analyses were done at a 95% confidence level. If 1 and -1 
represent an insignificant difference and a significant difference respectively, the results of P-value 
(𝑝𝑝) can be interpreted using equation [4. The results of the time series have been discussed.  

𝑝𝑝 = �
1 𝑖𝑖𝑖𝑖 𝑝𝑝 > 0.05
0 𝑖𝑖𝑖𝑖 𝑝𝑝 = 0.00
−1 𝑖𝑖𝑖𝑖 𝑝𝑝 < 0.05

      [4] 

The square root of the coefficient of determination denoted by 𝑅𝑅 of GWA was calculated to 
determine the correlation between the change in the groundwater anomaly and time and the predicted 
anomaly levels with respect to time. Standard error was also calculated to measure the accuracy of 
the data distribution. The quantities were determined using equations             [5 and [6 (Bluman, 
2007): 

𝑅𝑅 = �1 − 𝑠𝑠𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜 𝑠𝑠𝑞𝑞𝑢𝑢𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 𝑞𝑞𝑞𝑞𝑟𝑟𝑞𝑞𝑞𝑞𝑠𝑠𝑠𝑠𝑖𝑖𝑜𝑜𝑖𝑖
𝑡𝑡𝑜𝑜𝑡𝑡𝑞𝑞𝑡𝑡 𝑠𝑠𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜 𝑠𝑠𝑞𝑞𝑢𝑢𝑞𝑞𝑞𝑞𝑞𝑞𝑠𝑠

               [5] 

𝑇𝑇𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎 𝑆𝑆𝑆𝑆𝑆𝑆𝐸𝐸𝑆𝑆 = �∑ 𝜎𝜎2𝑛𝑛
𝑖𝑖=0
𝑖𝑖

     [6] 

Where 𝜎𝜎2 is the variance and 𝑎𝑎 is the number of elements in the population. 

𝐺𝐺𝑇𝑇 = 𝑇𝑇𝑇𝑇𝑇𝑇 − (𝑇𝑇𝑆𝑆 + 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑇𝑇𝑇𝑇)    [7] 

All analyses in this study were done using Python. The maps were created using ArcMap 10.8. 

 

4. Results and Discussions 

In this work, an independent look at the components of the water balance equation were 
considered. 
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4.1. Results 

4.1.1. Temporal Variations in Terrestrial Water Storage 

Figure 4 illustrates the levels of total water storage from 2012 to 2022, as determined from the 
GLDAS daily 0.25° × 0.25° data for study area. The figure also shows a slight upward trend of total 
water storage of +0.002mm/year. In this period, the GLDAS calculation shows a highest total water 
storage capacity of 1700mm in 2013 and a lowest level of 1240mm in 2014. 

 
(a) 

 
(b) 

Figure 4: Monthly TWS estimates from January 2012 to December 2022, as produced from 
GLDAS. (a) Shows daily levels and (b) shows monthly averages. 

 

Using GRACE observations of TWS changes for the study area, Figure 5 shows the annual 
fluctuations of TWS anomalies based on the mascons provided by CSR and JPL. A trend based on 
the monthly averages of CSR and JPL revealed a +0.002mm annual upward trend. CSR and JPL 
estimates showed negative and positive trends respectively, as presented in Error! Reference source 
not found.. Having determined the separate trends based on  the mascons from the CSR and JPL 
processing centres, an average of the two trends was computed for comparison. The mascons have 
fewer  leakage errors and offer great resolutions over land; hence the averages of the two solutions 
were used.  
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Figure 5: Annual TWS anomaly time series of mascons from CSR and JPL processing centres and 
their averages. 

 
Table 1: TWS anomaly trends in the study area for the entire period (2012-2022) 

Component (cm) Solution Trend 
Terrestrial Water Storage (TWS) 
anomaly 

CSR -0.005mm/year 
JPL +0.012mm/year 
Average +0.002mm/year 

 

4.1.2. Variations in Surface Moisture 

GLDAS-derived surface moisture storage showed a negative trend in the study area for the study 
period. The estimated annual change determined from the GLDAS NOAH version is -0.008mm per 
year. This is illustrated in Figure 6(a). Figure 6(b) depicts the spatial distribution of average SMS 
corresponding with the entire study area over the study period. 
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(a)  

(b) 
Figure 6: Fluctuations in SMS, as derived from GLDAS NOAH version data. (a)Time series plot 

and (b) Spatial temporal illustration 
 

Surface moisture anomalies derived from GRACE CSR and JPL showed different results. There 
was a negative trend of -0.007mm/year and a positive trend of 0.009mm/year determined from CSR 
and JPL GRACE products respectively (Figure 7). 

 

 
(a) 

 
(b) 

Figure 7: (a)Time series of SMA for CSR GRACE mascons  and (b) Time series of JPL GRACE 
mascons. 
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Averages based on CSR and JPL mascons revealed an upward trend of 0.001mm/year, as shown 
in Figure 8. 

 
Figure 8: The dotted line in red represents a 0.001mm/year positive trend of SMA based on the 

CSR and JPL GRACE mascon averages of SMA variations 
 

4.1.3. Variations in Ground Water Storage (GWS) 

A time series analysis of all the components showed that SW and CAN are negligible compared 
to TWS and SM  (Figure 9). GWS levels were obtained by applying equation [7. A trend analysis of 
GWS revealed that there was a slight increase in groundwater levels (Figure 10). 
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Figure 9: Time series of monthly averages for water balance equation components  used in this 
study 

 

 

Figure 10: Time series trend analysis of GW determined from GLDAS (+0.002mm/year) 
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Figure 11: GWA time series with a trend line (red dotted line) representing an upward trend of 

+0.001mm/year. Average GWA (in green) has been determined from CSR GWA (in blue) and JPL 
GWA (in orange). 

 

4.2. Discussions 

Both GLDAS and the averages of the GRACE mascons for the study area during the study period 
provided annual variations in the levels of TWS storage. Both solutions indicated a slight increase in 
the levels of TWS. Both the GLDAS and GRACE indicated an increase of 0.002mm/year in the total 
terrestrial water storage capacity. There were similarities in the shapes of the TWS trends revealed 
from both the GRACE and the GLDAS data.  

There were differences in the trends of surface moisture revealed by GLDAS data and GRACE 
mascon averages. Nonetheless, there was also a strong agreement between surface moisture trends 
of GLDAS and GRACE CSR (Figure 6(a) and Figure 7(a)). Despite the downward trends shown 
from the GLDAS and GRCAE CSR surface moisture time series, the slight increase in TWS levels 
can only be explained by increases in the other components (such as surface moisture and ground 
water).  

Based on the GRACE mascons, the levels of groundwater storage were determined in terms of the 
anomalies. Applying Equation [3, GWA was determined and revealed an almost changeless 
groundwater storage capacity. Concurring with TWSA and SMA, an upward trend of as little as 
0.001mm/year was determined from the averages of the CSR and JPL solutions. Despite a negative 
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trend in the CSR SMA, there was a positive trend in the CSR-derived GWA of 0.001mm/year over 
the study period. The JPL-derived GWA increased at a rate of 0.01mm/year. Figure 11 shows a 
combined time series plot of CSR, JPL and an average for the two mascons. There were agreements 
in the TWS and GWS from both datasets.  

Using Equation             [5, the R-value was calculated. The R-value of GWA was close to zero 
(0.025), which indicated that there was no significant correlation between the values of the average 
anomalies and the time. A standard error of +/-0.0005 was calculated using Equation [6. It indicates 
the accurate distribution of GWA data derived from JPL and CSR mascons. This is depicted in Figure 
12. 

 

Figure 12: A plot indication of the correlation between GWA and time (R value) and accuracy of 
the data distribution in the population (standard error) 

 

The P-values of the GWS were calculated to determine the significance of the trends at a 95% 
confidence interval. For GLDAS and GRACE, the P-values were 0.74 and 0.814 respectively, both 
being greater than 0.05. It can also be shown that the null hypothesis that there was an insignificant 
increase in groundwater levels over the period cannot be rejected.  
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(a) GRACE 

 
(b) GLDAS 

Figure 13: (a) Time series trends of GRACE-based GWA and (b) GLDAS-based GWS level with 
trend P-values. 

 

5. Conclusion  

The results of this study indicate that the overall variation rate of the GRACE-based GWSA of 
Balaka district of Malawi over the period, 2012 to 2022, was +0.001mm per year. The study estimated 
a groundwater increase of 2000𝑚𝑚3per year. The GLDAS data analysis revealed a ground water 
storage level increase of +0.002mm per year, which translates to 4000𝑚𝑚3 of water per year. The 10-
year continued study of terrestrial water storage variations in the area over the period showed an 
increasing trend in TWS until 2013, followed by a decline until 2017, and then an increase until 2022, 
representing an average upward trend of 0.002mm year. It can also be concluded that the upward 
trend in groundwater levels was not significant, as determined from the calculated P-values. This is 
so because the P-values of the two trends based on the two datasets were both greater than 0.05 at a 
95% confidence level. 

The upward trend, coupled with the continued exploitation of the ground water in the area, leaves 
room for an investigation into the influencing factors of the trend and a determination of the 
possibility of an aquifer recharge in the area. From the calculated R-value and standard error, it can 
be concluded that time has had no impact on the change in  the water levels. As such, there are other 
influencing factors that have resulted in a minimal increase in the terrestrial water levels. This study 
is significant because it will help in understanding the trend in groundwater levels which will help in 
the effective management of water resources in Malawi. It will also promote the use of Geodesy in 
the management of water resources. 
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