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A B S T R A C T   

Understanding the fluctuations in groundwater levels in response to meteorological conditions is challenging, 
especially given the slow transit time associated with groundwater reservoirs and the short duration of time 
series for groundwater levels. Nevertheless, this knowledge is crucial for water resource management, especially 
given that global warming will drastically impact the hydrological dynamics in cold and humid climates. The 
objective of this work was to quantify how standardized indexes contribute to understanding groundwater level 
fluctuations in response to meteorological conditions in cold and humid climates and with short time series (10 
to 23 years). The relationships between the standardized precipitation index (SPI), standardized temperature 
index (STI), global climate indexes, and standardized groundwater index (SGI) were analyzed. The reactivity of 
groundwater levels was examined between 2000 and 2022 using groundwater level measurements from 152 
wells located between 46 ◦N and 52 ◦N in the province of Quebec (Canada). The results showed that the available 
time series were sufficient to provide new insights into the role of precipitation and temperature on groundwater 
fluctuations, demonstrating the usefulness of the indexes. One of the main contributions of this study was that 
hydrogeological systems in cold and humid climates go through an annual reset due to the prolonged freezing 
period. This annual reset was one of the drivers isolating year-to-year hydrogeological conditions, contributing to 
short-duration droughts.   

1. Introduction 

Increased water use and climate change cause substantial alterations 
in surface water and groundwater availability throughout the world (de 
Graaf et al., 2019; Konapala et al., 2020; Scanlon et al., 2023; Van Loon 
et al., 2022). Hydrological droughts, when groundwater levels remain 
below a certain level for a long period causing low flow rates and low 
lake levels (Van Loon, 2015), caused by these changes can have a dra
matic impact on populations, ecosystems, agriculture, and industries 
(Krogulec, 2018). With slower transit times, groundwater reservoirs 
tend to buffer the more active surface flow processes, increasing the 
resilience of water resources but delaying the response to changing 
conditions at the surface (Cuthbert et al., 2023; Hellwig et al., 2020; de 
Graaf et al., 2019). Understanding groundwater level fluctuations in 

response to meteorological conditions poses specific challenges, most 
notably because groundwater monitoring networks often cover rela
tively short time periods and vary in quality (Condon et al., 2021). 
Identifying groundwater level reactivity and trends in cold and humid 
climates also brings challenges related to the complex processes asso
ciated with soil frost, snow accumulation, snow melt, and spring rain 
conditions (Aygün et al., 2020). A deeper understanding of reactivity 
and trends is crucial to better manage groundwater. 

Groundwater monitoring wells provide observational windows into 
aquifers for specific locations where the groundwater level is influenced 
by geology, slope, land use, position in the watershed, proximity to the 
hydrographic network, climatic conditions, and groundwater pumping 
(Giese et al., 2020). Groundwater measurements that are collected over 
longer durations lead to improved monitoring quality and usefulness. In 
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some countries, these groundwater time series have been available for 
many years and provide a unique understanding of how groundwater 
resources vary through time (Marchant and Bloomfield, 2018) and how 
they are connected to other components of the water cycle (Kuss and 
Gurdak, 2014; Nygren et al., 2020). In other countries, groundwater 
level monitoring has started only recently due to insufficient funding or 
simply because of a relatively new awareness of the possible future 
scarcity of water resources in a changing climate. For example, in 
Canada, groundwater level monitoring started in the 1960s (Rivard 
et al., 2009). However, Canada-wide coverage has only been available 
since early 2000, when the province of Quebec initiated its own 
groundwater monitoring network. 

Historical trends in groundwater levels represent crucial information 
for water managers and are increasingly studied throughout the world. 
The scientific literature reports a mix of increasing and decreasing 
trends in groundwater levels. Rivard et al. (2009) examined Canada 
except for the province of Quebec; Guo et al. (2021) examined Georgia, 
Massachusetts, Oklahoma, and Washington; Jackson et al. (2015) 
studied the UK; and Nygren et al. (2021) reported on Finland and 
Sweden. Predominantly decreasing groundwater levels were observed in 
semi-arid areas of Chile (Valois et al., 2020) while increasing ground
water levels were observed in New England (Dudley and Hodgkins, 
2013) and in other US glacial aquifer systems (Hodgkins et al., 2017). 
The differences in observations were due to varying geological envi
ronments, climatic conditions, and the time periods used for analysis. 
Studies on groundwater droughts have been conducted in several 
countries (Babre et al., 2022 – Baltic States; Guo et al., 2021 – USA.; 
Krogulec, 2018 – Polland; Peters et al., 2006 – UK; Secci et al., 2021 – 
Italy). 

Standardized indexes of water cycle variables (e.g., precipitation, 
temperature, evaporation, flowrates) are increasingly used for these 
types of studies (e.g., Bloomfield and Marchant, 2013). It is not clear 
what the advantages and limitations of these indexes are for situations 
where water scarcity is not an acute problem and when time series data 
do not span multiple decades. For example, low groundwater level 
conditions have been recorded in recent years in Quebec (MELCCFP, 
2022), pointing to possible future water scarcity. However, the actual 
extent of these conditions and their underlying causes are not yet un
derstood. These unknowns hinder adaptations in groundwater man
agement policies. 

Past studies have identified geological and morphological conditions 
that either increased or attenuated hydrological droughts. For example, 
Haslinger et al. (2014) reported that meteorological drought signifi
cantly influences streamflow drought, except where groundwater res
ervoirs and snowmelt processes play an important role in the water 
cycle. Guo et al. (2021) showed that the response time between mete
orological conditions and groundwater drought depends on multiple 
conditions including location, groundwater pumping for irrigation, and 
human use. Local, regional, and large-scale meteorological conditions 
influence groundwater levels, and the link between climate indexes and 
hydrological conditions is increasingly being studied worldwide (Kuss 
and Gurdak, 2014). 

The complexity of these interactions makes it difficult to identify 
causal links when there are no clear trends. Adding to this complexity 
and the limitations inherent to short time series, multi-year climate 
variability influences the water cycle in a cyclic manner. For example, in 
eastern Canada, the North Atlantic Oscillation (NAO), the Atlantic 
Multi-decadal Oscillation (AMO), and the Pacific Decadal Oscillation 
(PDO) climate indexes influence winter precipitation and temperature, 
as well as the timing, duration, and extent of flood frequencies (Assani 
et al., 2019; Assani and Guerfi, 2017; Beauchamp et al., 2015; Mazouz 
et al., 2013). Tremblay et al. (2011) have also shown that the NAO, the 
Arctic oscillation (AO), and the Pacific/ North American teleconnection 
pattern (PNA) partly explain the varying groundwater levels observed in 
different regions across Canada. However, because long datasets are 
necessary to assess historical trends, meteorological droughts, and 

groundwater droughts, it is not clear whether relatively short time series 
of groundwater levels can yield useful information when used with 
climate indexes with different return periods. 

The objective of this work was to quantify how standardized indexes 
contribute to understanding the groundwater level fluctuations 
observed in response to meteorological conditions in cold and humid 
climates. These climates are characterized by hydrological dynamics 
that include a multi-month snow accumulation period and subsequent 
snowmelt. This research uses data from the province of Quebec (Canada) 
as a case study, with the expectation that results would be applicable to 
other cold and humid climates where drought is not yet a recurrent 
problem. The methods include trend analyses of meteorological variable 
(precipitation and temperature) time series and a large database of 
groundwater levels, analyses of standardized indexes for the 2000–2022 
period, and identification of causal relationships to explain fluctuations. 

2. Study area 

2.1. General context 

The study area is located in the southern portion of the province of 
Quebec (Canada) and covers an area of 980 000 km2. The Canada–USA 
border and the Quebec–New Brunswick border represent the southern 
limit of the study area. The Grenville geological Province and the Que
bec–Labrador border (approximately 52 ◦N) are the northern limit, the 
Quebec–Ontario border is the western limit, and the Gulf of St. Lawrence 
is the eastern limit (Fig. 1). The study area corresponds to the traditional 
territories of 10 Indigenous Nations, including the Abenaki, Algonquin, 
Atikamekw, Cree, Innu, Maliseet, Mi’kmaq, Naskapi, Huron-Wendat, 
and Mohawk. The climate in this area ranges from humid continental 
in the south to subarctic in the north. Elevations are close to sea level 
along the St. Lawrence River, up to 950 m above sea level (masl) in the 
northern portion of the study area and reach 1 200 masl in the southern 
portion. 

2.2. Geology and hydrogeology 

The study area includes three geological provinces, the metasedi
mentary Appalachian Province, the sedimentary basin of the St. Law
rence Platform, and the metamorphic Grenville Province (hereafter 
named the Canadian Shield, its overlying region) (SIGEOM, 2023; 
Fig. 1). On the south shore of the St. Lawrence River, Quaternary sedi
ments that originate from the previous glaciation–deglaciation cycle 
primarily consist of thin, coarse material and are found in higher 
elevation areas. The valleys are characterized by thick, mixed-sized 
grain deposits. Additionally, large areas of clay deposits (up to tens of 
meters) inherited from the Champlain Sea overlay the fractured bedrock 
and sometimes the sandy materials on lower portions of the St. Lawrence 
Platform. On the north shore, Quaternary sediments of sand and gravel 
associated with glaciofluvial dynamics are predominantly located in the 
valleys of the Canadian Shield. 

On the south shore, the fractured bedrock aquifer flows regionally 
from the Appalachians to the St. Lawrence River, in a south-southeast to 
north-northwest direction (Rivera, 2014). This aquifer is moderately 
productive and is semi-confined or unconfined above an elevation of 
approximately 180 masl. In river valleys and in the St. Lawrence Plat
form, the bedrock aquifer transitions to semi-confined and confined 
conditions. On the north shore, the fractured bedrock aquifer flows to
wards the highly productive river valley aquifers and shows limited 
north-to-south groundwater flow. The aquifer exhibits low productivity 
but has more productive areas near the fault zones (Rivera, 2014). Both 
bedrock and valley aquifers may be locally confined beneath thin- 
grained Quaternary deposits below an elevation of approximately 240 
masl. 
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2.3. Meteorological conditions 

The 2000–2022 interannual average precipitation (sum of liquid and 
solid precipitation) ranged between 675 mm/yr and 1 400 mm/yr, with 
the wettest regions (> 1 250 mm/yr) located north of Quebec City and 
between Sherbrooke and Quebec City. The driest regions (<850 mm/yr) 
were located mainly north of 51 ◦N (Fig. 2a). The interannual average 
temperature ranged between − 3 ◦C and 8 ◦C, with the warmest regions 
(> 4 ◦C) located in the south-western portion of the study area (St. 
Lawrence Platform) and the coldest area (< 0 ◦C) located north of 
approximately 50 ◦N (Fig. 2b). In the warmest regions (southern study 
area), rainfall generally occurs until November when temperature drops 
below 0 ◦C, followed by precipitation as snowfall until April of the 
following year when air temperature exceeds again 0 ◦C. In the coldest 
regions (northern study area), rainfall generally occurs until October 
followed by snowfall until April. Snowfall represents 25 % of the annual 
precipitation in the southernmost parts of the study area and increases 
until close to 50 % of the annual precipitation in the northernmost parts 
of the study area. 

The three geological units were further subdivided using the 47 ◦N 
line as a subjective and approximative line dividing the warmer, 
southern Quebec (temperature > 4 ◦C) and the colder, northern Quebec 
(average temperature < 4 ◦C) (Fig. 2b). The resulting geological regions 
and sub-regions are the Appalachians North, the Appalachians South, 
the St. Lawrence Platform, the Canadian Shield North, and the Canadian 
Shield South (Fig. 1). 

3. Material and methods 

3.1. Available data 

3.1.1. Groundwater level observation network 
In the province of Quebec, wells from the Quebec Groundwater 

Monitoring Network (Réseau de suivi des eaux souterraines du Québec; 
MELCCFP, 2023a) have been recording hydraulic heads since July 2000. 
As of December 2022, there were 238 active wells in the study area 

(Fig. 1). However, only wells with more than 10 years in length and with 
a maximum of one period of missing data longer than 10 days were used 
in the analyses. The resulting dataset included 152 wells. The 10-year 
duration criteria retained the maximum number of wells with the 

Fig. 1. Location of the study area including geological regions, topography, and observation wells.  

Fig. 2. (a) Average annual precipitation and (b) average annual temperature 
for the 2000–2022 period (meteorological data from MELCCFP, 2023b). 
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longest possible time series. The database includes 18 wells located in 
the Appalachians North, 33 in the Appalachians South, 58 in the St. 
Lawrence Platform, 33 in the Canadian Shield North, and 10 in the 
Canadian Shield South (Fig. 3). The wells are located in unconsolidated 
Quaternary sediments (84 wells) and in the fractured bedrock of the 
Appalachians or the Canadian Shield (68 wells) in confined (67 wells), 
semi-confined (21 wells), and unconfined (64 wells) conditions. In the 
Appalachians South and the St. Lawrence Platform, most observation 
wells monitored bedrock aquifers (55 % and 64 %, respectively) while in 
the other regions, most observation wells monitored unconsolidated 
aquifers (78 % in the Appalachians North, 76 % in the Canadian Shield 
North, and 90 % in the Canadian Shield South). The average interannual 
hydraulic head for individual wells varied between 4 masl close to the 
Gulf of St. Lawrence in the Appalachians North and > 850 masl in the 
Canadian Shield North, with most hydraulic head values ranging from 
50 masl to 250 masl. 

3.1.2. Gridded climate data and global climate indexes 
Interpolated daily precipitation and temperature data at a spatial 

resolution of 10 km x 10 km were obtained from MELCCFP (2023b; 
Fig. 2). Based on 375 climate stations located below 52 ◦N, the root 
mean square error over the 1961–2017 period was 3 mm/d for daily 
precipitation and 2.5 ◦C and 1.5 ◦C for minimum and maximum daily 
temperatures, respectively (Bergeron, 2016). 

Monthly indexes of the Arctic oscillation (AO; NOAA, 2023a), the 
North Atlantic oscillation (NAO; NOAA, 2023a), and the Niño 3.4 index 
(NINO3.4; NOAA, 2023b) were used (Fig. 4). Several studies identified 
these indexes as the drivers of the interannual variability observed in 
meteorological conditions and river flow discharge in the province of 
Quebec (Assani et al., 2022; Assani and Guerfi, 2017; Beauchamp et al., 
2015; Mazouz et al., 2013; Qian et al., 2008), and as drivers of 
groundwater levels in different regions across Canada (Tremblay et al., 
2011). These indexes were all characterized by relatively short return 
periods (AO < 1 yr; NAO ~ 3–6 yr, NINO3.4 ~ 2–7 yr), making them 
particularly applicable for short time series. 

3.2. Data treatment 

When sub-daily hydraulic head data were available, average daily 
values were used. The daily values were gap-filled using linear inter
polation when ≤ 10 consecutive days had missing values. A running 
median of seven days was applied to the gap-filled data to smooth out 
short-term fluctuations. Outliers were identified by examining the dif
ferences between the time series and the associated 1-day shifted 

version. For a given time series, data points that fell outside the mean 
difference plus or minus one standard deviation were considered out
liers and were therefore removed and replaced by linear interpolation. 
These data treatment steps ensured the integrity and quality of the 
groundwater level time series, facilitating subsequent analyses and 
interpretation of hydrological patterns and anomalies. 

Trends in daily precipitation, temperature, and groundwater level 
data were assessed using the Mann-Kendall test (kendall R package) and 
were considered significant when p-value ≤ 0.05. The magnitude of 
significant trends was determined using Sen’s slope (kendall R package). 
Trends in temperature and precipitation data were calculated for each 
grid cell while trends in groundwater level data were calculated for each 
observation well. 

3.3. Standardized indexes 

To compare the changes in groundwater levels with those of pre
cipitation and temperature, time series were modified using the stan
dardized precipitation index (SPI; McKee et al., 1993), the standardized 
temperature index (STI; Zscheischler et al., 2014), and the standardized 
groundwater index (SGI; Bloomfield and Marchant, 2013). These in
dexes have been extensively used to correlate meteorological droughts 
to hydrological groundwater conditions (Bloomfield and Marchant, 
2013; Guo et al., 2021; Kumar et al., 2016; Secci et al., 2021). SPI and 
STI indexes were calculated by fitting a probabilistic distribution to 
monthly data and the SGI was calculated using a non-parametric dis
tribution for monthly hydraulic head values. The probabilities associ
ated with the fitted distribution were converted into the index values 
using an inverse normal cumulative distribution function. The SPI was 
computed using the SPEI R package with a gamma distribution, the STI 
was computed using the STI R package with a normal distribution, and 
the SGI was computed using the code of the SGI function in the Pastas 
Python package based on Bloomfield and Marchant (2013). Following 
the classification suggested by McKee et al. (1993), the index values 
were categorized into different drought- and wet-condition intensity 
levels for the SPI and SGI. Index values were also categorized according 
to conditions that were colder than, warmer than, or at the normal 
temperatures for the STI. The categories were therefore: extreme 
drought or extremely cold (index ≤ − 2), severe drought or very cold 
(− 2 < index value ≤ − 1.5), moderate drought or moderately cold (− 1.5 
< index ≤ − 1.0), minor drought or slightly cold (− 1 < index ≤ − 0.5), 
normal conditions (− 0.5 < index ≤ 0.5), and the inverse for wet and 
warm conditions. 

Daily precipitation and temperature data were aggregated for each of 

Fig. 3. Average hydraulic heads based on the geological region and the confining conditions. The number of wells in each category is indicated under each box plot 
(below the x-axis) for a total number of 152 wells. There are more than 10 years of data for each well during the 2000–2022 period. 
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the five geological regions with a monthly time step to determine the SPI 
and STI. Daily groundwater level data were averaged to monthly time 
steps for each observation well to calculate the SGI. The average SGI and 
its standard deviation were calculated for each of the five geological 
regions. Autocorrelation of SGI time series was calculated for each 
observation well and then averaged for each geological region. Aquifer 
memory is defined as the period of influence that a particular SGI value 
could have on the months that follow. It is associated with the number of 
months needed to reach autocorrelation values < 0.1, a threshold 
similar to that used by Bloomfield and Marchant (2013). To identify how 
precipitation and temperature affect groundwater levels, cross- 
correlations between the SPI and STI as input signals and the SGI as 
the output signal were calculated for each geological region. For these 
calculations, averaged regional SPI and STI values (input signals) and 
SGI values of each well of the geological region (output signal) were 
used. Cross-correlograms were further averaged for each geological re
gion. Cross-correlations were also performed using the three climate 
indexes as input signals (AO, NAO, and NINO3.4), with the SPI, STI, and 
SGI as output signals. 

The STI and SGI are continuous variables of monthly temperature 
and monthly hydraulic heads, respectively and neither require an 
accumulation period, unlike the SPI for monthly precipitation (Bloom
field and Marchant, 2013; McKee et al., 1993; Zscheischler et al., 2014). 
It was necessary to determine which accumulation period was most 
suited for calculating the SPI when used with the SGI to perform cross- 
correlations. We selected the period that yielded the highest cross- 
correlation coefficient between the SPI as the input signal and SGI as 
the output signal, similar to the approach suggested by Bloomfield and 
Marchant (2013). 

4. Results 

4.1. Trends 

4.1.1. Regional precipitation and regional temperature 
Significant trends in precipitation were positive, except for the Ca

nadian Shield North. The average significant trends varied from –0.02 
cm/yr in the Canadian Shield North (77 % of the cells showed statisti
cally significant trends) to + 0.06 cm/yr in the Canadian Shield South 
(61 % of cells showed significant trends) (Fig. 5; Supplementary 
Fig. A1). While the uncertainty in precipitation trends (estimated with 
the standard deviation) was generally low for most regions, it was 
relatively higher in the Canadian Shield North. Significant regional 
trends in temperature were consistently positive throughout the study 
area, and with minimal uncertainty. The warming rates ranged from +
0.05 ◦C/yr in the Canadian Shield South (19 % of cells showed signifi
cant trends) to + 0.06 ◦C/yr in the Appalachians North (44 % of cells 
showed significant trends). 

4.1.2. Regional hydraulic head 
Significant trends in hydraulic heads were negative on average, 

indicating a general decrease in groundwater levels. However, an 
exception was observed for wells located in the Canadian Shield North, 
which exhibited a slightly positive average trend. The trends in 
groundwater levels varied from − 1.8 cm/yr in the St. Lawrence Platform 
(95 % of the wells showed significant trends) to + 0.2 cm/yr in the 
Canadian Shield North (85 % of the wells showed significant trends) 
(Fig. 5). While significant trends were identified in most wells located in 
the study area, their spatial variability was relatively high, both in terms 
of trend direction and trend intensity, leading to a high level of uncer
tainty (Fig. 5; Supplementary Fig. A1). 

4.2. Standardized signals 

4.2.1. Meteorological conditions 
SPI values showed that wet and dry periods occurred in rapid suc

cession, with only a few periods of consistent wet or dry state that 
occurred simultaneously in the five regions (Fig. 6). In 2003, all regions 
experienced a wet period (1.5 < SPI < 2.5) that lasted less than a year. 
All regions also experienced a dry period (− 3 < SPI < 0) that started at 
the end of 2009 and lasted for one year, and another dry period (− 3 <
SPI < 0; except in the Appalachians North) that started in summer 2021 
and lasted for one year. This last dry period was most intense in the 
Appalachians South and in the St. Lawrence Platform, where it started 
even earlier (early 2020). Atmospheric drought conditions (SPI < − 0.5) 
lasted for limited periods of time, with average durations between 4 
months in the Appalachians North and 9 months in the Canadian Shield 
South. Maximum drought durations were > 1 year in all regions (Fig. 9). 

STI values exhibited series of warm and cold periods that were 
simultaneous and consistent in duration and intensity across the study 
area (Fig. 6). A warm period with an STI > 1 started during the second 

Fig. 4. Three-month rolling average for the Arctic oscillation (AO), North Atlantic oscillation (NAO), and Nino 3.4 (NINO3.4) indexes during the 2000–2022 period.  

Fig. 5. Significant annual trends in precipitation, temperature, and hydraulic 
heads for each geological region during the 2000–2022 period (square = mean, 
whiskers=±standard deviation). The percentages of cells and observation wells 
with significant trends are indicated under each box plot (below the x-axis). Left 
y-axis displays the scales of both precipitation trends (in cm.yr− 1) and tem
perature trends (◦C.yr− 1). 
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half of 2009 and lasted for a year, a second one started in mid-2011 and 
lasted until the end of 2012, and a third warm period with 1.5 < STI < 2 
occurred from end of 2020 to end of 2021. Few extremely hot periods 
were observed in summer 2011. Cold periods (STI < 0) appeared to be 
more random and occurred less consistently than warm periods. They 
had short durations (~month) with temperatures far below the average 
values, at − 3 < STI < − 2 with minimum values reached in the first part 
of 2015. 

4.2.2. Hydraulic heads 
SGI values were similarly low in all five geological regions during the 

same years (Fig. 7a) with a period of a minor drought to moderate 
drought observed in 2012 (SGI < − 0.5 and in some places SGI < − 1.5). 
This was followed by more severe episodes of low hydraulic heads 
during the winter of 2014–2015, which were most noticeable in the St. 
Lawrence Platform (− 1.5 < SGI < − 1; moderate drought), and during 
the summer of 2020 in both parts of the Appalachians and the St. 
Lawrence Platform (SGI < − 1.5 and in some places SGI < − 2; severe to 
extreme drought). From spring 2021 to summer 2022, wells across the 
study area except in the Appalachians North also exhibited continued 
low hydraulic heads associated with SGI values for severe to extreme 
drought (SGI < − 1.5 and in some places SGI < − 2). When averaged for 
each geological region, the SGI time series exhibited relatively limited 
uncertainty, with the largest uncertainty observed in both region of the 
Canadian shield (Fig. 7b–f). 

SGI autocorrelations showed that the aquifer memory was 11 months 
in the Appalachians (North and South), 19 months in the St. Lawrence 
Platform, 9 months in the Canadian Shield North and 8 months in the 
Canadian Shield South (Fig. 8a, c, e, g, i). Drought conditions (SGI <
− 0.5) only lasted for short periods of time, with average durations 

between 2.5 months in the Appalachians North and 4 months in the 
Canadian Shield (both North and South) (Fig. 7; Fig. 9). There were no 
significant trends in the duration of these droughts. The longest drought 
that was recorded for every observation well was averaged for each 
geological region (referred to as the maximum drought duration) and 
ranged between 8.5 months in the Appalachians North and 15.2 months 
in the St. Lawrence Platform. 

4.3. Cross-correlations between SPI, STI, and SGI 

The maximum cross-correlation coefficients between the SPI (input 
signal) and the SGI (output signal) were obtained with SPI accumulation 
periods that were < 12 months (Supplementary Fig. A2). The optimal 
accumulation periods ranged between 5 months in the Appalachians 
North and 11 months in the Canadian Shield South and were used to 
conduct the cross-correlation analyses between the SPI (input signal) 
and the SGI (output signal) for each geological region. 

Maximum cross-correlation values between the SPI (with optimized 
accumulation periods) and the SGI were systematically obtained for a 
lag of 0 month and ranged between 0.19 in the Canadian Shield North 
and 0.43 in the Appalachians South (Fig. 8b, d, f, h, j; Fig. 10). Maximum 
cross-correlation values between the STI and the SGI were equal to 0.09 
in the Appalachians South (lag = 57 months), the St. Lawrence Platform 
(lag = 50 months), and the Canadian Shield North (lag = 43 months) 
(Fig. 8b, d, f, h, j; Fig. 10). Maximum cross-correlation values between 
the STI and the SGI were equal to 0.15 in the Appalachians North and the 
Canadian Shield South (lag = 0 month). 

Fig. 6. (a, c, e, g, i) Average monthly total precipitation and standardized precipitation index (SPI), and (b, d, f, h, j) average monthly temperature and standardized 
temperature index (STI) for each geological region. The SPI values were calculated using the optimized accumulation period. Gridded values of precipitation and 
temperature were averaged over each geological region to compute average SPI and STI values. 
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4.4. Cross-correlations between global climate indexes and SPI, STI, and 
SGI 

The cross-correlation analysis of the three selected global climate 
indexes (AO, NAO, and NINO3.4) as input signals and the SPI, STI, and 
SGI as output signals showed that the highest absolute cross-correlation 
values were systematically obtained with NINO3.4 for the five geolog
ical regions (Fig. 10; Supplementary Fig. A3). However, maximum ab
solute values of cross-correlations between AO and NAO and SGI were 
similar to those between NINO3.4 and SGI. 

5. Discussion 

5.1. Changes through time 

This study presents the first evidence of a slight decrease in 
groundwater levels over the past two decades in the province of Quebec 
(Fig. 5). This trend was visible in the Appalachians, the St. Lawrence 
Platform, and the Canadian Shield South (maximum decrease of − 1.8 
cm/yr in the St. Lawrence Platform). The spatial variability of trends in 
groundwater levels for each region is noteworthy (Supplementary 
Fig. A1). Although the Appalachians North showed consistently 
decreasing groundwater levels, the Appalachians South showed a mix of 
increasing and decreasing levels. The St. Lawrence Platform exhibited 
the greatest variability in trends. Because these decreasing trends were 
not consistent with the slight increases in precipitation, it is possible that 

they were linked to drivers such as changes in groundwater recharge 
dynamics and a warming climate that increases the evapotranspiration 
demand and the need for water supply, for example through irrigation. It 
is also possible that anthropogenic changes in land use and land cover 
such as urban sprawl or draining of wetlands contributed to reduce 
groundwater levels. 

The contrasting trends could be related to the presence of confined, 
semi-confined, and unconfined conditions in the Appalachians South 
and in the St. Lawrence Platform. In these regions, wells are exposed to 
variable recharge rates ranging from important seasonal recharge in 
unconfined conditions to limited and relatively constant recharge rates 
in confined conditions. Confining conditions are less prevalent in the 
other regions and groundwater recharge dynamics are likely more ho
mogeneous. Interestingly, Nygren et al. (2021) reported on spatial het
erogeneities of similar amplitudes with decreasing groundwater levels in 
Finland and increasing groundwater levels in southwestern Sweden 
between 1980 and 2010. 

Interestingly, between 1961 and 2017, Dubois et al. (2021) did not 
observe decreases in groundwater recharge in southern Quebec that 
were significant enough to explain the decreasing groundwater levels 
observed in this study. Hodgkins et al. (2017) and Dudley and Hodgkins 
(2013) observed mainly increasing trends in groundwater levels in the 
northeast and north-central USA between the 1960s and the early 2010s. 
It is possible that recharge rates have only recently started to markedly 
decrease and that the repercussions of this decrease were not perceptible 
in earlier studies. It is also possible that stable or increasing precipitation 

Fig. 7. (a) Standardized groundwater index (SGI; monthly time step) calculated for each observation well with more than 10 years of data and (b to f) average and 
standard deviation of the SGI values for each geological region. 
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are not resulting in higher groundwater levels because evapotranspira
tion rates might also have markedly increased (Bloomfield et al., 2019). 
Declining groundwater levels and relatively stable recharge might also 
be explained by increases in groundwater pumping rates. Dryer condi
tions and warmer temperatures may increase groundwater pumping 
rates and thus decrease groundwater levels. Although estimated 
pumping rates are well below the recharge rates at the regional scale in 
the province of Quebec (see recent groundwater characterization reports 
in MELCCFP, 2023c), local groundwater extraction rates are not 
available. 

Bloomfield et al. (2019) showed that the frequency, magnitude, and 
intensity of groundwater droughts increased in the UK, with intense 
hydrological droughts occurring over large territories for both surface 
water and groundwater, simultaneously (Marsh et al., 2007). These 
droughts were not observed in the province of Quebec over the last two 
decades, but the longer-lasting and widespread low groundwater levels 
identified in 2020–2021 could be an indication of changing conditions. 

Fig. 8. Average and standard deviation of (a, c, e, g, i) autocorrelations (r(p)) for SGI, and (b, d, f, h, j) cross-correlations between the SPI (using optimized 
accumulation period), STI (input signals), and SGI (output signal) for each geological region. Grey dashed lines represent the 0.1 thresholds. 

Fig. 9. Aquifer memory (lag duration to attain r(p) = 0.1 for SGI) and average 
and maximum groundwater and atmospheric drought duration defined as pe
riods > 1 month with SGI < − 0.5 and SPI < − 0.5 (whiskers=
±standard deviation). 

Fig. 10. Maximum cross-correlation between the SPI (optimized accumulation 
period), STI (input signals), and SGI (output signal), and between AO, NAO, and 
NINO3.4 (input signals), and the SPI (optimized accumulation period), STI, and 
SGI (output signals). 
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The slow rates of decline in groundwater levels observed in Quebec 
were of the same orders of magnitude as those reported by Nygren et al. 
(2021). Although these rates were slow compared to the rates of decline 
observed in warmer climates (Valois et al., 2020), if sustained over a 
long period of time, these trends could cause the dewatering of pumps in 
shallow wells. Jasechko and Perrone (2021) reported that many shallow 
wells worldwide are at risk of running dry if groundwater levels decrease 
by only a few meters. Lower groundwater levels can also induce a 
decrease in river flow rates during the dry season (de Graaf et al., 2019), 
drying streams in headwater basins (Messager et al., 2021), and drying 
wetlands (Wossenyeleh et al., 2021). 

5.2. Contribution of meteorological conditions to groundwater level 
fluctuations 

5.2.1. Meteorological conditions 
The simultaneous occurrence of low values for the SGI and SPI 

(limited precipitation) explained the maximum cross-correlation co
efficients obtained with a lag of zero months between the standardized 
signals (Fig. 8; Fig. 10). The following rapid decrease indicated that 
precipitation impacted groundwater levels in the short term and did not 
have a lasting effect on the following seasons or years. This observation 
was consistent with the optimization of the accumulation period for the 
SPI (<1 year), emphasizing the relevance of intra-annual SPI fluctua
tions to explain SGI fluctuations. These results contrasted with the ob
servations from 14 wells in unconfined fractured aquifers in the UK, 
where maximum cross-correlations between the SPI and SGI were often 
> 0.5 with lags of > 1 year (Bloomfield and Marchant, 2013). Similarly, 
Kumar et al. (2016) obtained maximum cross-correlations of mostly >
0.6, but with lags ranging from < 1 year to > 1 year, for 2 040 wells in 
Germany and the Netherlands. The comparatively lower cross- 
correlation and short lags observed in this study could be related to 
the marked effect of winter (October/November to April) on hydrologic 
processes. During winter, most of precipitation occurs as snowfall and is 
stored until the end of winter, thereby creating an annual spring thaw 
event that releases a substantial volume of liquid water (Aygün et al., 
2020; Dubois et al., 2021, 2022; Nygren et al., 2020). This seasonal 
event carries an influx of water to aquifers, becoming the main 
groundwater recharge period (Dubois et al., 2021; Nygren et al., 2021). 
This cyclic phenomenon has the potential to reset the groundwater 
systems from previous dryer conditions, thereby directly contributing to 
reduce the duration of the impacts of previous atmospheric conditions 
onto groundwater levels. Verification of this hypothesis requires the 
simulation of snow accumulation during the winter season (when direct 
precipitation is zero meaning no liquid water) and the simulation of 
snowmelt in the spring (when available liquid water is the sum of direct 
precipitation and snowmelt). Combining these simulations would create 
a time series of the available liquid water, which could then be 
compared to the SGI. 

The notably lower cross-correlations between the STI and SGI were 
surprising, considering the significant role of temperature on snow 
accumulation and melt as well as on evapotranspiration (Aygün et al., 
2020) and groundwater recharge (Dubois et al., 2021). However, the 
impacts of snow processes and evapotranspiration on groundwater level 
fluctuations are indirectly linked to the temperature, thus probably 
diminishing the correlation between the STI and SGI. Other studies that 
examined the correlation between the SGI and meteorological condi
tions (e.g., Bloomfield and Marchant, 2013; Guo et al., 2021; Kumar 
et al., 2016) mostly focused on precipitation (SPI) as a predictor of 
groundwater droughts. For this reason, it was not possible to compare 
STI results from this study with those from other countries or other 
climatic conditions. 

5.2.2. Drought propagation 
This study is among the few that assessed hydrogeological droughts 

in cold and humid climates. Periods of hydrogeological drought 

associated with SGI values < − 0.5 were observed in each of the 
geological regions, and these generally lasted < 1 year (Fig. 9). During 
the most intense drought conditions observed during the 2020 and 2021 
hydrological years (both in terms of intensity and spatial coverage), 
drought conditions lasted > 1 year, but were < 2 years, probably limited 
by the maximum duration of atmospheric droughts (Fig. 7; Fig. 9). Be
tween 2000 and 2022, no multi-year droughts were observed in the 
study area. These durations contrasted with the multiannual hydro
geological droughts reported by Marchant and Bloomfield (2018) in 
Great Britain during the 1960–2013 period and were slightly shorter 
than the 2-year droughts repeatedly observed by Babre et al. (2022) in 
the Baltic States during the 1989–2018 period. The shorter hydro
geological droughts could be linked to the combination of mostly short- 
duration atmospheric droughts and the short memory of the aquifers in 
the study area. 

5.2.3. Atmospheric conditions 
The clear correlation between the SPI and STI, and NINO3.4 (Fig. 10) 

was consistent with results from other studies in eastern Canada that 
reported links between variability in temperature and precipitation and 
AMO, AO, NAO, NPI, and PDO (Assani et al., 2019; Assani and Guerfi, 
2017; Qian et al., 2008; Vincent et al., 2015). These connections be
tween global climate indexes and the SPI or STI were less marked with 
the SGI (except for the Canadian Shield South). Again, this could be due 
to the short period of influence of precipitation and temperature on 
groundwater levels. On the east coast of the USA, Kuss and Gurdak 
(2014) showed correlations between ENSO or NAO and groundwater 
levels, which partially explained the intra- and inter-annual variability 
in groundwater levels. Due to the climate there being milder than in the 
province of Quebec, groundwater levels were probably less impacted by 
the cold period. 

One of the main contributions of this work was to show that the 
strong seasonality of groundwater levels linked to the cold period caused 
an annual reset of the hydrological state of the aquifers, drastically 
limiting aquifer memory and shortening the duration of hydrogeological 
droughts in the study area. This means that meteorological conditions 
influenced groundwater levels only for a short period of time. A similar 
lack of connection between meteorological conditions and groundwater 
levels might be expected in other regions where the cold period de
termines the hydrological dynamics. However, considering the current 
trends in climate warming, this relationship may change in the future. 
The current warming temperatures are expected to alter the hydrologic 
dynamics during cold period (Aygün et al., 2020; Dubois et al., 2022), 
change climate-groundwater dynamics (Nygren et al., 2020), and 
potentially increase the amount of time that meteorological conditions 
influence groundwater level fluctuations, up to multiple years. This 
could ultimately result in an increased sensitivity of groundwater levels 
to meteorological conditions and cause longer-lasting effects of changes 
in meteorological conditions through time. 

5.3. Other factors that explain groundwater level fluctuations 

Groundwater storage in catchments is an important parameter 
influencing the hydrological response to decreased precipitation or 
increased temperature. This has been linked to the way groundwater 
flow contributes to surface water flow during meteorological droughts 
(Arnoux et al., 2021; Haslinger et al., 2014; alpine and temperate cli
mates). Storage and hydraulic conductivity also likely influence the link 
between meteorological droughts and groundwater levels. This was 
shown by Bloomfield and Marchant (2013), who linked the shape of SGI 
autocorrelograms in the UK to storage and hydraulic conductivity with 
more rapidly decreasing autocorrelations in fractured aquifers than in 
unconsolidated aquifers. Although similar observations were expected 
for the current study, the relatively limited number of wells in each 
region did not allow to make observations at that level of detail. 
Confining condition are another possible factor influencing the shape of 
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SGI autocorrelograms as the St. Lawrence Platform, which had the 
highest number of wells in semi-confined and confined conditions, also 
had the longest aquifer memory (Fig. 3; Fig. 9). Verification of this hy
pothesis requires access to a more important number of wells in various 
confining conditions. 

The relatively strong positive cross-correlation between the SPI and 
SGI in the study area contrasted with the results from Guo et al. (2021), 
who obtained both positive cross-correlations (i.e., higher SPI values 
inducing higher SGI values, and vice-versa) and negative cross- 
correlations (i.e., higher SPI values inducing lower SGI values, and 
vice-versa) in four observation wells located in different regions of the 
USA (Georgia, Massachusetts, Oklahoma, and Washington). These au
thors associated negative correlations with anthropogenic impacts on 
groundwater levels linked to pumping and irrigation. Other studies have 
also shown that groundwater abstraction affected hydrological drought 
(Van Loon et al., 2013; Van Loon et al., 2022) and that human activity 
across the globe exacerbated streamflow droughts (Van Loon et al., 
2022; De Graaf et al., 2019). Assani et al (2022) have shown that sea
sonal daily minimum flows decreased as agricultural surface area in 
watersheds increased. In their study, pumping for irrigation or livestock 
water supply and land drainage could be responsible for lower 
groundwater levels and lower river flows. In the current study, 
groundwater abstraction and agricultural drainage did not affect the 
groundwater levels enough to be clearly identifiable in the SGI time 
series. However, these relationships require further investigation and 
rigorous quantification of groundwater extraction rates and the impact 
of drainage. This detailed information is not yet available in the prov
ince of Quebec. 

5.4. Recommendations 

Having access to longer time series might have provided more insight 
into how meteorological conditions influence groundwater level fluc
tuations and helped identify significant trends in groundwater levels, as 
underlined by Rivard et al. (2009). Using longer time series also pro
vides an opportunity to investigate how global climate indexes with 
longer return periods, such as the AMO (60–80 years) and the PDO 
(20–30 years), impact groundwater levels. Considering the changing 
global conditions and the expected impacts on groundwater recharge 
(Dubois et al., 2022, 2023), long-term monitoring will be crucial to 
assess the changes in groundwater resources. Nevertheless, this study 
provides useful insight into the use of relatively short time series to 
identify general groundwater level trends and the duration of ground
water droughts. 

This study investigated a large number of wells, but their density 
across the study area was sparse, providing only 152 time series over 
980 000 km2. Increasing the spatial coverage and density of ground
water monitoring networks is a straightforward way to achieve a deeper 
understanding of the processes involved (see for example the global 
groundwater platform from Condon et al., 2021). Including more 
observation wells would also help to understand the contrasting 
geological and geomorphological conditions throughout the province, 
such as confinement conditions, aquifer thickness, hydraulic conduc
tivity, storage coefficients, and distance from a river. 

To provide information that would be even more useful for inte
grated water management, groundwater level observation networks 
could be organized to include monitoring of surface water–groundwater 
interactions. This could be achieved by including observation wells 
following river reaches or well-transects that are perpendicular to rivers 
to investigate how aquifer–river exchanges vary in space and time across 
a watershed. Although not available in the current study, these types of 
data would provide crucial information given the sensitivity of stream
flows to long-term declines in groundwater levels reported worldwide 
(de Graaf et al., 2019). 

Temporal continuity of data and data quality checks are extremely 
important in groundwater observation networks. Limiting data 

interruptions and providing rigorous quality control contributes to 
longer and more reliable time series that could lead to more useful re
sults. Monitoring land use and water use changes over time would also 
provide highly useful data to better understand the variability in the 
range of groundwater level trends and to distinguish between the effect 
of meteorological conditions and that of human pressures. 

6. Conclusion 

The objective of this research was to quantify how standardized in
dexes contribute to understanding the groundwater level fluctuations in 
response to meteorological conditions in cold and humid climates. Over 
ten years of groundwater level data from 152 wells located in five 
geological regions in the province of Quebec were used as part of a case 
study for the 2000–2022 period. Standardized indexes were extremely 
useful in this analysis, providing a robust basis for the evaluation of 
groundwater level fluctuations. Ten-year time series appear to be suf
ficient to assess trends and causal relationships with the meteorological 
conditions in a cold and humid climate. However, this period is 
considered too short to characterize long-term drivers such as multi
decadal climatic cycles and the impacts of anthropogenic changes. 

Results showed small but significant trends for increasing precipi
tation in four of the five regions studied. Temperature increased 
throughout the study area from 2000 to 2022. Groundwater levels 
generally decreased slightly but showed high variability in all the re
gions. The results underlined the responsiveness of groundwater levels 
and the short-term memory of the aquifers in the study area. Ground
water level fluctuations appeared to be induced by relatively recent 
conditions of precipitation and temperature, and hydrogeological 
droughts were limited to one year. This was explained by the combi
nation of relatively short atmospheric droughts associated to the strong 
seasonality of meteorological conditions with a cold winter, followed by 
a rapid spring snowmelt that contributed to resetting aquifer conditions 
every year. 

Although longer and more numerous groundwater level time series 
would allow for more complete analyses of cause-and-effect relation
ships, this study has shown that these data contain crucial information 
that can be identified relatively easily with standardized indexes. This 
study hypothesized that the short-term reactivity of groundwater levels 
to meteorological conditions in cold and humid climates is a conse
quence of the dramatic impact of winter on hydrological conditions. The 
next few years will provide further data for testing this hypothesis as 
freezing conditions, snow accumulation, and snowmelt rapidly change 
in a warming climate. 
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Babre, A., Kalvāns, A., Avotniece, Z., Retiķe, I., Bikše, J., Popovs, K., Jemeljanova, M., 
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