Flow and heat transport modelling in the hyporheic zone
based on high resolution temperature and geophysics datasets
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Introduction

The study of hyporheic processes using point measurements can overlook the
important spatial variability of hyporheic exchanges. Quantifying the spatial patterns
of flow within the hyporheic zone remains particularly challenging. Modelling can
help to evaluate the spatial distribution of exchanges. An integration of distributed
and point data is required to achieve the multi-scale approach of modelling. We aim:
a

(1) To evaluate the usefulness of high resolution distributed data to improve the
accuracy of hyporheic models to reproduce the spatial variability of exchanges.
a

(2) To model flow and heat transport to upscale point estimates of hyporheic flow.

Study site at River Schlaube:
90 km E of Berlin, Germany (Fig. 1). Small
stream with constant flow due to intense GW
discharge and natural regulation by upstream
located lakes. The funnel-type valley is excavated
in permeable sediments. The heterogeneity of
thermal and hydraulic properties allows studying
drivers and controls in a 45 m long study section.

Transect 2
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Fig. 1 : (a) Study site location in Germany. (b)
Topography and bathymetry of the study site
identifying transects and the FO-DTS layout.

TR2

FO-DTS
Based on the temperature-dependent backscattering of a laser pulse in a fiber optic cable.
• Measures temperatures at the sedimentwater interface (SWI) at mutiple scales.
• Allows analysis of temperature anomalies
for the identification of GW discharge (Fig.2)
• Enables temporal analysis of temperature
anomalies at the SWI to recognize
interflow discharge / local downwelling.

Electrical conductivity (EC) fields depending
on sediment texture (checked no influential
pore water EC variability) can give preliminary
estimations of hydraulic conductivity (Ks) fields.

Modelling process
1. Flow Transport models definition: (FREEWAT1 (Open source MODFLOW2 GUI) with FloPy3)

6. Heat transport model definition (FREEWAT1 with MT3DS4 through FloPy3))

2a. Multi-layered hyporheic model (steady state)

2b. Distributed model (steady state)

7a. Multi-layered hyporheic model (steady state)

7b. Distributed model (steady state)

(12 layers in the first meter depth, Ks from sediment cores)

(Ks 3D fields from EC- Ks petrophysical relation)

(Same conceptual model as in flow model 2a.)

(same conceptual model as in flow model 2b.)

3. Vertical hydraulic gradients (VHG) from multi-level piezometers as observations data

8. Distributed temperature maps from FO-DTS and temperature profiles as observations

4. Flow calibration (FREEWAT1 with UCODE2) with multipiezometers’ VHG as HOB data

9. Heat transport calibration (PEST3 ) …pending

5. Validation: evaluation of heads and vertical flow estimates with data of other time periods
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Fig. 3: EMI survey with the induced magnetic field
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c) Calibration and validation statistics of both models
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d) Layer 1 , z=-0.05 m, SWI

TR4

DISTRIBUTED MODEL UCODE
calibration residuals of the 99
observed heads (m) 2017/07/01
SD
0.022
RMS
0.006
Mean
0.006
Max
0.072
Min
-0.057

DISTRIBUTED MODEL Residuals of
observed heads (m) at the
validation date 2017/01/18
SD
0.041
RMS
0.006
Mean
-0.006
Max
0.084
Min
-0.131

DISTRIBUTED MODEL Residuals of
observed heads (m) at the
validation date 2017/03/02
SD
0.036
RMS
0.001
Mean
-0.002
Max
0.085
Min
-0.131

MULTI-LAYERED MODEL UCODE
calibration residuals of the 99
observed heads (m) 2017/07/01
SD
0.031
RMS
0.007
Mean
0.007
Max
0.079
Min
-0.111

MULTI-LAYERED MODEL Residuals
of observed heads (m) at the
validation date 2017/01/18
SD
0.046
RMS
0.009
Mean
-0.009
Max
0.090
Min
-0.130

MULTI-LAYERED MODEL Residuals
of observed heads (m) at the
validation date 2017/03/02
SD
0.044
RMS
0.006
Mean
-0.006
Max
0.090
Min
-0.159
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Fig. 4 : (a) Profiles of EMI EC data downstream the study site. (b) Profiles location over the site’s bathymetry map.
The EC values from EMI display the meter scale variability, but not the small scale heterogeneities of the subsurface.
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The multi-layered model correctly
reproduces the warmed areas
(positive anomalies) at TR1 and TR2,
as well as the cold area at TR4, but
fails to reproduce the cold zone at TR3
and the warm between TR3-TR4
TR4
TR3

TR2

AT of both the multilayered (c) and
distributed (not shown) models are
qualitatively accurate in sign and
location of the AT but not in value.
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The distributed model displays the
cold area (negative anomaly) at TR3
better than the multi-layered model,
but still struggles to reproduce the
warm area between TR3 and TR4.
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Temperature anomalies are best
captured by the distributed model,
since this difference map shows the
tendency of the multi -layered model
to underrepresent the cold anomaly
at TR3, here shown in red.

Pending steps: (1) calibrating heat model dispersion and diffusion based on the point values of thermal properties obtained from
sediment cores at multiple depths (2) calibrating and validating Ks against the temperature profiles and FO-DTS distributed observations.
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Fig. 2 : Map of temperature anomalies AT at SWI.
Cold contours identify areas of GW discharge
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10. Validation: (same as flow transport) …pending

c) Layer 1 , z=-0.05 m, SWI
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Electromagnetic induction (EMI)
EMI enables a non-invasive exploration
of the sediment texture based on the
different response of sediment to the
primary and secondary magnetic fields (Fig. 3).
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• Sediment properties from the SWI and cores.
• Vertical hydraulic gradients (VHG) with multi-piezometers in 8 depths.
TR4
• Temperature profiles series at same depths.
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Fig. 5: (a1) Potentiometric surface & flow direction of the multilayered model at Layer L1 (z=-0.05m) and (a1) at L12 (z=-1m) of the
distributed model. Due to the influence of bedforms, the flow direction variability observed in L1 decreases with depth (a1 vs. a2).
(b) Correlation map between the face direction of the bathymetric surface and flow direction of the distributed model (Layer L1).
(c) Calibration and validation statistics of the observed head values at multiple depths (8 depths) of the multi-piezometers
located in transects TR1 to TR4 (99 point head observations) at the calibration date of July 2 of 2017, with January 18 and March
2 of 2017 as validation dates. (d) Vertical flow of the multilayered model, indicating areas of upwelling prevailing in transects TR3
and TR4, as observed with DTS. (e) Difference on the flows of the multilayered and distributed models at Layer L1. The
multilayered model tends to underestimate upwelling, a difference that increases with depth.

Fig. 6: (a1-a2) Temperature maps at the SWI from uncalibrated multi-layered and distributed models. The anomaly areas identified in Fig.
2 from FO-DTS are displayed overlaying for comparison, also in Fig. 6(c) of difference in temperature anomaly AT of the multi-layered
model with the observations derived from FO-DTS. (d) Difference in estimates of AT between the multi-layered and distributed models.

Conclusions

Flow and heat transport modelling is a powerful tool to reproduce the complex hyporheic processes
o Modelling can be used to assess the depth of hyporheic exchange and to estimate head, flows and
temperature spatial distributions at areas without observation of these indicators of exchange.
Integrating point and distributed data improves the accuracy of flow and heat transport models
o Distributed definition of the subsurface hydraulic conductivity with EMI geophysics improves the
accuracy of flow and heat modelling compared to layered models based on sediment cores.
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