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ABSTRACT 15 

 16 

In this paper, an operational evaluation strategy for two candidates satellite derived SM products is 17 

presented. In particular, we analyze the performance of two candidate algorithms (SMOS-based SM and 18 

ASCAT-based SM) to monitor SM in Pampas Plain. The difficulties associated with commonly used 19 

evaluation techniques are addressed, and advanced techniques are presented. In particular, we introduce 20 

comparisons with a land surface model (GLDAS) and SM anomalies and Triple Collocation analyses. 21 

Then, we discuss the relevance of these analyses in the context of end users requirements, and propose an 22 

extreme events-detection analysis based on anomalies of the Standardized Precipitation Index and 23 

satellite-based soil moisture anomalies. The results show that: (1) both ASCAT and SMOS spatial 24 

anomalies data are able to reproduce the expected SM spatial patterns of the area, (2) both ASCAT and 25 

SMOS temporal anomalies are able to follow the measured in situ SM temporal anomalies and (3) both 26 

products were able to monitor large Standardized Precipitation Index extremes, at least in conditions 27 

where crop biomass was moderate to low. 28 

 29 

1. INTRODUCTION 30 

 31 

Satellite-based soil moisture (SM) products are potentially useful for several key environmental 32 

applications (agro-meteorology, SM excess or deficit monitoring, etc). The information provided by these 33 

systems is particularly relevant in Argentina's Pampas Plain, where in situ meteorological stations are 34 

scarce and frequent extreme environmental events strongly affect agricultural production.  35 

 36 

There are several satellite-based, global, operational SM products available for the Pampas Plain area 37 

(e.g. Aquarius, ASCAT, SMOS, AMSR-E). Nevertheless, SM products obtained from these satellite 38 

systems report different spatiotemporal patterns of SM for the same area and period of time. These 39 

products discrepancy was also observed for other areas around the world, and it is the subject of active 40 

research, since all these products claim some form of validation (in general, in situ validation in some 41 

densely instrumented sites), and were successfully used in several derived applications (e.g. assimilation 42 

in forecast models, SM-precipitation coupling, run-off models). In some way, all existing products could 43 

represent “true” SM to some extent. 44 

 45 

Therefore, it is relevant to ask which products best reproduce Pampas Plain SM spatiotemporal patterns. 46 

This is not an easy question to answer, since there are no validation sites in this area and therefore direct 47 

validation is not possible at the time. Therefore, since: (1) product quality in the area cannot be 48 

guaranteed by global validation and (2) direct in situ validation is not possible, alternative validation 49 

schemes become relevant. 50 

 51 

In this paper, we analyze the performance of two candidate algorithms (SMOS-based SM and ASCAT-52 

based SM) to monitor SM in Pampas Plain. The difficulties associated with commonly used evaluation 53 

techniques are addressed, and advanced techniques are presented. In particular, we introduce comparisons 54 

with a land surface model (GLDAS) and SM anomalies and Triple Collocation (TC) analyses [1]. Then, 55 

we discuss the relevance of these analyses in the context of end users requirements, and propose an 56 

extreme events-detection analysis based on anomalies of the Standardized Precipitation Index (SPI). 57 

Finally, the implications of these results to define site-specific operational evaluation strategies are 58 
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discussed. The following sections address these subjects, starting with a short description of the Pampas 59 

Plains locations and of the characteristics of the satellite systems products under discussion. 60 

 61 

 62 

2. THE PAMPAS PLAINS 63 

 64 

Argentina’s Pampas (27-40º S, 57-67º W) is a wide plain of over 50 million ha of fertile lands suitable for 65 

cattle and crop production. Figure 1 show a land cover map of the area [2] and, as an example, the spatial 66 

distribution of the difference between precipitation (P) and evapotranspiration (EP) means (mm) of the 67 

period 1970-2006 for the month of October (growing season) as a reference of the hydrological 68 

characteristics of the area, drier in the west and wetter in the east [3]. Most of the Pampas region is 69 

significantly affected by cyclical drought and flood episodes that impact both crop and cattle production.  70 

 71 

Figure 1. Study area. (left) Pampas Plains land cover categories (adapted from [2]) and (right) an 72 

example of the spatial distribution of the P-EP for the period 1970-2006 for the month of October 73 

(adapted from [3]). 74 

 75 

 76 

3. AVAILABLE DATA 77 

 78 

3.1. Satellite data 79 

There are several satellite based soil moisture products available in the study area. For this study, we 80 

selected two of them (ASCAT [4] and SMOS [5]) whose overall global performance and popularity 81 

makes them candidates to provide a reasonable estimation of SM spatiotemporal distribution in our study 82 

area. 83 

 84 

The SMOS satellite was launched in 2009 and is dedicated to SM retrieval at ~5 cm depth using 85 

brightness temperature measured at L-band (passive microwave). It has a single observation frequency 86 

(1.4 GHz), but uses observations at multiple incident angles. The standard SMOS algorithm is based on 87 

the L-MEB (L-band Microwave Emission of the Biosphere) model and it adopts a forward modeling 88 

approach to solve for SM [5]. However, the algorithm has an additional degree of freedom to 89 

accommodate different soil types and land covers. In this paper, we used the SM data set provided by 90 

EOLI-SA data source.  91 

 92 

The ASCAT sensor onboard the MetOp-A measures the backscattering coefficient at C-band and at 93 

multiple incidence angles (active microwave). The SM estimation is obtained using a time-series based 94 

change-detection algorithm [4]. Since the SM changes can be measured in relative terms, the estimation 95 

becomes less susceptible to the adverse influence of vegetation cover and surface roughness.  96 

 97 

3.2. LSM data 98 

Other relevant providers of SM spatiotemporal distribution information are Land Surface Models. These 99 

models estimate SM solving the energy/mass balance in the earth surface and constraints its retrieval 100 

assimilating in situ data. In order to compare models and product estimations, we included in the analysis 101 

the NOAH version of GLDAS. GLDAS soil moisture product is produced by specific instances of the 102 

Land Information System (LIS) software framework for high-performance land-surface modeling and 103 

data assimilation developed within the Hydrological Sciences Laboratory at NASA Goddard.  104 

 105 

In order to quantitatively analyze the data, products were gridded into the GLDAS official grid using 106 

nearest neighbor interpolation.  107 

 108 

3.3. In situ data 109 

Although no field validation site exists in the study area, there are SM data available, acquired in the SOL 110 

NEGRO agricultural site near the city of Cordoba, Argentina. SM was measured using an Hydra Probe II 111 

system with a sampling depth of 5 cm every hour since September 2012 [6]. 112 

 113 

Since point SM measurements provide only limited validation capacity, we estimated soil hydrological 114 

condition using the Standardized Precipitation Index (SPI). Therefore, in situ precipitation data were 115 

extensively used. Over the area considered, the National Meteorological Service (NMS) of Argentina 116 

provides daily precipitation data of approximately 50 ground stations.  117 

 118 
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 119 

4. METHODOLOGY 120 

 121 

4.1. Spatial anomalies 122 

As we will see in the following section, a direct comparison between SM products leads to poor results 123 

both quantitatively and qualitatively, since it does not allow answering the questions posed in the 124 

introduction. Therefore, in order to compare the spatial patterns of the three soil moisture data sets, we 125 

generated maps of each of the products' standardized spatial anomalies. For each SM data set 126 

standardized spatial anomalies were calculated in three steps, as follows. We first calculated for each grid 127 

point in the study region the product's mean. Second, we calculated the spatial mean and standard 128 

deviation of the means calculated in the first step. Finally, we defined the standardized spatial anomaly of 129 

the given SM data set at a given grid point as the difference between the mean calculated at that grid point 130 

in the first step and the spatial mean calculated in the second step, divided by the spatial standard 131 

deviation calculated in the second step. These maps provide information on how similarly each of the SM 132 

data sets represents wet/dry conditions over the study region. In order to quantify this information, we 133 

calculated the linear correlation coefficient between the standardized spatial anomalies of each pair of SM 134 

data sets [1]. 135 

 136 

4.2. Triple Collocation (TC) 137 

The triple collocation (TC) technique, developed by [7], is a tool to estimate the root means squared error 138 

(RMSE) with respect to the real in situ variable in remote sensing products. This technique is used here to 139 

estimate RMSE of the soil moisture anomalies time series generated by GLDAS (X), SMOS (Y) and 140 

ASCAT (Z). The soil moisture temporal anomalies time series were defined as the deviations of the 141 

original time series from their seasonal climatology. For each data set, the seasonal climatology was 142 

calculated as the 31 day moving average, where the averages are based on data from the whole period of 143 

study for the 31 day window surrounding each day of the year. 144 

 145 

At each grid point and for each data set, TC adopts the following model to relate the data sets to the 146 

(unknown) true soil moisture anomalies (t): 147 

 148 

)( XX tX εβ +=   (1) 149 

 150 

)( YY tY εβ +=   (2) 151 

 152 

)( ZZ tZ εβ +=   (3) 153 

 154 

where iβ  and iε  for  ZY, X,i =  are the TC calibration constants and errors corresponding to 155 

GLDAS , SMOS and ASCAT respectively. The errors iε  for  ZY, X,i =  are assumed to be zero-mean 156 

random variables, which are uncorrelated with each other and with the truth (t). The calibration constants 157 

are used to rescale the data sets, so as to eliminate systematic differences in their variability. Since 158 

equations (1)-(3) are underdetermined, one data set is chosen as the reference and the other two are 159 

rescaled to the reference time series. The data set chosen as the reference here is GLDAS. This selection 160 

is not arbitrary, since we expect GLDAS to provide the SM benchmark information for the area. 161 

  Therefore we set 1=Xβ  and estimate the remaining calibration constants via: 162 

.
><
><

=

><
><

=

XY

YZ

XZ

YZ

Z

Y

β

β

)

)

 163 

 164 

Here <> stands for a long-term average. Finally, we obtain the triple collocation estimates of the 165 

variances of iε    ZY, X,i = , which we note )( iTCVar ε , from 166 

 167 
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 169 

The square-root of the estimated error variances are the triple collocation estimates of the RMSE. Since 170 

GLDAS was taken as the reference data set, all estimates are given in GLDAS climatology, but they can 171 

be easily converted to another reference data set by multiplication with the appropriate calibration 172 

constant. 173 

 174 

It should be noted that in order for these estimates to be consistent, all the assumptions of the triple 175 

collocation error model should hold. This is the case for the data sets used in this study, since no two of 176 

them use common input data or observations that could produce significantly correlated errors. Finally, it 177 

is important to remark that since the triple collocation study is based on deviations from the mean 178 

seasonal cycle, the estimates obtained represent only the errors in the anomalies of the soil moisture time 179 

series and therefore they do not provide any insight into errors in the mean season cycle or bias in the 180 

original time series. 181 

 182 

4.3. Standardized Precipitation Index (SPI) and extremes definition 183 

The Standardized Precipitation Index (SPI) was designed by [8] in order to monitor the water supply 184 

conditions of a particular region. Its simplicity and versatility are given by its dependence with only one 185 

variable, the precipitation, and the possibility to be calculated on any timescale. Moreover, the 186 

frequencies of the extreme and severe droughts classifications for any location and timescale are 187 

consistent [9]. In this paper, SPI is computed monthly. We defined an hydrological extreme in an area if 188 

Abs(SPI) > 2. 189 

 190 

Therefore, we decided to use the SPI as an objective measurement of precipitation anomalies in order to 191 

define extreme conditions of water supply during the analyzed period. The NMS of Argentina 192 

operationally provides this index for different scales, considering the precipitation distribution of 1961-193 

2000 as the reference interval (please referred to http://www.smn.gov.ar/serviciosclimaticos/). The SPI 194 

categories scale is detailed on Figures 7-11 of the Results section.  195 

 196 

 197 

5. RESULTS 198 

 199 

5.1. Preliminary analysis 200 

As a preliminary analysis, we checked the consistency between product SM values and available in situ 201 

data. Although in situ data consist of only one point and therefore has limited representativeness, this first 202 

check is relevant to delineate the following operational evaluations strategies. Results are shown in Figure 203 

2.  204 

 205 

Figure 2. Direct comparison between SMOS, ASCAT and GLDAS SM estimations and in situ SM 206 

measurements. 207 

 208 

Form the data, we can see that: (1) the correlation between satellite products and in situ data are relatively 209 

low, while GLDAS correlation is high; (2) satellite products present very different dynamic ranges, 210 

maximum and minimums and (3) GLDAS present only a systematic overestimation, which seem to be 211 

constant along all the SM range. 212 

 213 

From these observations we can extract two preliminary results. First, GLDAS seem to be a good SM 214 

benchmark for this area and second, a comparison of absolute values of SM is not a convenient way to 215 

analyze satellite product performance, since products and in situ data present different dynamic ranges, 216 

maximums and minimums. 217 

 218 

 219 
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5.2. Spatial anomalies analysis 220 

Since satellite products absolute SM estimations presented a low performance when compared with in 221 

situ SM data, it is relevant to compute SM estimations as defined in (4.1). Anomalies so defined have the 222 

potential to follow in situ SM anomalies, which can be very useful to several end user applications. Figure 223 

3 shows an example of Austral Winter standardized spatial anomalies for both products and GLDAS for 224 

the 2010 period.    225 

 226 

Figure 3. Product spatial anomalies of SMOS, ASCAT and GLDAS SM values (Austral Winter June 227 

2010 – September 2010). 228 

 229 

As seen, although the performance of absolute values is low, all spatial anomalies present high correlation 230 

among them (see Table 1). More important, spatial anomalies present the typical east-west SM gradient of 231 

the study area. This indicates that although satellite products and GLDAS present different dynamic 232 

ranges and sensitivities, they all carry some information about Pampas Plain SM spatial pattern. 233 

Moreover, this information is consistent with available macro meteorological information, which is 234 

specifically modeled by GLDAS and reproduced (to some degree) by satellite based products. This 235 

correlation between products and LSM (2nd and 3rd row of Table 1) is particularly relevant, since 236 

satellite based products do not take as input any meteorological data. 237 

 238 

 239 

 Correlation p-value 

SMOS vs. ASCAT 0.879 < 0.01 

ASCAT vs. GLDAS 0.789 < 0.01 

SMOS vs. GLDAS 0.772 < 0.01 

 

Table 1. Correlation between product anomalies. 

 240 

5.3. Temporal anomalies analysis 241 

The behavior of the temporal anomalies as defined in (4.2) around the site in which in situ SM data is 242 

available is presented in Figure 4.  243 

 244 

Figure 4. SM temporal anomalies in the first row. SM absolute values in the second row. Precipitation 245 

stations close to Sol Negro site in the third row. Climatology for SMOS, ASCAT, GLDAS and in situ 246 

measurements in the fourth row. The period was constrained to the time period were in situ measurements 247 

were available (September 12 – January 14). 248 

 249 

As seen, in the only site where comparisons with in situ measurements were possible, the temporal trend 250 

of SM temporal anomalies in general follows in situ measurements (first row). Moreover, SM temporal 251 

anomalies are sensitive to major precipitation events in the area (third row). On the contrary, absolute SM 252 

values present medium to large deviations from in situ measurements. The reasons of these deviations can 253 

be several, but a clue is provided by the temporal behavior of the climatology. In situ SM climatology 254 

presents low annual variations for this area, while ASCAT satellite product climatology presents strong 255 

annual variations, with minimums in winter and maximums in summer. 256 

 257 

In summary, absolute satellite based SM estimation present strong discrepancies (dynamic ranges, 258 

variability, sensitivity to precipitations, seasonal behavior, others) among them and with in situ 259 

measurements. Nevertheless, SM spatial anomalies are quite similar (they show good correlation among 260 

them) and therefore worthy of being analyzed using an advanced technique as Triple Collocation. 261 

 262 

5.4. Triple Collocation (TC) analysis 263 

TC is able to estimate the error between real SM anomalies and satellite SM anomalies given a triplet of 264 

SM anomalies. Triple collocation results are summarized in Figure 5 and Table 2. Figure 5 shows three 265 

maps of the TC error estimations for each pixel and each product. As seen, ASCAT and SMOS present 266 

similar spatial distributions of overall TC errors, while GLDAS present more spatially homogeneous 267 

results. Larger errors in ASCAT seem to be located in areas of large biomass (crops), while SMOS errors 268 

are mainly located in coastal areas.  269 

 270 

Figure 5. Overall TC error estimation for SMOS, ASCAT and GLDAS.  271 

 272 

 273 
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Table 2 summarizes the mains statistics of the TC analysis. It can be seen that the mean value of the error 274 

is very similar for all the three products for this area and the time period analyzed. This implies that the 275 

error between true SM anomalies and SMOS and ASCAT SM anomalies are similar. These results can be 276 

further visualized in Figure 6. 277 

 278 

 GLDAS ASCAT SMOS 

Mean 0.0273 0.0238 0.0270 

Median 0.0268 0.0221 0.0231 

SD 0.0052 0.0226 0.0473 

 

Table 2. Mean, median and SD of overall 

TC estimates 

 279 

Figure 6 shows a map of the satellite product that presents the lower TC error estimate. A pixel is 280 

assigned to a given product if TC1 - TC2 > threshold, where the threshold was selected as 0.002. As seen 281 

in the figure, the vast majority of the area is labeled as "Tie", indicating very similar TC error estimates 282 

for both products and also, very similar errors between true SM anomalies and satellite SM anomalies. 283 

 284 

Figure 6. Map of the product which presents the minimum TC error estimation (errors are considered the 285 

same if TC1 – TC2 < 0.002).  286 

 287 

From this analysis, it can be seen that the mean value of the TC error is very similar for all the products. 288 

Moreover, repeating this analysis for different time periods, seasons and landcover selections produce 289 

different results of TC error estimates (results not shown), with no definite best product. Therefore, if we 290 

seek an answer to which product best represents spatiotemporal SM patterns in this area and time period, 291 

TC analysis does not provide a conclusive answer. 292 

 293 

Since standard metrics (anomalies analysis and TC error estimation) produce positive but inconclusive 294 

evidence, to evaluate product performance we propose an extreme event-detection analysis based on 295 

anomalies of the Standardized Precipitation Index (SPI).  296 

 297 

5.5. SPI Extreme events analysis 298 

Standardized Precipitation Index (SPI) is commonly used as an excess/shortage soil water indicator in 299 

areas where precipitation data is available, although in situ SM data may be not. As stated in the 300 

methodology, SPI is computed monthly. The methodology proposed is based on the analysis of the 301 

extremes defined by SPI. We defined an hydrological extreme in an area if Abs(SPI) > 2. This operational 302 

definition has two advantages. First, although the real values of SM and SPI are not generally correlated, 303 

when such an extreme conditions exist, extremes values of SM are generally observed [9]. Second, this 304 

definition has the added value of being closely related to several end-user requirements, which are mainly 305 

interested in extreme events associated with extremes in precipitation. 306 

 307 

Before proceeding with the analysis, it is relevant to address the expected SM spatial structure of the 308 

events, since by definition SPI extremes are relatively large (of the order of 10
6
 Ha). At these spatial 309 

scales, positive extremes does not imply uniformly wetter areas, since in this flat plain, the water enters 310 

the system mainly by precipitation, which is spatially heterogeneous [10]. This implies that a positive 311 

extreme will be seen as an increase in SM values, but not necessarily a significant increase in mean SM 312 

values. On the contrary, negative extremes, characterized by the uninterrupted reduction of precipitation, 313 

will be more spatially homogeneous, since the main forcing that extracts water from the system is the 314 

evapotranspiration, which at these scales depends mainly on sun total irradiation.  315 

 316 

Using these definitions, five extreme events were identified in the four year time series. These events as 317 

seen by the SPI and the SM values for the whole time series (left boxplot) and the extreme month for the 318 

area of the event (right boxplot) for GLDAS, ASCAT and SMOS are presented in Figures 7-11. Each 319 

event will be analyzed independently. 320 

 321 

5.4.1. Event #1: April 2010 (Figure 7). 322 

 323 

Figure 7. SPI anomalies as seen by SPI, ASCAT, SMOS and GLDAS. April 2010 event. 324 

 325 
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Dry anomaly: No significant differences are observed between the boxplots of the event compared to the 326 

ones of the complete time series (median, quartiles). Moreover, a slightly increase in ASCAT SM values 327 

are observed.  328 

 329 

The lack of sensitivity for this particular event can be related to several facts other than product 330 

performance. First, the event is spatially small, which is usually related to relatively large errors related to 331 

precipitation interpolation. Second, in April (Austral Autumn), main crop (soybean) is at its maximum 332 

biomass. Therefore, vegetation attenuation correction of satellite based estimations is critical in this 333 

period of the year. 334 

 335 

5.4.2. Event #2: January 2011 (Figure 8). 336 

 337 

Figure 8. SPI anomalies as seen by SPI, ASCAT, SMOS and GLDAS. Jan 2011 event. 338 

 339 

Wet anomaly: Significant increases are observed between the boxplots of the event compared to the one 340 

of the complete time series for ASCAT (median from 0.12 m
3
/m

3
 to 0.15 m

3
/m

3
, 3

rd
 quartile from 0.17 341 

m
3
/m

3
 to 0.24 m

3
/m

3 
and upper whisker from 0.31 m

3
/m

3
 to 0.42 m

3
/m

3
). No significant differences are 342 

observed for GLDAS and SMOS. 343 

 344 

The event is medium sized and occurred during Austral Summer (relatively high biomass). Boxplots 345 

show that some pixels inside the area show an increase of SM values, which corresponds to more 346 

heterogeneous SM values inside the area of the event. This is consistent with the expected behavior of the 347 

SM spatial pattern during a wet event as explained before. 348 

 349 

5.4.3. Event #3: December 2011 (Figure 9). 350 

 351 

Figure 9. SPI anomalies as seen by SPI, ASCAT, SMOS and GLDAS. December 2011 event. 352 

 353 

Dry anomaly: Significant reductions are observed between the boxplots of the event compared to the one 354 

of the complete time series for all the products (median from 0.17 m3/m3 to 0.11 m3/m3 in GLDAS, from 355 

0.17 m
3
/m

3
 to 0.10 m

3
/m

3
 in ASCAT and from 0.16 m

3
/m

3
 to 0.09 m

3
/m

3
 in SMOS. Similar decreases are 356 

observed in the 1
st
 and 3

rd
 quartile and upper whiskers for all products.  357 

 358 

This event has a large size and occurred during Austral Summer (relatively high biomass). Boxplots show 359 

that the majority of pixels inside the area decrease their SM values, which corresponds to a less 360 

heterogeneous SM values inside the area of the event. This is consistent with the expected behavior of the 361 

SM spatial pattern during a dry event as explained before. 362 

 363 

5.4.4. Event #4: February 2012 (Figure 10). 364 

 365 

Figure 10. SPI anomalies as seen by SPI, ASCAT, SMOS and GLDAS. February 2012 event. 366 

 367 

Wet anomaly: No significant differences are observed between the boxplots of the event compared to the 368 

one of the complete time series.  369 

 370 

This event corresponds to two spatially disjoint events. The east event is located over Parana River Delta, 371 

for which SM estimations are not available (flagged in the products). Finally, the event occurs in Austral 372 

Summer (high biomass) 373 

 374 

5.4.5. Event #5: August 2012 (Figure 11). 375 

 376 

Figure 11. SPI anomalies as seen by SPI, ASCAT, SMOS and GLDAS. August 2012 event. 377 

 378 

Wet anomaly: Significant increases are observed between the boxplots of the event compared to the one 379 

of the complete time series for all the products (median, 3
rd

 quartile and upper whiskers).  380 

 381 

This event has a large size and occurs in Austral Winter (low values of biomass). Boxplots show several 382 

pixels that increased their SM values, which corresponds to more heterogeneous SM values inside the 383 

area of the event. This is consistent with the expected behavior of the SM spatial pattern during a wet 384 

event as explained before. 385 
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 386 

 387 

6. DISCUSSION 388 

 389 

In this paper, a first analysis of the performance of two candidate soil moisture products (ASCAT and 390 

SMOS) over Argentine Pampas Plain was presented. The overall performance metric was defined as the 391 

ability to monitor SM spatiotemporal patterns. Since product absolute SM values presented large 392 

discrepancies, our approach to measure this ability consisted in using four different metrics: SM spatial 393 

anomalies analysis, SM temporal anomalies analysis, TC error estimation analysis and SPI extreme 394 

events analysis. 395 

 396 

6.1. SM spatial anomalies analysis 397 

Spatial anomalies analysis was overall successful, since it showed that both satellite based products and 398 

GLDAS were able to reproduce similar large scale macro-meteorological SM patterns in the study area. 399 

This is observed in the good correlation among anomalies (Table 1) and in the similarities between 400 

products and GLDAS. The satellite derived spatial anomalies present the typical east-west SM gradient of 401 

the study area, which is related to specific precipitation and evapotranspiration patterns (see Figure 1, 402 

right). This indicates that satellite products carry valuable information about overall Pampas Plain SM 403 

spatial pattern. This correlation between products and expected SM patterns is important, since satellite-404 

based products do not take as input precipitation or evapotranspiration data. 405 

 406 

6.2. SM temporal anomalies analysis 407 

It is relevant to mention that in situ SM climatology presented low annual variations for Sol Negro 408 

Station (in situ SM available), while ASCAT satellite product climatology presented strong annual 409 

variations, with minimums on winter and maximums in summer. Although there is no sufficient evidence 410 

to test this hypothesis, it is probable that this artifact is related to incomplete vegetation attenuation 411 

correction due to C band limitations. 412 

 413 

6.3. TC error estimation analysis 414 

From the TC analysis it was possible to generate a map of the overall TC error estimations for the study 415 

area (Figure 5). These results were summarized in Table 2. In general terms, larger errors in ASCAT 416 

seem to be located in areas of large biomass (crops), while SMOS errors are mainly located in coastal 417 

areas. The first also seems to be related to incomplete vegetation attenuation correction, which is 418 

particularly relevant at C band, while the second is probably due to geo-location errors associated with 419 

SMOS data generation strategy [5]. Nevertheless, considering a minimal error difference as significant, in 420 

most of the study area the products are characterized by the same TC error estimates (see Figure 6).  421 

 422 

6.4. SPI extreme events analysis 423 

Extreme results are probably the most relevant result of this paper. In this analysis, it was shown that 424 

products are able to follow some SPI extremes (ASCAT: 3 of 5, SMOS: 2 of 5) present in the four year 425 

time series available. For the extremes that were not detected, several explanations were presented. First, 426 

arguments related to SPI overall quality for small areas, in which spatial interpolation of precipitation is 427 

critical, were discussed (event #1). Second, considerations about seasonality were discussed in the context 428 

of vegetation biomass. Indeed, vegetation attenuation correction is the main issue of several satellite 429 

based SM products. Since Pampas Plain is a cropland, vegetation cycle of the area are synchronous and 430 

peaks at Austral summer, leading to larger biomass, larger attenuations and more important corrections. 431 

Due to operational wavelength and physical constraints, this correction can be the key factor that controls 432 

product performance. This is therefore more important at C band (ASCAT) that at L band (SMOS).  433 

 434 

In summary, satellite based products were able to follow extreme hydrological events when biomass was 435 

low and more homogeneous (Austral winter, event #5) or biomass was moderate to high but the event 436 

was strong and spatially large (events #2 and #3). 437 

 438 

 439 

7. CONCLUSIONS 440 

 441 

In this paper, an operational evaluation strategy for two candidates satellite derived SM products was 442 

presented. The strategy is operational since it involves the analysis of data which are satellite derived or 443 

common in most areas (like precipitations). It is an evaluation and not a validation since no in situ field 444 

experiment of the required size and instrumentation is available in the area, and therefore no proper 445 
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validation is possible. On the contrary, the proposed methodology relies in comparison of product SM 446 

metrics that show expected SM spatiotemporal patterns. These metrics were selected to overcome product 447 

limitations, and to be able to provide relevant information to the end user. In this context it was shown 448 

that: (1) both ASCAT and SMOS spatial anomalies data are able to reproduce the expected SM spatial 449 

patterns, (2) both ASCAT and SMOS temporal anomalies are able to follow the measured in situ SM 450 

temporal anomalies and (3) both products were able to monitor large SPI extremes, at least in conditions 451 

where crop biomass was moderate to low. 452 

 453 
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 506 

 507 

 508 

Figures 509 

 510 

 

 

 

 511 

Figure 1. Study area. (left) Pampas Plains land cover categories (adapted from [1]) and (right) an 512 

example of the spatial distribution of the P-EP for the period 1970-2006 for the month of October 513 

(adapted from [2]). 514 

 515 

 516 

 517 

 518 

 519 
Figure 2. Direct comparison between SMOS, ASCAT and GLDAS SM estimations and in situ SM 520 

measurements. 521 

 522 

 523 

 524 
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 525 

Figure 3. Product spatial anomalies of SMOS, ASCAT and GLDAS SM values (Austral Winter June 526 

2010 – September 2010). 527 

 528 

 529 
 530 

Figure 4. SM temporal anomalies in the first row. SM absolute values in the second row. Precipitation 531 

stations close to Sol Negro site in the third row. Climatology for SMOS, ASCAT, GLDAS and in situ 532 

measurements in the fourth row. The period was constrained to the time period were in situ measurements 533 

were available (September 12 – January 14). 534 

 535 

 536 
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 538 

Figure 5. Overall TC error estimation for SMOS, ASCAT and GLDAS.  539 

 540 

 541 

 542 

 543 
 544 

Figure 6. Map of the product which presents the minimum TC error estimation (errors are considered the 545 

same if TC1 – TC2 < 0.002).  546 

 547 

 548 
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 549 

Figure 7. SPI anomalies as seen by SPI, ASCAT, SMOS and GLDAS. April 2010 event. 550 

 551 

 552 

 
 

  

 553 

Figure 8. SPI anomalies as seen by SPI, ASCAT, SMOS and GLDAS. January 2011 event. 554 
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 558 

Figure 9. SPI anomalies as seen by SPI, ASCAT, SMOS and GLDAS. December 2011 event. 559 
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Figure 10. SPI anomalies as seen by SPI, ASCAT, SMOS and GLDAS. February 2012 event. 563 
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 566 

Figure 11. SPI anomalies as seen by SPI, ASCAT, SMOS and GLDAS. August 2012 event. 567 
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